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Abstract
The National Aeronautics and Space Administration’s Deep Space Quantum Link
mission concept enables a unique set of science experiments by establishing robust
quantum optical links across extremely long baselines. Potential mission
configurations include establishing a quantum link between the Lunar Gateway
moon-orbiting space station and nodes on or near the Earth. This publication
summarizes the principal experimental goals of the Deep Space Quantum Link. These
goals, identified through a multi-year design study conducted by the authors, include
long-range teleportation, tests of gravitational coupling to quantum states, and
advanced tests of quantum nonlocality.
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1 Introduction: the case for deep space quantum optics
Space-based quantum optical links support future networking applications for quantum
sensing, quantum communications, and quantum information science [1–4]. In addition,
such links enable new scientific experiments impossible to reach in terrestrial experiments
[5]. The Deep Space Quantum Link (DSQL) is a spacecraft mission concept that aims to
use extremely long-baseline quantum optical links to test fundamental quantum physics
in novel special and general relativistic regimes [6–8]. The authors of this manuscript en-
gaged in a two-year long study of how quantum optics in space could be used to conduct
new tests of fundamental physics, in compliment to proposed tests utilizing matter or
clocks. This manuscript describes the findings of the NASA-funded study, and describes
some of the technology requirements and outstanding mission design studies necessary
to move forward with the mission. DSQL is currently in the pre-project developmental
phase, with expected mission integration planned to begin in the late 2020’s. One or more
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nodes of a DSQL network could deploy on deep space platforms, such as the Lunar Gate-
way (LG) [9] or Orion modules.

A key challenge of contemporary physics is the reconciliation of gravity and quantum
mechanics. Quantum Field Theory in Curved Spacetime (QFTCST), established in the
1970’s, is the most reliable theory combining two well-established theories: quantum field
theory for matter and general relativity for spacetime dynamics. It predicts effects like
Hawking radiation from black holes [10], and, with extension to semi-classical gravity,
provides the theoretical framework for inflationary cosmology which foretells a spatially-
flat universe [11]. However, most tests of QFTCST, either in the laboratory setting of ana-
log gravity, or set in strong-field astrophysical processes, are indirect tests. DSQL aims to
conduct a series of direct tests of QFTCST in the weak-field regime, accessible through
deployment of long-baseline quantum optical links in the Earth-Moon system.

Our experimental concept is based on QFTCST. This theoretical basis is preferred since
it is the most tested theory for quantum effects, just as general relativity is for gravitational
and curved-spacetime effects. QFTCST is essentially the only existing theory for the full
range of phenomena that it describes, i.e., quantum processes in both weak and strong
gravitational fields, ranging from Solar System, to Black Holes and Cosmology. For weak
gravity—the regime relevant to our proposed experiments—there are alternative models
to QFTCST. Their details can be found in reviews [12–14]. Defining experimental op-
portunities to QFTCST and its alternatives is an active field of contemporary research
[5, 15–19].

The essence of the planned experiments with DSQL is to transmit photons between
inertial reference frames and across gravitational gradients to implement long-baseline
teleportation, test Bell’s inequality, conduct photonic tests of the Weak Equivalence Prin-
ciple, and validate relativistic predictions through single- and two-photon interference.
In this context, the fundamental question is how to describe the evolution of the pho-
tonic state between creation and measurement. The simple definition of a trajectory which
makes sense in classical physics is not a suitable notion for the description of the motion of
quantum particles. In quantum physics, the fundamental concepts are time-evolving wave
functions, or more generally, consistent histories. Quantum systems can be prepared in
highly delocalized states such as entangled states. When discussing particle propagation
in curved spacetime, it is necessary to express particles in terms of quantum fields. This is
because QFTCST is currently the only theory that provides a consistent and general way of
coupling quantum matter to background gravitational fields. Furthermore, the quantum
field description is essential for describing higher-order coherences of the electromagnetic
field, and for the formulation of a photodetection theory.

The weak equivalence principle states that all objects “fall” with the same acceleration
regardless of their mass and composition. As embodied in general relativity, it says that
all neutral objects, massive and massless, follow geodesic trajectories of the metric, de-
pendent only on initial conditions of position and velocity, and not on mass or compo-
sition. The extension of the equivalence principle established in classical mechanics to
quantum physics is an important challenge for both theory and experiment [20, 21]. Tra-
jectories emerge for quantum histories as an approximation that is valid only for specific
quantum states (quasi-localized), under specific conditions (sufficiently decohered) and in
specific experimental setups with suitable measurement protocols. Therefore, it is neces-
sary to phrase the equivalence principle in terms of quantum mechanical notions, namely,
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preparations of the quantum state and statistics of measurement outcomes. For photons,
the equivalence principle must be expressed in terms of photodetection probabilities.

Any Colella-Overhauser-Werner (COW) [22] type test of the equivalence principle that
touches upon quantum properties of photons or massive particles will have the signifi-
cance of being the first direct test of QFTCST.1 This benchmark experiment is proposed
to be conducted with photons using the DSQL. The first photonic COW test planned for
DSQL will use weak coherent pulses. Single-photon superposition state tests will follow.
Subsequently, increasingly complex tests using entangled and hyper-entangled states will
be conducted. This sequence of experiments conclude with measuring the gravitation-
ally induced phase shift of frequency-entangled photons using intrinsically nonclassical
interference in a Hong-Ou-Mandel (HOM) interferometer.

Furthermore, the DSQL could test for new physics of gravitational origin manifested as
non-unitary channels in the time evolution of photons and/or matter waves. Such chan-
nels have been proposed in different contexts, including Ghirardi-Rimini-Weber-type
of collapse models [24], Diosi-Penrose gravity-induced collapse model [25, 26], and the
gravity-induced decoherence mechanisms [27, 28]. These processes typically result in a
loss of visibility in interference experiments. The predicted effects are too weak in Earth-
based or space-station experiments, but deep-space experiments with long unbalanced
interferometers could provide noticeable constraints that could be used to test the viabil-
ity of alternative quantum theories.

Long-baseline links enabled by deep-space platforms create a high-latency quantum
communication network, sufficient to incorporate human decision-making outside of the
light cone of synthesis events. DSQL could use this to perform a long-range Bell test with
and without human involvement. Such an experiment would test for local hidden variables
across long distances, and address the “free will” Bell test loophole.

The DSQL could also perform tests of quantum optical teleportation and entanglement
swapping between inertial frames. The inertial frames are defined by the relative veloc-
ity of the nodes in the communication network, and their positions with respect to the
central mass. Descriptions of quantum states depend on the choices of reference frame
and gauge condition, and these are not physical entities; only the measurement outcomes
are physical, but these outcomes depend on the reference frame in which they are inter-
preted. Consider the scenario where an entangled-photon source is centered between two
receivers, roughly equidistant on either side, arranged to travel either towards each other
or away from each other. In the rest-frame of the source, the subsequent two detection
events are simultaneous and therefore space-like separated. These scenarios are interest-
ing because it is possible to construct models of physics where the detection event at one
measurement apparatus seemingly instantaneously prepares the measurement outcome
of the other sub-system, as initially discussed by Aharonov and Albert in 1981 [29] and by
Moffat in 1997 [30]. However, models of this type would be falsified if quantum correla-
tions satisfy the standard Bell tests.

Beyond their intrinsic scientific interest, demonstrations of long-baseline Bell tests and
photonic teleportation are key technological achievements with direct relevance to the fu-
ture deployment of global-scale quantum networks and sensor systems. The large relative
velocities and network latency due to long baselines could degrade network performance

1COW is not to be confused with “Coherent-One-Way” quantum communication [23]
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if left uncorrected. Effects of gravity on timing synchronization that impact classical com-
munications also effect quantum communications. In analogy to classical systems, these
effects are more pronounced at higher communication rates. The proposed DSQL tests of
long-baseline quantum teleportation between different inertial frames, long-baseline Bell
tests, and tests of gravitational phase shifts will thus inform future network architectures.

Accomplishing these experiments requires access to different mission configurations.
Some of the experiments can be accomplished with a single spacecraft and ground sta-
tion, while others require multiple spacecraft, or a pair of ground stations. The orbital
configurations optimized against the experimental goals include LEO, MEO, Lunar orbits,
and exotic orbits about the Earth-Moon Lagrange points. The flight- and ground-system
technology required to achieve the experimental goals are also of direct relevance to ter-
restrial quantum networking: high-rate, high-fidelity, entangled photon pair sources; high
count-rate, low-jitter, and low dark count-rate single-photon counters; narrow-band op-
tical filters; temporal synchronization and time transfer for the quantum channels; and, in
some cases, quantum memory development.

In the following sections we highlight potential science experiments that could be con-
ducted by the DSQL mission, and the relevant technology development required. We also
present a link model to estimate the efficacy of deep space optical links under different ex-
periment configurations. The article concludes with a survey of space- and ground-based
opportunities to advance the science objectives of the DSQL mission, in graduating com-
plexity.

2 Deep space quantum link science experiments
This section describes the experiments proposed for the DSQL mission, which among
other outcomes, would enable testing theories predicting novel coupling mechanisms be-
tween a photonic quantum state and gravity, with the goal of bounding these predictions.
The experiments are categorized by the similarity of their scientific objectives. These are:
GR effects on light and tests of the equivalence principle, long-baseline Bell tests, long-
baseline quantum teleportation, and applications of squeezed light. Individual experi-
ments are achievable using a diverse set of different mission architectures. These archi-
tectures could involve multiple ground and/or space network nodes, all with different in-
strumentation packages. Subsequent sections summarize these implementation options.
In conventional gravitational redshift measurements in space, local frequency references
in a spacecraft and on ground are compared through an optical (or microwave) link em-
ploying classical light. The proposed experiments are not meant to compete with such
gravitational redshift tests in terms of precision, especially given that the photon flux is
lower in our case. Instead, the key difference is that the frequency references are compared
by means of optical links involving quantum states of light, such as entangled pairs, and
relying on phenomena with no classical analog such as two-photon interference. This will
enable DSQL to explore the direct interplay of general relativistic effects and genuinely
quantum phenomena.

2.1 GR effects on light and tests of the equivalence principle
Light propagating across a weak gravity field is subject to phase delays caused by the char-
acteristics of the local spacetime [31]. The DSQL mission will characterize these delays in
the quantum optical regime, in order to test the underlying predictions from general rel-
ativity. Another interpretation is that the proposed experiments will test quantum optical
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interference phenomena in the regime where gravitational effects are resolvable. These
tests embody the notion of testing predictions of the weak-field regime of QFTCST. Es-
sential background on Einstein’s equivalence principle (EEP), and calculations of the mag-
nitude of the predicted general relativistic effects, are summarized prior to description of
the specific DSQL experiments.

Einstein’s equivalence principle states that the outcome of any local experiment in a
freely falling frame will be the same as in Minkowski spacetime, i.e., in the absence of grav-
itational fields, provided that all relevant length scales are much smaller than the charac-
teristic curvature radius of spacetime. This guarantees that gravitational tidal effects will
not affect the outcome of the local experiment. The equivalence principle, which applies
to situations where self-gravitation effects are negligible, comprises three different (but
intertwined) aspects [32]:

• universality of free fall (UFF),
• local Lorentz invariance (LLI),
• local position invariance, also referred to as universality of gravitational redshift

(UGR).
These have implications on the propagation of electromagnetic wave packets in curved
spacetime, as well as on the comparison of clocks and frequency references at different
locations. In particular, since the relevant modes of the electromagnetic field will have a
transverse size far smaller than the spacetime curvature radius, their propagation is well
described by the eikonal approximation, with light rays corresponding to null geodesics.

While this approach has been thoroughly tested for classical electromagnetic waves,
DSQL would offer a unique opportunity to test it for various quantum states of light, in-
cluding true single-photon states, quantum superposition states, and entangled and hy-
perentangled states.

For optical frequencies, quantum mechanics and general relativity predict the same ef-
fect on single photons as on classical light, i.e., the effect is on the mode of the field, inde-
pendent of the precise quantum mechanical excitation of that mode. The proposed DSQL
experiments test different aspects of these predictions, using long-range quantum optical
channels between inertial frames.

The superposition of quantum states of a single photon was experimentally tested along
space channels by observing the single-photon interference at a ground station due to the
coherent superposition of two temporal modes [33]. The measurements were carried out
using an unbalanced interferometer to create the two temporal modes, and a matching
one at the receiver to recombine them, thereby recovering the fringe visibility. The space
channel was realized by exploiting retroreflectors mounted on several spacecraft, as origi-
nally exploited for the first single-photon exchange in space [34, 35] and recently extended
to 20,000 km for MEO orbits [36]. In contrast to the experiments conducted to date, which
have classical analogs, the tests proposed for the DSQL mission have the advantage of con-
trolled and verifiable quantum statistics and entanglement, leading to measurements that
are intrinsically nonclassical.

In addition to verifying that frequency, superposition, and entanglement do not affect
the photon propagation, DSQL could measure independent relativistic effects in con-
trolled experiments. Experiments could be designed to independently examine the fol-
lowing effects:

• “Moving clocks run slow” from special relativity
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• “Clocks located down a gravitational well run slow” from general relativity
• Doppler effect from differences in path length between successive clock ticks
• Experimental offsets due to drifting equipment
These effects are important to the operation of global navigation satellite systems and

were calculated in the design-phase of GPS [37]. The effects are large enough to matter,
but small enough to be treated as first- and second-order corrections. For example, a clock
near the surface of Earth will measure an extra 10 ns/day for every kilometer of altitude
[38]. More generally, when we compare the rate of a clock near the rotating surface of
Earth to one on an orbiting satellite, the fractional change is given by simple dimensionless
correction factors involving the fraction of the speed of light v/c and the Schwarzschild
radius of the gravitational potential well (in this case for the Earth), given by RSchwarzschild =
2GN MEarth/c2 ≈ 1 cm. The ratio of the clock-tick interval on the satellite to one moving
with the surface of Earth is [39]

dtsatellite

dtEarth
≈ 1 +

1
2

(
RSchwarzschild

rEarth
+

v2
Earth
c2

)
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εobservatory

–
1
2

(
RSchwarzschild

rsatellite
+

v2
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c2

)
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εsatellite

. (1)

The first correction is constant at 7×10–10, with 10–13 variation for different elevations.
(This is for an observatory at the equator, but for observatories elsewhere, the reduction

in velocity is compensated exactly by accounting for the Earth geoid.) The second correc-
tion depends on the satellite orbit. For a satellite in a circular orbit, a good approximation
to this order is to balance centripetal force against Newton’s gravitational force, in which
case

mv2
satellite

rsatellite
=

GN MEarthm
r2

satellite
(circular orbit). (2)

Writing this in terms of RSchwarzschild, we recover the somewhat-well-known result for GPS
that the time dilation from special relativity is half of that from general relativity’s gravi-
tational effect. The overall satellite correction is then simply

εsatellite =
3
4

RSchwarzschild

rsatellite
(circular orbit). (3)

and is a small effect given that RSchwarzschild ≈ 1 cm. This term is 10–9 for a LEO orbit like
ISS and falls to 1.6×10–10 for a GEO orbit. The observatory and satellite terms completely
cancel at rsatellite = 107 m, which is in the inner Van Allen Belt.

For a spacecraft in an elliptic orbit with semi-major axis a, the relation between velocity
v and distance r is

v2 = GM
(

2
r

–
1
a

)
(elliptic orbit), (4)

or in terms of dimensionless ratios and RSchwarzschild,
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)

(elliptic orbit). (5)
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Figure 1 Total relativistic time dilation as a function of distance (log-scale) (from both gravitational and
velocity effects) along a highly elliptical satellite orbit (blue) and at a fixed observatory on the surface of Earth
(green). These effects subtract (Equation (1)) to get the relative rate of clocks in the two locations. Note that
the sign of the relative rate can be positive or negative, depending on the satellite altitude

The overall satellite correction for a clock in an elliptic orbit (with semi-major axis a),
including both special and general relativistic effects is then

εsatellite = RSchwarzschild

(
1

rsatellite
–

1
4a

)
, (6)

which reduces to the circular-orbit case when a = rsatellite, but varies throughout an elliptic
orbit as the satellite approaches and recedes from Earth. Thus, a highly elliptical orbit
breaks the degeneracy of constant offsets due to experimental drift. Even the sign of the
total relativistic correction may change throughout the orbit. An example for the “typical
Molniya orbit” from Wikipedia2 is shown in Fig. 1. If the atmosphere is deemed to be
a problem, the effect can be enhanced by comparing two Earth-orbiting satellites, one
near apogee and one near perigee. Note that for the Lunar Gateway’s near-rectilinear halo
orbit,3 the values of εsatellite are more than 50 times smaller due to the 80 times smaller
mass of the moon, while the proposed low lunar orbit of the Lunar Gateway results in
εsatellite about twice as small.

This order-of-magnitude analysis shows that an Earth-Moon link would not be an ideal
starting point for measuring gravitationally induced phase shifts in quantum light. The
two-body gravitational field of the Earth-Moon system reaches an inflection point near
the first Lagrange point. Future experiments may leverage Earth-Moon links to test for
modulation, or even full cancellation of the phase shift of a photon propagating across
this region [6]. In contrast, other quantum optical experiments, such as the tests of Bells
inequality and tests of quantum teleportation, described in detail below, are enhanced
through use of an Earth-Moon baseline.

These calculations capture the difference in rates that the clocks run on the satellite as
compared to on Earth. As we will show, these “clocks” can be the difference in time of
arrival of pulses, or, the optical-frequency oscillations of the light itself. The gravitational

2https://en.wikipedia.org/wiki/Molniya_orbit
3https://www.esa.int/ESA_Multimedia/Images/2019/07/Orbiting_lunar_Gateway

https://en.wikipedia.org/wiki/Molniya_orbit
https://www.esa.int/ESA_Multimedia/Images/2019/07/Orbiting_lunar_Gateway
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blueshift (redshift) experienced by the photons as they fall toward (climb away from) Earth
is already included in these expressions and should not be double counted. The same ap-
plies to length contraction in any fiber delay line or interferometer—Einstein’s light-clock
thought experiments shows that these effects are already included in the slow-down of the
clock ticks that an external observer sees.

In addition to these relativistic effects, there is a large Doppler shift caused by succes-
sive pulses or successive crests of waves being sent and received from different places and
therefore taking different amounts of time to arrive at the observer. In practice, this will be
the dominant effect, but can be separated from the intrinsic time dilation by its different
orbit dependence, i.e., the sign of the effect depends on whether the satellite is approaching
or moving away from the ground terminal. This shift is first order in the relative velocities
v/c:

∣∣∣∣δt
t

∣∣∣∣ =
∣∣∣∣δf

f

∣∣∣∣ ≈ v
c

(Doppler), (7)

so any series expansion must be kept to second order to match the size of the leading-order
v2

satellite/c2 terms above from special relativity. Note that using the formula for the rela-
tivistic Doppler effect double-counts the source’s time dilation. To avoid double-counting,
it is best to use global coordinates like the Schwarzschild coordinates that asymptote to
Minkowski spacetime infinitely far away:

• Fix an infinitesimal time difference between two pulse transmissions.
• Calculate the global time difference of reception, which will be longer or shorter by an

amount on the order of v/c, depending on the orbit and orientation. This is 10–5 for
LEO satellites.

• The curved path of light through the Schwarzschild metric can be computed
numerically, but its effect is 10–15, which is small compared to the special and general
relativistic time dilation.

• Each of these time differences can then be translated from global time to the time
experienced by clocks on the satellite and on Earth. This ≈ v2/c2 effect is captured by
Equation (1) and is of order 10–10 for LEO satellites.

2.1.1 Polarization rotation of photons in general relativity
Polarization rotation also occurs when light traverses the warped space around a rotating
body. This is the “frame dragging” or “Lense-Thirring” effect. An introduction to the effect
can be found in Schleich and Scully’s Les Houches lecture [31]. Recent calculations provide
numbers relevant for satellite experiments. Brodutch and Terno [40] quotes a rotation of
55 milliarcseconds (3 × 10–7 rad) when sending a photon from a satellite out to infinity,
but this calculation is “gauge dependent” and therefore unmeasurable—the fixed reference
frame of stars the satellite is measuring with respect to is also frame dragged.

Brodutch et al. [41] consider a closed loop interferometer, where the polarization is com-
pared at the same point (as differential geometry requires) to make comparisons unam-
biguous. For an interferometer 100 km by 10 km they find a polarization rotation of only
4 pico-arcseconds (2 × 10–17 rad), concluding correctly that the “minuscule scale of the
effect puts it beyond the current experimental reach.”4

4For any photon-counting experiment, the statistical uncertainty of photon polarization angle measurement scales in-
versely as the square root of the number of photons detected: �θ = 1

2
√
N

radians for large N. Completely disregarding all
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2.1.2 COW test with classical light, superposition states, entangled and hyper-entangled
photons

Quantum optics experiments enable a unique window to explore the interplay between
quantum mechanics and relativity, both general and special. The Colella, Overhauser, and
Werner (COW) experiment used a neutron interferometer to test the influence of the
gravitational field on a quantum wave function [22]. Since then many experiments using
matter-wave interferometry with atoms and molecules have been performed. However,
all such experiments to date can be interpreted using a Newtonian gravity framework. In
contrast, tests with massless particles – photons – would require a general relativistic de-
scription. There have been several proposals to detect general relativistic effects on single
photons using Mach-Zehnder interferometers (MZI) whose arms are located at different
altitudes, i.e., at different gravitational potentials. In this section, an overview of the back-
ground of photonic COW tests is presented, followed by a detailed discussion of specific
experimental concepts.

Both in the original COW experiment and in light-pulse atom interferometers [42, 43],
the matter-wave packets are diffracted by periodic gratings (a crystal in neutron interfer-
ometers and one or more optical lattices in the atomic case) but freely falling the rest of
the time. This implies that the proper-time difference between the interferometer arms
is insensitive to gravitational time dilation effects in a uniform field, as can be argued by
considering a freely falling frame [21]. On the other hand, every time a matter-wave packet
is diffracted by a grating, it acquires a phase that depends on the central position of the
wave packet with respect to the grating, and the total phase shift between the two interfer-
ing wave packets depends on the relative acceleration between the wave packets and the
diffraction gratings. This can be exploited in high-precision gravimetry measurements
[44] and tests of the universality of free fall (UFF) [45].

In contrast, atom interferometers where the wave packets in the two arms are held at
two different constant heights through matter-wave guides can be sensitive to gravita-
tional time dilation in uniform fields [21]. These kinds of interferometers are, in fact, closer
analogs of the optical interferometers considered below, where photons in the two inter-
ferometer arms propagate along optical-fiber delay lines located at two different heights
in a gravitational field.

Indeed, Hilweg et al. have proposed a ground experiment that uses an actively switched,
triple-arm MZI, with long fiber loops to extend the interaction time, and thus the size
of the effect [46]. For a vertical separation of 3 m and 100-km fiber delays, their model
predicts that an effect might be observed after 2-4 days of integration time. Obviously,
maintaining stability over that length of time could be quite difficult, particularly with
long pieces of optical fiber that are subject to thermal expansion. Additionally, to minimize
effects of dispersion, narrow-bandwidth photons (<100 MHz) are needed, which can also
be challenging.

To increase the magnitude of the gravitational effect, greater variation of the gravita-
tional potential can be employed [47]. The idea proposed in [5] is to use two identical
unbalanced MZIs, one located on ground and the other on a satellite (see Fig. 2). Single-
photon wavepackets enter the ground MZI and at the output a coherent superposition of

systematic effects of trying to establish a common reference frame, reaching the required sensitivity requires at least 4
million detection events for the observable “out to infinity” case, but 1033 (a megawatt of 1550 nm photons continuously
for 30 years) for the observable “compare at the same place” setup.
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Figure 2 Simplified scheme of the optical COW experiment in space. A time-bin superposition is generated
by injecting a single photon wavepacket into a unbalanced MZIs. The photon is sent towards a satellite, where
an identical MZI is located. Interference detected at the satellite reveals the gravitationally induced phase shift

two wavepackets |t0〉 and |t1〉, known as time-bin encoding [48], is generated. The gener-
ated state can be written as 1√

2 (|t0〉 + eiφ |t1〉) where the relative phase is written as φ = ω0τ

with τ the interferometer unbalancement corresponding to the delay between the two
pulses and ω0 the central frequency of the pulses.

The single photons are then sent toward the spacecraft MZI and at the exit of the second
MZI an interference effect can be observed that corresponds to photons that took the
short path in one unbalanced interferometer and the long path in the other. Since time
dilation effects change both the frequency and the pulse delay in opposite ways, the relative
phase is constant in the propagation and it is written as ω0τ = ω′

0τ
′ = φ. However, if the

sender and receiver interferometers have the same delay τ (measured locally), the receiver
interferometer applies the phase φ′ = ω′

0τ , since the frequency of the photon is changed.
Therefore, the interference effect is able to measure the phase difference φ –φ′. This effect
can be described as an effective phase transformation from the original state to the state

1√
2 (|t0〉 + ei(φ–φ′)|t1〉).
The general formalism of the relation of the different optical paths involved in COW

tests in space by means of optical interferometry requires a careful treatment of the fre-
quency transformation in each path as well as the relation of time with distance. According
to a general analysis by Terno et al. [49], the crucial asset to obtain a closed form is the
phase difference due to the difference in the emission times. When the two MZIs are prop-
erly calibrated, a phase shift due to the gravitational redshift will be observed. In this case,
if the satellite is not geostationary, the main challenge is represented by the necessity to
compensate for the first-order Doppler effect. To solve the above issue, an improvement
of the above scheme was recently proposed to measure the Doppler shift introduced by
the relative motion of the satellite to ground, and to remove it from the final result [50, 51]:
in addition to MZIs on the spacecraft and the ground station, satellite retroreflectors lo-
cated in space are used to send some portion of the upcoming light back to the ground.
The latter, detected on ground, can be used to measure the first-order Doppler effect, since
gravitational effects compensate in the two-way propagation. The Doppler shift was as-
sessed in previous experiments [33] and exploited as the modulator of the time-bin qubit
phase as a function of the instantaneous velocity of the satellite. This modulation, though
passive, may also be seen as a resource when ascertaining the visibility of the interference
phenomena.
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The photon temporal superposition state along the space channel may be kept in a sin-
gle polarization by exploiting suitable corner cube technology for the retroreflectors, as
demonstrated for space quantum communications [52], thus allowing for a large param-
eter space for the observables under test; the latter use was pivotal in the test in space
of the Wheeler “delayed choice Gedanken-experiment”, addressing the well-known wave-
particle duality of quantum physics [53, 54]. We note that the scheme proposed in [50, 51]
exploits classical light in order to test the Einstein Equivalence Principle in the optical
domain. However, extending the scheme by using single-photon wavepackets will allow
the measurement of a gravitationally induced phase shift on a quantum state. Finally, the
temporal resolution for the discrimination of the interference is a sensible parameter for
the experimental design. Present limits in the case of a link to a MEO satellite are of order
of a quarter of nanosecond [54].

The gravitational phase shift measured by the experiment depicted in Fig. 2 is connected
with a small shift, caused by the gravitational field, of the time difference between the
modes encoding the entanglement time-bins. This shift is of the order of 10–10 times the
temporal separation between the two time-bins, which implies that the two delay lines
(on ground and in space) need to be matched at that level. For example, 100-m delay lines
would need to be matched with a precision better than 10 nm. One way of achieving this
precision is to independently calibrate the length of each delay line with a local frequency
reference, such as an atomic clock, and convert to distance using the universal speed of
light. The experiment can then be interpreted as a test of UGR where the two frequency
references at different heights are compared through quantum states of light.

If time-bin entangled photons [48] are used, the gravitational shift can be also mea-
sured by using the relative phase of an entangled state: for instance, by generating the
entangled pair |ψ〉 = (|t0〉A|t0〉B + |t1〉A|t1〉B)/

√
2 on the ground, and sending photon A to

the ground MZI and photon B to the satellite MZI, the wavelength shift of the trans-
mitted photon can be interpreted as an effective transformation of the state into |ψ ′〉 =
(|t0〉A|t0〉B + ei(δ
g +δ
D)|t1〉A|t1〉B)/

√
2 where δ
g is the gravitationally induced phase shift

and δ
D = k�v/c, for a wave number k and delay length �, is the Doppler correction; here v
is the projection of the relative velocities along the optical link, which varies from approx-
imately –vspacecraft to +vspacecraft as the spacecraft flies overhead. For a 10-km delay line and
satellite velocity of 10 km/s, �vspacecraft/c = 0.33 m, corresponding to δ
D = 1.3 · 106 rad,
for a laser wavelength of 1500 nm; as discussed above, any attempt to precisely determine
δ
g will need to compensate for this much larger value of δ
D. For example, one could
send a classical beacon along (also in a superposition of t0 and t1), and use that to stabi-
lize the remote MZIs by using a fiber stretcher or a piezo-electrically controlled optical
“trombone”, as was done in [55]; comparing the error signal to the expected one would
allow one to look for deviations. Because the spatio-temporal mode of the classical beam
is expected to undergo the same relativistic corrections as the quantum signal, any devi-
ation would be significant. Alternatively, as discussed above, corner cubes could be used
to directly measure the satellite’s relative motion, and a local feedback system (with a sta-
bilized laser) could be used to set the unbalanced MZI path length. Fluctuations in the
atmosphere [56] cause a slight difference between the propagation time of the locally-
delayed and non-delayed photon. This is on the order of the ratio of the local-delay time
and the half the atmospheric fluctuation period, which is approximately 3 kHz in many
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instances. This factor of roughly 5% in would need to be reduced to successfully conduct
the experiment, potentially by using adaptive optics techniques.

More advanced schemes can also be conceived with time-bin entanglement: for in-
stance, if the entangled source is located on a satellite, one photon can be directed towards
a ground station and the other photon towards a different satellite, enhancing the gravi-
tational effect and at the same time allowing Bell tests between frames with large relative
velocities (see Sect. 2.2.3).

Finally, one can also conceive experiments that utilize hyper-entanglement – photons
that are simultaneously entangled in multiple degrees of freedom [57]. As discussed above,
special and general relativity result in predictable time dilation that would affect time-bin
entanglement in a measurable way, but would have very little effect on polarization entan-
glement, with only unmeasurably small frame-dragging effects. Extending the prototypes
in [55], one could repeat the proposed optical COW experiments with a source of photons
entangled both in time-bin and in polarization, again with one photon measured on the
ground and the other on the space platform. One can thus directly compare the effect on
the entanglement in the two degrees of freedom, one of which is sensitive to the relativistic
effects and one of which is not. As with the previous suggestions, if precise enough mea-
surements can be made, the Doppler and relativistic effects can be distinguished from each
other and from constant offsets by putting the satellite in an elliptical orbit as discussed
in Sect. 2.1.

2.1.3 Mission design trades for optical COW tests
For the quantum photonic COW tests that involve classical light, the measurement
requirements follow the procedure of [35]. In Appendix A, the requirements derived
from the parametric model to achieve a statistical confidence level are evaluated using
a quantum-channel model. Here we use these to estimate the high-level system perfor-
mance requirements to achieve the DSQL science objectives.

The proposed optical COW experiments are carried out by using quantum optical inter-
ferometry, for example, by using an MZI with a single photon input into one port (Fig. 3).
In this example, the photon is in a path superposition. The paths are characterized by
different values of the gravitational potential; the time dilation between these two paths
causes a relative phase shift along the two arms. A number of specific implementations of
this concept, describing tests using coherent superposition states, single photons, and dif-
ferent forms of entangled and hyperentangled photon pairs are described in the previous
section.

In a uniform gravitational field, this phase shift is linked to the interferometer dimen-
sions and gravity via the formula:

φGR = ω0τGR ∼ (1 + α)
2π

λ

gh�

c2 , (8)

where ω0 and λ are respectively the central frequency and vacuum wavelength of the pho-
ton emitted by the source in its reference frame, τGR is the time delay between the two
interferometric paths, g is the acceleration due to gravity, h is the orbital altitude differ-
ence between source and receiver, and � is the horizontal length of optical delay 5 in both

5More precisely, n(λ)�, if the delay has some non-unity refractive index, as would definitely be the case for an optical fiber
as considered here.
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Figure 3 A simplified MZI for quantum optical COW tests. The source node and receiver node are at different
heights hmeasured along the direction of the gravity vector �g. Each node has a long optical delay line of
length l. Note that this is equivalent to the arrangement with two unbalanced MZIs shown in Fig. 2, which
allows photons emitted at different times to propagate along essentially the same spatial mode (modulo
whatever lateral shift has occurred due to the motion of the source in the time between the early and late
emission times)

the source and receiver interferometers. The parameter α, which is equal to zero for gen-
eral relativity, parametrizes violations of UGR.

The primary goal of this set of experiments is to validate the predicted gravitational
phase shift in quantum light; the expected magnitude of the phase shift for the space-
craft implementation of this experiment is on the order of a few to tens of radians. For
example, φGR ∼ 1 rad for λ = 1550 nm, h = 400 km, and � = 6 km. The other, equally im-
portant, objective of this test is to bound the magnitude of parameter α, which should be
zero according to general relativity, in different regimes of quantum light. Both φ and α

are measured using quantum interferometry. There is an associated integration time as-
sociated with each interferometer measurement, where N signal measurement events are
captured. Qualitatively, the instrument and mission design requirements should enable
a sufficiently high rate of signal events, relative to noise events, and a net interferometer
stability that yields a phase error smaller than φ. Note that there is a tradeoff, due to ex-
ponential Beers-law decay in the fiber-optic delay �, and diffractive propagation loss asso-
ciated with the free-space portion h of the interferometer (assuming the send and receive
telescopes are sufficiently small that the received flux falls as 1/R2; see Appendix A for
details); increasing h and � both increase the magnitude of φGR but decrease the number
of photons with which to measure this.

The development of a quantitative model to express these requirements is described
in Appendix C. Our approach treats N , the total signal flux collected over some inte-
gration period, and the likelihood p that a given measurement is a legitimate signal, as
the principle analytical parameters characterizing the link; the key mission instrumen-
tation requirements may then be derived from N and p. As shown in Appendix A, N
scales directly with the photon production rate and transmission efficiency, and also the
integration time. The integration time itself is a strong function of orbital configuration,
requiring line-of-sight between source and receiver nodes. The number of measurements
N , depends on the number of delivered photons and is a function of the transmitter DT

and receiver aperture DR; in what follows we assume DT = 1 m and DR = 0.3 m. Results
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Figure 4 Plot of the predicted error on α after a satellite passage, as a function of the satellite altitude in
kilometers, assuming circular orbits, and 1.0-m and 0.3-m transmit and receive telescope apertures. The inset
shows the trend close to the optimal altitude

of this analysis help constrain the design of a flight mission to measure φ and bound α;
representative results are shown in Fig. 4. We see that there is an optimal altitude, located
at about 1200 km, maximizes the number of received photons, leading to the predicted
error on �α = 3 × 10–4; such a configuration is a reasonable starting point to design a full
flight mission to conduct the quantum optical COW test to validate the predicted general
relativistic phase shift on various quantum states of light, and bound the parameter α in
the quantum optical regime. Similar analyses considering more realistic orbits, spacecraft-
to-spacecraft links, and entangled and hyper-entangled photon pairs, are the subject of a
future research article under development.

The tests of the Einstein equivalence principle described in this paper all involve long
baseline optical interferometry. Since many of them use a fiber optic delay line, the system
wavelength should be within the low fiber-loss optical C, L, or O-bands. The overall link
efficiency follows the description from Appendix A, using the single-channel expression
(Equation (41)) for single photons, and the double channel expression (Equation (43)) for
entangled and hyperentangled photons.

Measuring the gravitationally induced phase shift also requires that other sources of
phase shift are accounted for, either through direct measurement or usage of mitigation
strategies. For example, as discussed in [33, 52, 58], active measurement of the spacecraft
position and velocity can compensate error terms associated with these factors. Active
stabilization of the fiber coil length, relative to a local stabilized laser system on both the
ground system and flight system is also required. This laser reference should propagate
through the fiber delay lines in the opposite direction of the signal photons to facilitate fil-
tering. In realistic orbit configurations, the time-of-flight between the ground station and
receiver is constantly changing. There is residual error introduced due to the change in
time-of-flight along the long arm of the interferometer over the transit time through the
optical fiber. In this sense, there are some fixed noise sources beyond the standard quan-
tum limit that will bound the measurement precision. A detailed description of these noise
factors in the context of a space-mission scenario is the subject of a future publication.

2.1.4 Gravitational redshift in a HOM interferometer with frequency-entangled photons
In this subsection we turn our attention to an experiment using an interference effect
with no classical analog, i.e., two-photon Hong-Ou-Mandel (HOM) interference [59]. As
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Figure 5 A balanced Hong-Ou-Mandel interferometer

shown in Fig. 5, a photon-pair source directs (indistinguishable) photons onto a 50-50
beamsplitter. There is then a quantum mechanical interference effect, causing a complete
cancellation of the two processes leading to a coincidence between detectors b and c: both
photons being transmitted, or both being reflected.6

To describe a balanced Hong-Ou-Mandel interferometer, consider a two-photon state
|1〉l|1〉u, with one photon in each mode (see Fig. 5). These two photons are now incident
on a beamsplitter:

|1〉l|1〉u →
( |1〉b + i|1〉c√

2

)( |1〉c + i|1〉b√
2

)

=
1
2
(
i
√

2
(|2〉b + |2〉c

)
+ |1〉b|1〉c – |1〉c|1〉b

)

=
i√
2
(|2〉b + |2〉c

)
, (9)

and photon bunching is seen to occur—both photons go either into Detector b or into
Detector c, and the probability of a coincident detection at Detectors b and c is therefore

Pb,c = 0. (10)

The above assumes the two photons are indistinguishable, as otherwise destructive in-
terference between the terms |1〉b|1〉c and |1〉c|1〉b would not occur. However, for a pho-
ton with non-zero bandwidth, temporal delays between the photons will introduce distin-
gushability. In this case, the probability of coincidences becomes

Pb,c(τ ) =
1
2
[
1 – e–2σ 2τ2]

, (11)

where τ is the relative temporal delay, and σ is the half-bandwidth of the photons. In the
limit of zero bandwidth, this reduces to (10) for any relative delay. Note that the HOM dip
does not depend on the relative phase of the incident photons, only on their relative ar-
rival time. Thus, HOM interferometry has lower resolution when compared with a Mach-
Zehnder interferometer, but is robust against certain types of group-velocity dispersion.

6This effect is sometimes loosely described as “photons interfering on the beamsplitter”, which is not entirely correct. It
is possible to construct an HOM interferometer with unbalanced arms such that the photon wavepackets never overlap
on the beamsplitter or anywhere else [60, 61], or, as we will see here, where the photons have different colors, and yet the
two-photon interference persists; all that matters is the indistinguishability of the underlying processes that could give rise
to coincident detections.
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Specifically, if there is dispersion in one arm of a standard MZI, the visibility will be neg-
atively affected, whereas the HOM interference effect is known to be immune to group
velocity dispersion (more precisely, to the odd orders of this) [62]. Another key difference
between a standard MZI and a HOM interferometer is that the former suffers reduced
visibility if there is a relative loss in either of the arms, while the latter does not (in the
absence of noise), as such loss equally affects both of the underlying interfering physical
processes.

We now consider a modified HOM interferometer, in which the input state is entangled
in frequency [63]:

1√
2
(|ω1〉l|ω2〉u + |ω2〉l|ω1〉u

)
. (12)

Adding some temporal delay τ to the upper path adds an energy-dependent phase ωiτ ,
producing the state

1√
2
(
eiω2τ |ω1〉l|ω2〉u + eiω1τ |ω2〉l|ω1〉u

)

=
eiω2τ

√
2

(|ω1〉l|ω2〉u + ei(ω1–ω2)τ |ω2〉l|ω1〉u
)
. (13)

Impinging this state upon a beamsplitter as before, the final state at Detectors b and c is

1√
2
(|ω1〉l|ω2〉u + ei(ω1–ω2)τ |ω2〉l|ω1〉u

)

→ 1
2
√

2
[
i
(
1 + ei(ω1–ω2)τ )(|ω1,ω2〉b + |ω1,ω2〉c)+

+
(
1 – ei(ω1–ω2)τ )(|ω1〉b|ω2〉c – |ω2〉b|ω1〉c)

]
,

yielding a coincidence probability

P(c, b) = 2
∣∣∣∣ 1√

8
(
1 – ei(ω1–ω2)τ )∣∣∣∣

2

=
1
2
[
1 – cos

(
(ω1 – ω2)τ

)]
. (14)

Accounting for photon bandwidth (and assuming identical bandwidths for simplicity), we
have

Pb,c(τ ) =
1
2
[
1 – cos

(
(ω1 – ω2)τ

)
e–2σ 2τ2]

. (15)

This interferometer therefore combines the sensitivity of Mach-Zehnder interferometry
with the dispersion cancellation and loss-resilience of degenerate HOM interferometry;
as such it can be quite useful for precision measurements of phase differences and tem-
poral delays. For example, a frequency-entangled HOM interferometer with wavelengths
800 nm and 1590 nm should be able to resolve temporal differences of a few attoseconds
with only tens of thousands of detected photons [64].

These techniques may be useful in probing the intersection of quantum mechanics and
general relativity, since the HOM effect is truly nonclassical [65]. Suppose that the two
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Figure 6 Frequency-entangled HOM interferometer sensitive to the gravitational redshift and consisting of a
ground station and a spacecraft. (a) Simplified schematic. Photons experience different gravitational
potentials, depending on which path they take, before recombination on a non-polarizing beam splitter
(blue). (b) Overlapping-path architecture, with a single uplink channel for both photons; polarization
entanglement ensures that only interfering processes are present, i.e., due to the polarizing beamsplitters
(black squares, PBS), each photon takes one long and one short path. While the diagrams suggest that
imperfect extinction ratios of the PBSs may lead to measurement errors, in fact these are strongly suppressed,
since “wrong” coincidences can only occur if photons take the incorrect output of all three PBSs

paths of the interferometer are held at different gravitational potentials. This will create a
frequency- and path-dependent phase difference which can then potentially be resolved
by the interferometer, allowing us to study the effects of a curved spacetime on an entan-
gled quantum system. An explicit implementation consisting of a ground station (G), a
spacecraft (S) and an optical link is shown in Fig. 6. A pair of frequency-entangled pho-
tons is generated in the ground station and sent through the optical link to the spacecraft,
where they are detected. One interferometer arm involves a delay line in the ground sta-
tion, whereas the other arm involves an analogous delay line in the spacecraft, where the
two arms are then recombined on a beamsplitter with single-photon detectors at the two
exit ports. Whereas delay lines with equal physical length � would lead to a balanced inter-
ferometer for a traditional experiment on Earth, in this proposed setup relativistic effects
and the changing distance between the ground station and the spacecraft give rise to the
following time shift between the two interferometer arms, obtained up to order 1/c3 within
a post-Newtonian expansion in powers of v/c and U/c2:

τ =
�

c

((
1 + (n̂ · vS)(tr)/c
1 + (n̂ · vG)(te)/c

)(
dt/dτS

dt/dτG

)
– 1

)
, (16)

where (n̂ · vG)(te) and (n̂ · vS)(tr) are, respectively, the velocity of the ground station along
the direction of the optical link at the time of emission te and similarly for the spacecraft at
the time of reception tr. The factor containing these velocities corresponds to the Doppler
effect associated with the motion of the two stations (ground and spacecraft).7 The ratio
between (dt/dτS) and (dt/dτG), which respectively account for the special relativistic time

7For sufficiently long delay lines or quantum memories, the changes of (n̂ · vG) and (n̂ · vS) over the time �/c would also
need to be accounted for.
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dilation and the gravitational redshift between the two stations, is given by

(
dt/dτS

dt/dτG

)
≈ 1 +

(
1
2

v2
S – v2

G
c2 –

U(xS) – U(xG)
c2

)
, (17)

where U(x) is the gravitational potential and we neglect higher-order terms in the post-
Newtonian expansion [66], as they are suppressed by higher powers of v/c. This result,
which is also applicable to more general situations such as the Moon-Earth system, re-
duces to Eq. (1) for a Schwarzschild metric.

The probability Pb,c(τ ) of two-photon detection in either of the two ports is therefore
determined by Eq. (15), with

τ =
�l
c

+
l
c

((
1 + (n̂ · vS)(tr)/c
1 + (n̂ · vG)(te)/c

)
– 1

)
+

l
c

(
1
2

v2
S – v2

G
c2 –

U(xS) – U(xG)
c2

)
, (18)

where a possible difference �� between the proper lengths of the two delay lines (ideally
�� = 0) has been included and we have assumed that �� 	 �. The third term on the right-
hand side of Eq. (18) corresponds to the relativistic effects that we are interested in and will
typically be of order 10–10. In contrast, the “classical” Doppler effect encoded by the second
term can be of order 10–5. Accurately tracking the trajectory of the spacecraft by means
of satellite laser ranging is thus necessary so that the comparatively large contribution
of the Doppler effect can be suppressed below the 10–10 level through postcorrection,
as discussed in Sect. 2.1.2. The length of the two delay lines also needs to be stabilized
below the 10–10 level; moreover, one should guarantee that they are equal (i.e., �� = 0)
at that level, which can be achieved by simultaneously calibrating (and stabilizing) them
with identical frequency references on ground and in the spacecraft. Note that using an
elliptical orbit would enable one to distinguish the two different relativistic contributions,
namely special relativistic time dilation and gravitational redshift, and would also help to
separate the small signal of interest from noise sources and systematic effects, as explained
below.

A substantial simplification to this complex stabilization and calibration procedure can
be achieved by employing classical light at an intermediate frequency between ω1 and ω2

for that purpose, which can be combined with an active compensation method involv-
ing a tunable delay, e.g., consisting of a movable right-angle prism with a piezo-actuated
translation stage, or a piezoelectrically controlled fiber stretcher. It should be noted that
since the classical light acting as a reference is equally affected by the relativistic effects, a
HOM interferometer stabilized in this manner will not be able to independently measure
such effects. Nevertheless, it could still be regarded as the first experimental confirma-
tion that quantum states of light – frequency-entangled photons – experience the same
gravitational redshift as classical light, and moreover that purely quantum mechanical in-
terference is similarly affected.

While the implementation displayed in Fig. 6a is conceptually simpler, a scheme involv-
ing a single uplink channel, depicted in Fig. 6b, is preferable in practice. With this goal in
mind, it is useful to consider a source of co-propagating frequency-nondegenerate pho-
tons in the polarization-entangled state:

|�0〉 =
1√
2
(|ω1, H〉|ω2, V 〉 + |ω1, V 〉|ω2, H〉). (19)
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Such a state has been recently demonstrated in the laboratory [55]. By using polarizing
beamsplitters (PBS) and a half-wave plate (HWP), as shown in Fig. 6b, one can ensure that
H-polarized photons will propagate along the short path (S) in the ground station and the
delay line in the spacecraft (U ′), while V-polarized photons will propagate along the delay
line (U) in the ground station and the short path in the spacecraft (S′). The resulting state
(after the satellite PBS) is then

|�〉 =
1√
2
(
eiω2τ |ω1, H〉BD|ω2, V 〉AC – eiω1τ |ω2, H〉BD|ω1, V 〉AC

)
. (20)

Finally, by inserting an additional HWP in the delay line of the spacecraft, the polarization
state in that arm is rotated, |V 〉SU ′ → |H〉SU ′ , so that the polarizations are no longer cor-
related with the interferometer arms and the quantum states from the two different arms
can interfere when recombined at the final beamsplitter. Indeed, the polarization state of
the two photons, |H〉SU ′ |H〉US′ , can then be factored out and one is left with the desired
state, cf. Eq. (13).

We conclude this subsection with an estimate of the actual sensitivity of the proposed
HOM interferometry experiment to relativistic effects. As explained in the discussion after
Eq. (1), the net contribution of these effects is of order –3 × 10–10 for a circular LEO, but
just a smaller fraction – of order 4 × 10–11 – corresponds to the gravitational redshift. In
contrast, for a GEO the relativistic effects are dominated by the gravitational redshift, of
order 6 × 10–10 in that case. As with the optical COW experiments discussed above, for
a highly elliptical orbit, such as that considered in Fig. 1, these effects are modulated by
the orbital period and range from –5 × 10–10 at the perigee, where special relativistic time
dilation dominates, to 6 × 10–10 at the apogee, where the main contribution comes from
the gravitational redshift. Thus, orbital modulation can be very useful to extract the small
signal and separate it from noise sources and systematic effects.

Similarly to GEOs, for the Lunar Gateway the effect would be of order 7 × 10–10 and
dominated by the redshift associated with Earth’s gravitational field, because the Moon’s
mass is 80 times smaller than Earth’s, so that contributions from the lunar gravitational
field and time dilation due to the orbital velocity would be much smaller, also implying
that there are no significant orbital modulation effects. Hence, if we consider the case in
which the platform in Fig. 6 is the Gateway Spacecraft, the time shift due to relativistic
effects (i.e., excluding the classical Doppler contribution) is given by τrel = 2.3 × 10–15 s
(�/1 km) and leads to the following interferometer phase shift:

δϕ = (ω1 – ω2)τrel = 0.2 rad · �λ

100 nm
1600 nm

λ2

1500 nm
λ1

l
1 km

.

Quantitatively comparable results hold for GEOs, and also at the apogee of a highly ellipti-
cal orbit. In contrast, for LEOs the result for the total relativistic effect is reduced by about
a half and is dominated by the special relativistic contribution, whereas the gravitational
redshift is nearly 10 times smaller. Nevertheless, because the transmission rate for pairs of
entangled photons scales inversely with the fourth power of the optical link baseline (see
Appendix A), it should be possible to resolve this smaller effect too, potentially with even
milder requirements on the telescope size. Similar conclusions apply at the perigee of the
highly elliptical orbit.
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2.1.5 Mission design trades for optical COW tests using HOM interference
In this section we present a brief summary of the mission design trade-space; a detailed,
rigorous summary of the underlying mathematics is the subject of a future publication.
Tests of gravitational effects on HOM interference are governed by similar processes as
described in Sect. 2.1.3; the key difference is that a pair of photons must be transmitted,
which reduces the overall link efficiency, per Appendix A. Furthermore, as described in
Sect. 2.1.4, the photons comprising the pair may be non-degenerate in frequency. All these
factors couple with available spacecraft trajectorys to result in a range of possible mission
configurations.

The system diagram is shown in Fig. 6. The net timing delay τ between the upper and
lower path of the interferometer is

τ = τGR +
��

c
+ τc, (21)

where �� is the geometric length mismatch between the two paths, due to error terms in
the engineering and control of the interferometer, τc is any control signal applied to the
interferometer, and τGR is the relativistic shift we seek to measure:

τGR =
�

c

(
�v2

2c2 –
�U
c2

)
. (22)

Here �v2 is the difference in the squares of the velocities of the two interferometer nodes,
�U is their difference in gravitational potential energy, c is the speed of light, and � is the
interferometer path length depicted in Fig. 6, equivalent to the arm length of the HOM
interferometer.8

Assume now that with probability p the interferometer contains the input photons and
that with probability (1 – p) the interferometer is injected with uncorrelated and distin-
guishable photons, or the detectors have background or noise counts, leading to noise
events that can cause an “accidental” coincidence count with probability 1/2. The flux of
noise photons Nnoise can be linked to system parameters such as receiver aperture, spectral
filtering, and detector dark counts; see Equation (45). The parameter p can be interpreted
as the experiment quality factor, see Sect. D:

p = (1 – Nnoise�tR)2F , (23)

where (Nnoise�tR) is the probability of recording a count due to noise falling within the
detector timing window �tR (assumed to be 10–9 s), and F is the source fidelity (assumed
to be 0.95 in our simulations). Here for simplicity we assume that all the system parame-
ters in Nnoise are fixed, apart from the spectral filtering bandwidth σ that we set to match
the signal photon bandwidth; therefore, p = p(σ ). The coincidence count probability thus
becomes:

Pc =
p(σ )

2
(
1 – cos(�ωτ )e–2σ 2τ2) +

(1 – p(σ ))
2

. (24)

8As before, the effective optical path length should include any non-unity refractive index.
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A more complete analysis should also take into account error sources such as path length
mismatch and attitude determination error; these and other sources of imperfection will
be explored in detail elsewhere.

The error �τ in a measurement of τ is computed using the correlated counts M̂ = M̂A ⊗
M̂B with M̂K =

∫
dωâ†(ω)|0〉K 〈0|â(ω), for detectors A and B in Fig. 6:

�τ (τ ,σ ,�ω) ≡ �M(τ )

| ∂〈M̂〉
∂τ

|
=

√
〈M̂2〉 – 〈M̂〉2

| ∂〈M̂〉
∂τ

|

=

√
1 – p(σ )2e–4σ 2τ2 cos2(�ωτ )

p(σ )e–2σ 2τ2 |4τσ 2 cos(�ωτ ) + �ω sin(�ωτ )| , (25)

where �ω ≡ ω1 –ω2 is the frequency difference of the photons, here assumed to have (vac-
uum) wavelengths λ1 = 780 nm and λ2 = 1550 nm, corresponding to �ω = 4 · 1015 Hz. In
order to avoid excessive broadening of the pulse due to propagation in the atmosphere
and to simplify telescope optics, we assume a maximum bandwidth σ ≤ 4.7 · 1013 Hz
(δλ1 ≤ 100 nm), i.e., the individual spectral components are still relatively narrow for the
non-degenerate HOM implementation.

Given an experiment with a certain quality factor, a natural question to ask is which
choice of the overall time delay τ minimizes the timing error. More formally, we want to
solve the following optimization problem:

�τopt(σ ) = min
τ

�τ (τ ,σ ,�ω). (26)

The result of the optimization is shown in Figs. 7 and 8, which shows the expected result
that the timing error is minimized for the largest bandwidth σ (in the degenerate source
case ω1 = ω2), but is essentially constant for �ω � σ . The minimum timing error for the

Figure 7 Optimization results for HOM-based test of gravitational effects on quantum interference, as a
function of photon bandwidth σ . Note: This is the bandwidth of each individual spectral component (e.g., in
Eq. (19)), not to be confused with the separation �ω of those spectral components in the non-degenerate
case. In the noiseless, p = 1 case, �τ

Deg
opt = 1/(2σ ), the 1/e coherence time
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Figure 8 Ratio between the optimized timing error for the degenerate and non-degenerate case as a
function of photon bandwidth σ

non-degenerate case is at least an order of magnitude smaller than for the degenerate case
in the considered photon bandwidth interval; even when we let σ ≈ �ω, we still see a
∼ 40% improvement for the non-degenerate case.

Assuming that the main source of error is given by the general relativistic time delay
measurement, we can propagate it to obtain:

�α =
∂α

∂τ
�τ =

�τ

– l
c

�U
c2

√
Nc,

(27)

where Nc is the number of coincidence counts used for the measurement, a function of
the optics aperture and of the photon wavelength (which effects diffraction and thereby
photon loss; see Equation (38)).

Figure 9 and 10 shows the contour plots for the minimized error on α in a satellite pas-
sage, assuming a ground (satellite) aperture of 1 m (0.3 m). For the degenerate case, the er-
ror decreases as the photon bandwidth increases, reaching a minimum of �α = 0.01 for an
altitude around 1300 km and σ = 4 · 1013 Hz. The non-degenerate case also shows a slight
reduction in �α as the photon bandwidth σ increases but the effect is much smaller than
in the degenerate case, as expected since the timing resolution is dominated by �ω � σ .
Here the peak performance of �α = 0.001 is reached at an altitude close to 1000 km .9

Figure 11 shows the benefit of using photons with different wavelengths – the error on
α for the non-degenerate case is always at least one order of magnitude smaller than the
error for the degenerate case.

The display of an optimal altitude minimizing the error on α was also present for the
single-photon interference case (Sect. 2.1.3), in that case at 1200 km for the same 1-m (0.3-
m) telescope apertures. The estimation of α using single-photon interference seems to be
advantageous (�α = 3 · 10–4, i.e., three times smaller than the two-photon case); the lower
optimal altitude and higher value of �α in the two-photon case arise from the additional
signal loss when both photons have to be transmitted successfully (if one had sufficiently

9The optimal altitude depends on the optics apertures; for example, for 0.5-m transmitter and receiver apertures, the opti-
mal altitude would be located lower, at about 500 km, to compensate for the extra diffractive loss of the smaller apertures.
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Figure 9 Contour plot of �α versus the photon bandwidth σ and satellite altitude for a single satellite
passage degenerate case (both photons at 780 nm, yielding only the HOM)

Figure 10 Contour plot of �α versus the photon bandwidth σ and satellite altitude for a single satellite
passage: non-degenerate case (assuming photons at 780 nm and 1550 nm, yielding a HOM dip with
beat-note oscillations)

large telescopes that diffractive losses could be ignored, this disadvantage would largely
disappear). Regardless, the HOM-based experiments bring the desirable feature of using
purely nonclassical interference.

2.1.6 Gravitational dephasing, decorrelation, and decoherence
The preceding sections describe a set of experiments to test the gravitationally induced
phase shift on quantum photonic modes. In this Section, the predictions of QFTCST on
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Figure 11 Contour plot of the ratio αnon-degen/αdegen between the error on α of the non-degenerate and
the degenerate case, versus photon bandwidth and satellite altitude

the gravitational decoherence of quantum states are reviewed. The estimated magnitude
of these effects suggest that meaningful tests of this sort are beyond the scope of the pro-
posed DSQL experiments. However, success of DSQL and related missions will improve
the prospect for considering such tests of gravitational decoherence in the future.

Gravitational decoherence first appeared as an attempt to explain the very different be-
haviors between the micro and the macro worlds, i.e., we seem not to observe quantum
superpositions in the latter. The simplest way is to assume the existence of a length scale
which demarcates the micro from the macro — superpositions can then only persist be-
low this scale; above it, the states naturally decohere in some basis. If the underlying the-
ory attributes the decoherence to new physics (e.g., continuous collapse models such as
the Ghirardi-Rimini-Weber-Pearle (GRW-P) theories [24] or Diosi-Penrose (DP) model
[25, 26]), then decoherence may happen in the position basis, and it can explain the micro-
macro separation in quantum theory (a.k.a. the quantum measurement problem). In con-
trast, gravitational decoherence that originates from known physics—i.e., general relativ-
ity (GR) and quantum field theory, as in the Anastopoulos-Blencowe-Hu (ABH) theory
[27, 28], occurs in the energy basis.

Here, we shall focus only on genuine gravitational decoherence,10 which involves new
physics arising from either A) new phenomena deduced from established GR theoreti-
cal foundations (e.g., the ABH master equation) or B) modifications of either a) quantum
mechanics (e.g., the DP or GRW-P theories), which we refer to collectively as alternative
quantum theories (AQT); or b) the structure of space or time, known as intrinsic, funda-
mental, or quantum gravity decoherence.

10The term “gravitational decoherence” is sometimes used in the literature when the authors actually refer to mere gravi-
tational dephasing. A key difference is time reversibility: decoherence is an irreversible process, while dephasing can often
be reverted. These processes follow from the entanglement of the quantum system with additional degrees of freedom that
can be taken as an environment. When the environment is traced over, the original quantum system evolves into a mixed
state. As a result, phases are randomized. However, if the environment is small, in the sense that it has a small Poincaré
recurrence time, the phases will be restored after some time. In this case, we have dephasing and not decoherence. In
decoherence, the phase information is lost forever.
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In what follows we shall briefly highlight the salient features of these alternatives, and es-
timate the magnitude of their effects, as they are directly relevant to DSQL experiments.
Models of gravitational decoherence typically involve one or more free parameters. Re-
quirements of theoretical consistency and past experiments on gravitational quantum
physics have already excluded regions of the parameter space—see, for example, Refs.
[67, 68]. Deep space experiments can improve such constraints by many orders of magni-
tude, even if some regions of the parameter space may be beyond current measurement
capabilities.

In the ABH model [27, 28], decoherence arises from fluctuations of gravitational waves
(classical perturbations) or gravitons (quantized linear perturbations); the source of these
fluctuations may be cosmological [28] (stochastic gravitons produced in the early universe
near the big bang or from inflation), astrophysical [69], or structural when GR is viewed as
an emergent theory (e.g., [70]). The corresponding master equation depends on the noise
temperature �, which coincides with the graviton temperature if the origin of perturba-
tions is cosmological, but is unconstrained if gravity is emergent; in the latter case � is
determined by the deeper layers in the structure of spacetime at the Planck scale.

The ABH master equation is:

∂ρ̂

∂t
= –i[Ĥ , ρ̂] –

τ

16m2

(
δijδkl + δikδjl)[p̂ip̂j, [p̂kp̂l, ρ̂]

]
, (28)

where τ is a constant of dimension time and Ĥ = p̂2

2m . A similar master equation can be
derived for photons [71]. In the ABH model, τ = 32π

9 τP(�/TP), where TP = 1.4 × 1032K
is the Planck temperature and τP = 5.4 × 10–44s is the Planck time. If � is regarded as a
noise temperature, it need not be related to the Planck length, and � � TP is perfectly
acceptable. For motion in one dimension, the ABH master equation simplifies to

∂ρ̂

∂t
= –i[Ĥ , ρ̂] –

τ

2
[
Ĥ , [Ĥ , ρ̂]

]
, (29)

Equation (29) also appears in models by Milburn [72], Adler [73], Diosi [74] and Breuer et
al. [75] from different physical considerations. In these models, τ is also a free parameter,
but the natural candidate is the Planck-time τP .

Diosi [25] postulates a collapse term with noise correlator proportional to gravitational
potential, which leads to a master equation of the form:

∂ρ̂

∂t
= –i[Ĥ , ρ̂] –

G
2

∫
drrr drrr′ [f̂ (rrr), [f̂ (rrr′), ρ̂]]

|rrr – rrr′| , (30)

where f̂ (rrr) is the mass density operator. Penrose’s [26, 76] idea is not model specific, but
leads to similar predictions for decoherence time. A key point in the DP model is that
predictions do not involve any free parameters (at least in the experimentally relevant
regime). The decoherence rate is typically of the order of 1

�E where �E is the gravitational
self-energy difference associated to a macroscopic superposition of mass densities.

Other decoherence models that lead to position decoherence have similar properties
to DP, but more free parameters, some of which have no intuitive physical interpreta-
tion. This includes, for example, continuous collapse models like GRW-P and the Power-
Percival [77] decoherence model based on fluctuations of the conformal factor. In any
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event, most AQTs have to tolerate a small degree of energy-conservation violation. Ex-
perimental tests for such violations lead to significant constraints in the free parameters
of some models [68].

Another distinct class of models is based on the Newton-Schrödinger equation (NSE)
[78]. One postulates a non-linear equation for the single-particle wave function,

i
∂ψ

∂t
= –

1
2m

∇2ψ + VN [ψ]ψ , (31)

where VN (r) is the (normalized) gravitational (Newtonian) potential given by

VN (r, t) = –G
∫

dr′ |ψ(r′, t)|2
|r – r′| . (32)

Note that the NSE for a single particle is not derivable from GR and Quantum Theory
[79].

There are several advantages of carrying out tests of these theories in space experiments.
They include the high quality of microgravity (∼10–9 g), very long free-fall times (>104 s),
and the combination of low pressure (∼10–13 Pa) and low temperature (∼10 K) with full
optical access. Here we outline necessary experimental parameters using optomechanical
systems, atom interferometry, atomic spatial wavefunction spreading, and photon deco-
herence.

Optomechanical experiments Consider a body brought into a superposition of a zero
momentum and a finite momentum state, corresponding to an energy difference �E. For
the ABH model, the decoherence rate for the center of mass is then

�ABH =
(�E)2τ

�2 , (33)

where τ is the free parameter in the master equation (28). A value for �ABH of the or-
der of 10–3 s may be observable in optomechanical systems, as it is competitive with cur-
rent environment-induced-decoherence timescales. Hence, to exclude values of τ > τP , we
must prepare a quantum state with �E ∼ 10–14 J.

In the Diosi-Penrose model, the decoherence rate for a sphere of mass M of radius R
in a quantum superposition of states with different center of mass position (though the
predicted decoherence rate is largely independent of the details of the prepared state) is
of the order of

�DP =
GM2

�
√

R2 + �2
, (34)

where � is a cut-off length, originally postulated to be of the order of the size of the nucleus,
but recently constrained to � > 0.5 · 10–10 m [68]. Alternative models postulate � up to a
scale of 10–7 m. For an optomechanical nanosphere with M ∼ 1010 amu and R ∼ 100 nm,
�DP ∼ 10–3 s–1, a value that is in principle measurable in optomechanical experiments.

Matter wave interferometry The ABH model (but not the 1-d master equation (29)) leads
to loss of phase coherence of the order of (�
)2 = m2v3τ L/�2, where L is the propagation
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distance inside the interferometer.11 Setting an upper limit of L = 100 km, and v = 104 m/s,
decoherence due to cosmological gravitons requires particles with masses of the order of
1016amu. If � is a free parameter, experiments with particles at 1010amu will test up to
� ∼ 10–5TP . For comparison, the heaviest molecules used to date in quantum mechanical
interference experiments are oligoporphyrines with mass of “only” 2.6 · 104 amu [80].

The Diosi-Penrose model and other models that lead to decoherence in the position
basis can also be tested by near-field [81] and far-field [82] matter-wave interferometry. A
rough estimation for the loss of phase coherence is (�
)2 � �DPL/v = Gm2L

�Rv , where R is the
radius of the particles. In contrast to the ABH model, this loss of coherence is enhanced at
low velocities. Assuming L = 100 km, v = 10 m/s, and R = 100 nm, an experiment would
require a mass M ∼ 109 – 1010 amu to observe decoherence according to the DP model.

Wave-packet spread The intrinsic spreading of a matter wave-packet in free space is a
hallmark of Schrödinger evolution. ABH-type models predict negligible deviations in the
wave-packet spread from that of unitary evolution. The DP model and all other models
that involve decoherence in the position basis predict a wave packet spread of the form

(�x)2(t) = (�x)2
S(t) +

�

2m2 t3, (35)

where (�x)2
S(t) is the usual Schrödinger spreading, and � depends on the model. The

changes from free Schrödinger evolution become significant at later times. An exact es-
timation of this effect depends on properties of the initially prepared state, and is rather
involved. The MAQRO proposal [81] estimates that for a free-propagation time equal to
100 s (accessible in their setup) it is possible to constrain GRW-type models, some models
of quantum gravity decoherence, but not decoherence of the D-P type.

In contrast, the Newton-Schrödinger Equation predicts a retraction of the wave-packet
spread for masses around 1010 amu [83]. An osmium nanosphere of radius R � 100 nm
would require a couple of hours of free propagation in order to observe significant devi-
ation from Schrödinger spreading [84]. This effect provides the only realistic prospect of
directly testing the NSE, and it requires a space environment.

Decoherence of photons Only the ABH model has been generalized for photons [71].
For interferometer experiments with arm length L, the model predicts loss of visibility
of order (�
)2 = 8G�E2L

�2c6 . For L = 105 km, � ∼ TP and photon energies E of the order of
1 eV, this implies a loss of coherence of the order of �
 = 10–8. In principle, this would be
discernible with EM-field coherent states with mean photon number N̄ > 1016, though it
would be very challenging to suppress all other systematic errors to this degree.

2.1.7 GR effects: summary
The untested prediction from QFTCST that propagation across a gravitational potential
induces a phase shift on a single photon, a photon superposition state, and (hyper)entan-
gled photon pairs was reviewed in the preceding sections. A set of experiments involving
interferometers distributed between spacecraft and ground nodes designed to test this

11While the exact derivation of (�
)2 requires a dynamical analysis, its magnitude is of the order of �ABHtint , where
tint = L/v is the average time of the particle in the interferometer.
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prediction was outlined. The order of magnitude of the phase shift on the photon states
caused by gravity was determined to be compatible with experimental capabilities. Pre-
liminary mission systems analysis suggests an optimal regime for a spacecraft mission to
achieve these objectives. As such, tests of the equivalence principle using photons are plau-
sible using a future DSQL mission. In contrast, the magnitude of gravitationally induced
decoherence, based on QFTCST models, is likely too small to measure without significant
breakthroughs in multiple instrumentation capabilities.

2.2 Long-baseline Bell tests
The long baseline of DSQL could enable tests of Bell’s inequality [85] up to the lunar or-
bital radius and between inertial frames with large relative velocity, well beyond what is
possible on Earth or Earth orbit. As described in the sections below, conducting Bell tests
at extremely long baselines between inertial frames opens experimental possibilities and
addresses fundamental questions around quantum theory in the regime of general rela-
tivity. Such tests also serve as an important validation benchmark for the implementation
of future quantum technologies.

2.2.1 Verification of long-baseline quantum entanglement
A future global-scale quantum network shall be capable of maintaining the fidelity of dis-
tributed photonic states in various degrees of freedom, and interact with quantum mem-
ory devices, effectively establishing a quantum internet [86–88]. This network could be
useful for fundamental tests of quantum physics, distributed quantum computing or dis-
tributed quantum sensors (e.g., [89]). Based on current technologies, relatively high-rate
entanglement distribution and quantum communication across baselines more than a few
hundred kilometers are only possible using spacecraft links [1]. Furthermore, all quantum
network applications rely on the validity of quantum mechanics, and a complete under-
standing of long-baseline quantum link behavior, which the DSQL tests could provide.

Entangled quantum systems shielded from the environment exhibit correlations ex-
pected to persist no matter how far apart the systems travel, e.g., the amount of entangle-
ment between two entangled photons propagating through optical fibers should remain
constant even though the local topology of the individual fibers will induce a specific rota-
tion on the polarization of each photon, changing the specific form of the entangled state.
Such transformation can be reversed so that Bell inequality violating measurements are
still possible (though in practice if the photon pairs have a large bandwidth, wavelength-
dependent polarization transformations within the fibers can be difficult to correct, re-
sulting in an effective depolarization).

In contrast to propagation through optical fiber, photons propagating across the vac-
uum of deep space will encounter very few effects known from conventional physics12 that
could change the entanglement correlations in the various degrees-of-freedom. Kinematic
effects may cause small shifts in the polarization state, but these require the detectors (or

12alternative physical theories predict some polarization rotation and other rotations through proposed coupling mech-
anisms as photons propagate across changing gravitational potential [90, 91]. These predicted effects were not observed
by the first battery of on-ground [92] and Micius spacecraft experiments [93–95]. In the Micius experiments, entangle-
ment was distributed between a ground station and the spacecraft, and also between two ground-based observatories
approximately 1100 km apart. In these experiments, the entanglement fidelity was 0.907± 0.007, sufficient to determine
the Clauser, Horne, Shimony, and Holt (CHSH) parameter to within 2.4 σ . The theory listed above could thus be much
better bounded with a test resulting in higher statistical significance on the CHSH parameter, achievable using brighter,
higher fidelity sources.



Mohageg et al. EPJ Quantum Technology            (2022) 9:25 Page 29 of 76

observers) to be accelerating (e.g., the non-inertial frame experienced when orbiting a
massive body).

The evidence and the prevailing theories to date suggest that polarization entanglement
correlations should persist in most scenarios involving a deep space communications link.
Given the lack of coupling between light and the environment, we also expect that en-
tanglement in other degrees of freedom (such as spatial mode, time-energy, time-bin, or
even simultaneous hyperentanglement across these degrees of freedom) should also be
preserved over long distance propagation.

Consequentially, it is expected that a robust quantum communications link utilizing
entanglement correlations should not face fundamental obstacles to realization based on
known, conventional physics. DSQL will help validate the assumption that deep space
holds no further surprises in the form of new physics that might invalidate our assump-
tions of the characteristics of a space-based quantum communications link. In the follow-
ing sections, we provide a checklist of fundamental experiments that could be performed
in order to gain confidence that engineering an entanglement-based quantum communi-
cations system is a worthwhile endeavor, while enhancing the distance limits of fundamen-
tal tests of quantum physics. At the same time, the implementation of these experiments
will build up significant know-how and capability that will aid future quantum network
engineering efforts.

In order for the DSQL to characterize and validate ultra-long range Bell tests, the
methodologies to use photon correlation measurements and counting statistics as de-
scribed in Appendix D would apply. A violation of Bell’s inequality by at least five standard
deviations would be considered a viable test. The required number of successfully detected
photon pair counts needed depends on the correlation visibility, but typically around 1000
detected pairs should allow the test to be conclusive. Furthermore, a detailed signal-noise
analysis that involves quantum optical models of the photon pair source, channel prop-
erties, noise sources and photon detectors would be used to further compare the results
with the known (conventional) physics, similar to the study in [96].

2.2.2 Current status of state-of-the-art Bell tests
The most sophisticated “loophole-free” Bell tests thus far with entangled photons [97, 98]
close the detector-efficiency loophole, locality loophole, and versions of the freedom-of-
choice loophole. These experiments use local sources of quantum randomness, where
each random bit comes into being at a point in spacetime that is space-like separated from
the measurement on the other side. In [98], three different sources of random bits were
XORed together based on the optical phase of a gain-switched laser, sampling the ampli-
tude of an optical pulse at the single-photon level, and a predetermined pseudorandom
source comprised of popular movies and digits of π . Any local-realist explanation for the
observed Bell-violating correlations would be required to predict the outcomes of all of
these processes well in advance of the beginning of each trial.

The assumption that the random bit comes into being when the phase or amplitude is
measured is critically important in Bell tests. If the bit on either side is determined (or even
influenced) in some way by something in its past that the other side’s measurement also has
access to, the Bell violation can be explained with a local theory. To address this, [99–101]
used the unpredictable color of incoming astronomical photons from opposite sides of
the sky, e.g., two quasar photons emitted when the universe was a half and a tenth as old
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as today [101]. This forces any local explanation that takes advantage of the freedom-of-
choice loophole to have access to the past light cones of these quasar emissions, allowing
one side’s measurement to predict the other side’s next photon color. Note that there is
no device-independent way to verify that the clicks registered by the quasar photons were
really mostly determined by the distant cosmological past rather than a local conspiratorial
random number generator that coordinated the specific results with the other side of the
experiment.

Recently the BIG Bell Test [102] created a web-browser game where people around
the world were rewarded for acting as unpredictably as possible. For a 24-hour period,
their inputs were used to choose the measurement bases for 13 simultaneous Bell-type
tests around the world. This was a heroic effort to close a loophole in previous exper-
iments, where something in each experiment’s past could have influenced the settings.
However, given the constraints of Earth-bound participants, their choices were electroni-
cally recorded and used in such a way that (purely in terms of past light cones) the sources
of entanglement and all measurements had access to the choices in advance, i.e., a sub-
stantial loophole remains.

As mentioned above, the measurement of entanglement over long distances is expected
to follow “conventional physics”, no matter what distances are traversed, or whether the
measurement apparatus (the observers) are at rest relative to each other. Measurement de-
vices in relative motion can lead to a reference-frame-dependent event sequence, where
the expectation of entanglement preservation becomes less obvious. This is especially
striking if the reference frames are physical, if the wavefunction is an element of reality
as the Pusey-Barrett-Rudolph theorem (PBR theorem) favors [103], or if wavefunction
collapse is a physical phenomenon caused by interaction with a measurement device in
different reference frames. These alternative viewpoints are fundamentally different from
general relativity, in which both super-observers and preferred reference frames are im-
possibilities. Only physical collapse is a non-standard viewpoint. In that sense, conducting
experiments along these lines would test the predictions of QFTCST against these alter-
native “strawman” theories.

2.2.3 Bell tests between frames with large relative velocities
Consider a Bell test scenario involving three inertial frames. The entangled photon source
is in the center while the two receivers, roughly equidistant on either side, are arranged to
travel either towards each other or away from each other. In the rest-frame of the source,
the two detection events are simultaneous and therefore space-like separated. In the case
where the detectors are traveling away from each other, each detector would “consider”
itself to be the first to receive the incoming photon and to generate a signal in its own
reference frame. When the detectors are moving towards each other, the opposite case
occurs and each detector would “consider” itself to have received the photon after its dis-
tant counterpart. In special relativity, a reference frame for a local observer is operationally
determined as the radar coordinates, which respect Lorentz symmetry [104, 105]. With
similar operations, the above “considerations” by each detector can only emerge after the
detector receives an ideal radar signal, emitted earlier by itself, echoed back from the mea-
surement event by the other detector. This is long after both events of receiving photons at
the two detectors have occurred in all the reference frames of the detector and the source.
Note, however, that such radar signals could have been used prior to the measurements
described, so that reference frames are predicted before the experiment.
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Suarez and Scarani [106] refer to the above as “before-before” and “after-after” scenarios,
respectively; this nomenclature assumes that, while each observer may not know whether
it measures before or after its distant counterpart at the moment of its local measurement,
as each observer completes their measurement, the collapse of the wave-function prop-
agates instantly in their respective reference frame. But, since the two observers are in
relative motion, it appears that both reference frames yield contradictory wave-function
collapses .13 Suarez and Scarani identified the polarization analysis-determining beam-
splitter in each measurement station as the necessary device that must be moving, and
proposed to place them on rotary mounts that spin to achieve relative speeds of 100 m/s.

Experimental studies with such dynamics, as first demonstrated by Zbinden et al. [108],
utilized rotating absorbers as “detectors” that monitored part of the entangled photon
signal; the rest of the signal was routed to conventional, stationary detectors. The results
showed no statistically significant deviation from a standard test using only conventional
detectors at rest,14 i.e., no dependence on whether the rotators moved towards or away
from each other. Another experimental test was reported by Stefanov et al. in 2002 [109]
using time-bin entangled photons separated over 10 km via an optical fiber, and “mov-
ing” beamsplitters implemented with acousto-optical modulators. Each incoming pho-
ton effectively saw a beamsplitter moving at about 2500 m/s; as in the previous exper-
iment the actual single-photon detectors themselves were not moving .15 Again, the ex-
periment found that the entanglement correlations were perfectly preserved without need
to consider the time-sequencing of events, in agreement with standard quantum mechan-
ics formalism. An experimental scenario where the detection events by the two moving
observers of entangled photons are in each other’s respective future, or past, has yet to
be tested – though it should be noted that Scarani et al. [110] have shown that the multi-
simultaneity model could lead to superluminal communications, in violation of relativity.
It is understood that satellites are the best approach to obtain the required relative speeds
and distances for such a measurement, and these tests could be considered for the DSQL
platform [5].

13In the theoretical description of a quantum system, a reference frame to coordinatize physical events (spacetime points)
is chosen by a specific observer, and wavefunctions to relate the outcomes of physical measurement events are specific to
each observer [29]. In fact, the description of quantum states requires an explicit reference frame choice by an observer,
because in the canonical quantization scheme a time-foliation (1+3) scheme needs to be specified before a Hamiltonian can
be written down [27, 107]. Making a statement that two wavefunctions supported by different time-slices in two reference
frames for two different local observers have contradictory collapses does not make sense, because it presumes that there
exists a super-observer who can see the co-existence of two time-slices to support those wavefunctions.
14In these experiments the signal was routed by fibers, and the detectors only separated over 10 km, so it was very difficult to
get the space-like separation needed for the test. Typically, the experiment would begin with slight asymmetrical distances,
and then the experiment would run over several hours, so that the diurnal effect on the fiber would sweep through the
circumstance of simultaneous measurements at some point. Furthermore, the absorbers used as “detectors” gave no active
signal (such as a heralding flash upon successful completion of an absorption event) that could directly contribute to the
statistics; instead, they served “null-result” measurements – lack of an absorption event projected the photon wavepacket
into the arm with the photon detector.
15This is potentially problematic in an experiment whose underlying hypothesis relies explicitly on a measurement-induced
wavefunction “collapse”. Specifically, the unitary transformations of the beam splitter could be undone by other (local) op-
tical elements. The measurement basis settings and the results are not truly fixed until the actual detection of the photons,
which involves the amplification of a detection signal to the macroscopic scale, involving millions of electrons. Therefore,
any convincing test of these simultaneity arguments should have the same collapse-inducing detectors themselves in rel-
ative motion. The Many-Worlds and de Broglie-Bohm interpretations make the same predictions as the default textbook
interpretation of quantum mechanics. Bell’s Inequality should be violated in the same way regardless of reference frame.
Dynamic collapse theories can give different predictions from the textbook interpretation if the collapse happens at a finite
speed (already constrained to be faster than the speed of light). If we measure the standard quantum mechanical prediction,
any interpretation compatible with that would be equally plausible after our measurement as before. The measurement
would set a lower limit on the collapse speed and causal story that collapse theories tell about what initiates the collapse. In
the extremely unexpected scenario that violation of Bell’s Inequality depends on the reference frame, quantum mechanics
and all compatible interpretations will need to be modified.
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As stated above, the actual photon detection systems were stationary in the previous
tests, leaving an open question if a moving measurement device is required to represent a
moving “observer”, since the beam splitter operation, even while moving, remains coherent
(and reversible). Ultimately the entire observer system including the detection process
must be in the motion [5, 110]. Here we consider space-based experiments, where satellites
can be distant enough from each other and moving fast enough away from each other such
that each detector’s measurement can be considered complete in its own reference frame
before the other detector even begins its measurement. Similarly, the satellites can move
toward each other fast enough such that in each local detector reference frame the distant
detector’s measurement is completed before the local detector begins its measurement.

Creating high relative velocity between two moving platforms near enough to each other
to maintain high link efficiency over a long enough integration time is the key requirement
for such tests of relativistic simultaneity. To satisfy the conditions of this scenario, at least
two platforms should be on satellites in space. The constraints on timing are stricter in
these before-before or after-after experiments than in a typical Bell test, where locality dic-
tates only that the two measurements be space-like separated. This space-like separation
means that there exists some frame where one measurement is first and some other frame
where the other is first. In the before-before experiment, these frames cannot merely exist,
but must include the actual rest frame of each detector (see Fig. 12). For satellite speeds
much slower than the speed of light, the measurements must be within �t < vD/c2 of each
other, where v is the relative velocity of the detectors and D is the instantaneous separation
between the measurements. For reasonable LEO parameters, this is around 10 m of light
travel time, translating into an accuracy requirement of approximately 10–5 in the receiver
positions. Note that it is not sufficient to merely know the orbits to within 10 m and the
detection times to within 30 ns—the orbits and timing must be controlled to this accuracy
for sufficient duration so that a statistically significant number of entangled pairs arrive
while this condition holds. Furthermore, in a LEO constellation, these scenarios only exist
for brief periods of time and drive strict orbit determination and station-keeping require-
ments on the flight platforms.

With receivers on two independent spacecraft, the link budgets are likely to improve—
in Fig. 13, three polar-orbiting satellites would meet regularly over the poles to perform
the experiment repeatedly, potentially both while approaching and receding. Some of the

Figure 12 After-After Spacetime Diagram: Spacetime diagram in Alice’s rest frame. Alice’s measurement
happens at (t = 0, x = 0). The tight constraint on Bob’s allowed measurement window �t is also shown
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Figure 13 After-After Polar Orbits: One source and
two “After-After” satellites in polar orbit over
Antarctica. An alternative would be to site the source
on the ground for double-uplink transmission of
entangled photons to the orbiters

Figure 14 The asymmetric Bell test using only one space-based observer, and a ground-based observer with
suitable delay (either a fixed path or quantum memory). A ground-based source (e.g., located at the Canary
Islands) could transmit one of the entangled photons to another terrestrial receiver, and the other to a
receiver located in orbit. The relatively short ranges on Earth require that there be a substantial delay (∼ 1 to
3 ms) at the terrestrial receiver to achieve nearly similar optical path lengths. The 144-km free-space link
would only be sufficient (ca. 0.5-ms delay) for very low altitude satellites. Longer delays could be
implemented in fiber-optics, but would entail about -100 dB of loss or greater. Ideally, a low-loss quantum
memory with finely adjustable readout times would be used on the ground

challenges in this scenario, however, are the slew rates as the platforms converge, avoiding
collisions, and the additional challenge of operating in high-radiation zones. An alterna-
tive might be to place the source on the equator and to beam photons to two counter-
propagating receiver satellites in an equatorial orbit. To mitigate uplink losses, the source
would have to be placed at a relatively high altitude, perhaps even on a balloon.

For comparison, consider the scenario where an entangled pair source transmits one
photon to an orbiting platform, and the other to a ground receiver (see Fig. 14). The asym-
metrical free-space path lengths necessitate a delay line or buffer at the terrestrial receiver
that can change quickly by the equivalent of several hundred kilometers, resulting in sev-
eral technical challenges. Because the detectors are not moving symmetrically, there is
only a 1 ms (10 m/v) time window in each orbit where the alignment can be such that
each detector measures first (or second) in its own reference frame. A huge possible im-
provement to such an asymmetric scheme would be utilization of a quantum memory to
achieve variable read-out times that correspond to the time-of-flight for the ground-to-
space link. If the moving observer were located on a LEO platform, this quantum memory
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would need to store the ground photon for around 1-3 ms, and release it at the correct mo-
ment, within about 1 ns, to ensure the relativistic separation of the two measurements of
the entangled photons. The low efficiencies of both the quantum uplink and the quantum
memory would certainly present challenging low count rates. It is nevertheless encourag-
ing that a first proof-of-concept test of such an asymmetric setup may be possible with a
single receiver, such as the Canadian QEYSSAt mission [111].

2.2.4 Human-decision Bell tests
Quantum experiments that directly involve human participants are both scientifically in-
teresting and socially relevant, igniting the public interest in fundamental science. In a
space-based test of nonlocality, astronaut participants can meaningfully address the free-
will loophole of Bell tests in a new regime. The motivation behind this body of testing is
largely philosophical in nature, dealing with the epistemological underpinnings of quan-
tum theory. In fact, John Bell himself suggested letting humans choose the basis in a test
of his famous inequality [112]: “It has been assumed that the settings of instruments are in
some sense free variables—say at the whim of experimenters” [113] and “Roughly speaking
it is supposed that an experimenter is quite free to choose among the various possibilities
offered by his equipment” [113]. Furthermore, Leggett points out [114] that any exploita-
tion of a loophole that relies on a complicit role of the process that chooses the random
settings (it is either not random, or it is somehow influenced by the entangled photons)
can maybe best be settled by having two human observers operate the measurement de-
vices. Lucien Hardy, in “Proposal to use Humans to switch settings in a Bell experiment,”
[115] sums up this experiment well: “The radical possibility we wish to investigate is that
when humans are used to decide the settings (rather than various types of random num-
ber generators) we might then expect to see a violation of Quantum Theory in agreement
with the relevant Bell inequality. Such a result, while very unlikely, would be tremendously
significant for our understanding of the world.” In this Section we explore both the feasi-
bility and desirability of doing such an experiment given that all previous Bell tests have
vindicated the quantum prediction.

Allowing humans to choose the settings while simultaneously closing the locality loop-
hole requires that the experiment be large enough that no information about the measure-
ment choice on one side can be accessible to the measurement on the other side. Libet
famously used EEG to measure the Readiness potential 0.3 s before a person consciously
decided to move and 0.5 s before they pressed a button [116]. Perhaps specialized training
can improve the reaction times, but it takes somewhat less than 1 s second for a person
to be presented with an choice that they did not know about in advance, make a decision
using what they perceive to be their free will, and reliably register this choice in a way that
can quickly (electronically) change the analysis basis of a polarizer. This timing makes the
1.2-1.4-s light-travel time between the Earth and the Moon the right scale. The space-time
diagrams shown in Fig. 15 lead to the conclusion that with a source half-way in between
experimenters on the Earth and Moon, participants would have the full 1.2-1.4 s to carry
out each round of the experiment. Similar timings are relevant for the source at an Earth-
Moon stable Lagrange point. Although the link losses over such distances are daunting,
laboratory analogs are being used to prepare for quantum communication experiments
over such high-loss channels [117].

Another scenario is an asymmetric configuration of quantum entanglement, as shown
in Fig. 16. This involves creating an entangled pair between Earth and Moon, sending
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(a) Earth and Source

(b) Source Only

(c) Moon and Source

Figure 15 Spacetime Diagrams for a Bell test where the source is halfway between Earth and Moon. In each
round, humans on each side have 1.3 seconds to be presented with a choice, make a decision, and register
their decision with something like a button, whose activation turns that decision into a polarizer setting
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Figure 16 Space-time diagram for a Bell test involving
human observers. In this asymmetric configuration, while
the space-like separation of random choice is made by
humans separated by the Earth-Moon distance, only one
of the entangled photons is sent over a long distance link
to Earth (blue arrow); the other entangled half is stored in
a quantum memory at the source (red arrow), awaiting
the random choice classical signal transmitted from the
Moon (black double-line arrow). When the source is still
located on the direct line to the moon, but not
necessarily halfway, each participant still has a time to
make their choice that is equal to twice their light travel
time to the source

one photon to Earth, and storing the other photon until a classical signal arrives from the
Moon with the astronaut’s basis choice. The random choices implemented by the human
random choices are still separated by the Earth-Moon distance, but this configuration has
the benefit of requiring only one long-distance link at the cost of half-second quantum
storage. The figure shows a source halfway between Earth and Moon, but the optical link
can be shortened at the cost of longer storage time. A smaller version of this scheme was
implemented with a fiber delay on the Canary islands in 2010 [118], and used to study
the Freedom-of-Choice Loophole, albeit with measurement settings chosen based on the
random behavior of LED photons on a beamsplitter; no deviations from the predictions
of standard quantum mechanics were found.

Finally, the human-decision Bell test architecture shown in Fig. 18 does not require de-
ployment of quantum optical hardware in deep space, but ensures there is no chance the
emitted entangled photons nor the distant measurement could have been influenced by
the local measurement choice. The key requirement is that the decision-events of the as-
tronaut participants and emission-events of entangled photons comply with specific tim-
ing requirements.

Both astronauts are queried at time tquestion, synchronized using GPS, at a time well
before tentangled when the source is activate to (possibly) emit a photon pair. One astro-
naut here is presumed to be located on the Moon, while the other is space-like separated
from the Earth, with at least the same distance as the Moon, but in the opposite direction
(the third Lagrange point (L3) of the Earth-Moon system provides such a benchmark,
but in principle the second astronaut can be elsewhere in the solar system). As described
above, each astronaut has some reaction interval tchoice during which they can consider
and respond to the prompt. There is no reason to expect that both astronauts would sub-
mit their answers at precisely the same time, so their decisions are cached locally up to
time ttransmit(> tquestion + tchoice), at which point their decisions are transmitted classically
to unmanned spacecraft with measurement stations “Alice” and “Bob”, and received at time
tbasis. Completing the Bell test requires entangled photon reception and measurement at
the Alice and Bob stations – at tBell – before any possible signal emitted at tquestion from
the other side’s basis-choice astronaut station could reach the analysis satellites. In order
to ensure this, the time-of-flight from the entangled photon source to either Alice or Bob
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Figure 17 Space-time diagrams for two versions of a Bell test involving human choices made by astronauts
on Earth and Moon. The source is shown at an arbitrary position between Earth and Moon. There is a limited
time window for humans at each location to be presented with options and make a choice, indicated by the
black arrows. These windows have maximum duration tE and tM . Each time window starts after the last event
that could influence the other side’s measurement and ends when the choice needs to be used or
transmitted. These windows are shortened by hundreds of nanoseconds (too small to see at this scale) due to
fiber delays, bounces within telescopes, and transmission through atmosphere. Dual Transmissions (Left): If
the source is midway between Earth and Moon, in each round, humans on each side have ∼1.3 seconds to
be presented with a choice, make a decision, register their decision with something like a button, and have
that decision converted into a polarizer setting. When the entangled source is farther from Earth, people
there have more time tE to make their basis choice at the expense of time on the moon tM . The best situation
is when the entangled source is halfway between Earth and Moon, when astronauts at each location have
equal time to make a valid choice; that time equals the Earth-Moon light travel time, ∼1.3 seconds. Single
Transmission and Storage (Right): In this asymmetric configuration, while the space-like separation of
random choice is made by humans separated by the Earth-Moon distance, only one of the entangled
photons is sent over a long distance link to Earth; the other entangled half is stored in a quantum memory at
the source, awaiting the random choice classical signal transmitted from the Moon. By the geometry of the
causal influences, the maximum time window tM in which the astronauts on the moon need to make their
basis choice is equal to the storage time tS . A longer storage time comes at the expense of Earth decision
time tE . The best situation is to divide the decision time equally, (tE = tM = tS). In this case, the source near the
moon, transmits one entangled photon all the way to Earth, and stores the other entangled photon for the
full 1.3 seconds

(labeled in Fig. 18 as �t) must exceed ttransmit – tquestion. 16 Assuming a human reaction time
tchoice = 0.25 s, the cache time ttransmit should be greater than this; here we assume 0.4 s. The
corresponding distance between source and Alice (Bob) is about 1/3.25 the Earth-Moon
distance.

Because the associated link efficiency of the whole experiment (see Appendix A) goes
as 1/R4 (R being the source-to-measurement station separation), this is ∼100 times more
efficient than the Earth-Moon human Bell test configuration (Fig. 17a), and 7 times more
efficient than the “midway” Earth-Moon Bell test variant (Fig. 17). This margin may be

16For simplicity we have assumed a symmetric arrangement; if the source is closer to Alice or Bob, �t is taken to correspond
to the smaller of the two distances.
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Figure 18 Alternative scheme for human-decision Bell test. Artemis astronauts on the Moon, and astronauts
at the Earth-Moon L3 point or beyond, are queried at time tquestion . Both astronauts make a decision within
the human reaction time tchoice . This answer is locally cached until time ttransmit , when a classical signal is sent
to unmanned measurement spacecraft “Alice” and “Bob”. A light source, located on or near to Earth, emits
entangled photons toward Alice and Bob before intersection of the world line of the source and light cones
of the query events, i.e., with no chance that the emitted photons could have been influenced by the
measurement basis choices of the astronauts

traded for making the question and answer interface of the astronauts more relaxed by,
e.g., querying them once every two seconds instead of once every 0.4 s. Even then, the rate
improvement is 22 times higher than the Earth-Moon test, and 1.5 times higher than the
midway test. Furthermore, the rate could be further enhanced by using multiple astronauts
at each station, e.g., a typical capsule crew of three could supply measurement decisions
3 times as often.

Quantum mechanics itself makes no distinction between basis choices determined by
classical randomness, quantum randomness, or human choices—all of these should vio-
late Bell’s Inequality equally. If this experiment is performed with all of these sources of
randomness and the Bell violation in each case is indistinguishable, we would confirm that
quantum mechanics holds, but we would conclude nothing about free will. If we get the
unexpected result, which is that the runs using human choices do not match the quantum
prediction, what would we conclude? First, we would be forced to concede that quan-
tum mechanics is incorrect. Any local-realist explanation for all of the observations must
include a mechanism for predicting or influencing all non-human random number gen-
erators used in previous experiments that confirmed quantum predictions in Bell tests.
Second, we would be able to say that human choices are at least sufficiently complicated
so as not to be predicted or influenced, though exactly how one relates this back to con-
cepts of free will would be up for debate.

In the closing paragraph of [119], Brans writes “It is sometimes said that quantum theory
saves free will. In the context of this paper, this might be reversed, so that free will saves
quantum theory, at least in the sense of eliminating hidden variable alternatives. In other
words, if there are any truly ‘free’ events in the experiment, then there can be no classical
determinism and hence no classical hidden variables.” We wish only to caveat this inspira-
tional quote by noting that for an experiment to rule out a local hidden variable theory, a
single ‘free’ event would not make a significant difference. Instead, a sufficient majority of
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the basis choices for each measurement must be ‘free’ in the sense that they are not able
to be predicted or influenced by anything happening on the other side of the experiment.

2.2.5 Mission design trades for Bell tests
All of the proposed Bell tests are characterized by the statistical significance of the mea-
sured violation of Bell’s inequality. This is described mathematically and conceptually in
Appendix D. Increasing the number of successful, high-fidelity photon pairs simultane-
ously detected by Alice and Bob will improve the statistical significance of the test. Practi-
cally, this experiment could be realized through use of a very broadband entangled photon
pair source undergoing dense-wavelength-division-multiplexing, thereby creating many
simultaneous channels, each approaching the saturation capacity of the detectors. Lever-
aging this source architecture requires exceptionally low timing jitter. Reducing the prob-
ability of a noise event also improves the Bell test statistics. Thus, number of succesful
photon pairs measured during a measurement campaign, N , and purity factor, p, are the
parameters used to parametrically describe the Bell test mission design. Equation (56),
reproduced here for convenience, relates the statistical significance of violation of Bell’s
inequality, σ , to parameters N and p: 17

# of σ violation = 〈n〉 =
√

N
p – 1√

2√
2 – p2

. (36)

The parameters N and p can be expanded into instrument performance parameters, as
discussed in Appendix A, with p defined in Appendix D. Figure 19 represents the σ vio-
lation significance achievable with a source of clock rate fclock, pair production probability
p(1), photon pair fidelity F , total link efficiency (the product of efficiencies to Alice and
Bob) η2e, for total integration time T , with a receiver with temporal resolution �tR, and
total background noise flux of Nnoise.

Figure 19 Parametric representation of general Bell test. The indicated statistical certainty on the violation of
Bell’s inequality, represented on the colormap values, drives the instrument performance requirements. The
colormap corresponds to a statistical confidence between 1σ and 8σ . No violation at all can be achieved
unless p > 1√

2

17The purity factor p used here is not to be confused with the photon pair production probability p(1), or, the “p-value”
used in the previous loophole-free Bell tests [97, 120] to characterize the significance of the violation; loosely speaking,
the p-value is the likelihood the observed results are compatible with the null hypothesis, i.e., that a local hidden variable
model could explain the results. We acknowledge that a more thorough mission design should use this more sophisticated
metric in the analysis, but do not believe the conclusions will be substantially different than our simpler analysis using σ .



Mohageg et al. EPJ Quantum Technology            (2022) 9:25 Page 40 of 76

Figure 20 System performance to achieve an nσ violation (color coded) of Bell’s inequality across orbital
alitudes represented on the y-axis. An Earth-Spacecraft link is assumed up to Geostationary orbit. The three
dotted lines on the top of the chart represent 1.0, 0.5, and 0.33 times the Earth-Moon mean orbital radius. For
simplicity, the source-to-Alice and source-to-Bob channels are assumed identical. The color scale represents
the achievable statistical significance of the experiment, in nσ . Note: for y-axis values greater than
Geostationary, the integration time was clamped to 1 hour

Detailed space-mission design would optimize orbital parameters and optical link effi-
ciency against the science measurement objectives. Different wavelengths are considered
in the following examples, and throughout the paper, to better describe the trade-space. As
a starting point, we consider the design example from Sect. 2.1.2, which for the COW tests
predicted optimum performance around 1500-km altitude orbits, using 0.3-m and 1.0-m
diffraction-limited telescopes at 1550 nm. This flight system, upgraded with a suitable en-
tangled photon pair source operating at 1% pair production probability with a 1 GHz clock
rate, and a second 0.3-m telescope pointed to a second 1.0-m aperture, would perform the
Bell tests indicated in Fig. 20. It is evident that this system as described would be insuf-
ficient to support the human-decision Bell tests as described. An upgraded system, with
improved pointing and larger receiver apertures, as well as a higher rate photon source, is
required. For example, Fig. 21 shows the predicted performance assuming 2.0-m aperture
transmitters, with a 2.0-m Lunar-vicinity receiver and a 10-m aperture on Earth. In both
of the above examples, the x-axis of Figs. 20 and 21 captures both the fidelity of source and
receiver parameters. Now, we can combine Equation (56) with the contours of Figs. 20 and
21 to derive system performance parameters.

The Bell test requires transmission of entangled photons to two receivers, character-
ized in Eq. (43). For a source-to-receiver separation corresponding to the diameter of the
Earth, applying Equation (38) with λ = 810 nm, DTx = 0.5 m, DRx = 3.5 m, M2 = 1.05, and
ηx = 0.1 leads to a one-channel link efficiency of 0.003. The two-channel efficiency, char-
acterizing the likelihood that both photons from an entangled pair are recorded at their
respective (equidistant) receivers, is 0.0032 � 10–5 for the assumptions stated. Assuming
a source clock rate of 1 GHz and corresponding pair production probability of 1%, the
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Figure 21 System performance to achieve 3σ violation of Bell’s inequality across orbital distances
represented on the y-axis. Up to Geostationary orbit (the first horizontal white-dashed line), an
Earth-Spacecraft link is assumed. The three dashed lines on the top of chart represent 1.0, 0.5, and 0.33 times
the Earth-Moon mean orbital radius. Note there is an optimal contour for high p values near the y-value of
6 · 103 km. The shapes of contour boundaries 6, 7, and 8 are due to the integration time associated with the
orbital flyby. This upgraded link scenario will meet requirements for the midway-between-Earth-and-Moon
Bell test

rate of success is about 100 transmitted photon pairs per second. If the source telescope
diameter is reduced to 22 cm, and the receiver telescope diameters are reduced to 1.0 m,
the success rate drops to 0.03 transmitted photon pairs per second; the time to measure
500 events would then increase from about 5 seconds to 4.5 hours, the latter of which
might require integration over multiple orbital passes. Per Fig. 19, with 500 successful
measurement events a statistical confidence of 3σ is achieved for parameter p ≥ 0.85. As-
suming a source fidelity of 0.90, Eq. (64) then constrains the noise probability, �tR · Nnoise,
to be less than 0.06 over the measurement interval. The critical point in evaluating this
trade study is that �tR is much less than the integration period. Using the upper limit of
�tR ≈ 1/(0.003 · 1 GHz) = 333 ns, the requirement for purity factor p > 0.85 is satisfied for
Nnoise < 170 kcps.

A high σ value provides confidence in the result of the test against local hidden variables.
Measuring a higher magnitude S parameter is valuable to allow direct comparisons with
quantum predictions, possibly excluding alternative models [121, 122].

It is worth noting that, e.g., through the 5 s interval of the experiment, roughly 500
signal counts are resolved against 800 K noise events through the application of tempo-
ral filtering – count events occurring outside the expected time-of-arrival bins of signal
events are excluded from further analysis. This technique requires time synchronization
between source and receiver, conveniently represented in units of picoseconds of drift
per second of integration. In the case requiring 5 s of integration, the timing requirement
is maintaining temporal synchronization between source and receiver to reduce the net
drift to less than 100 ps/5 s = 20 ps/s. In the link scenario requiring 4.5 hours of total in-
tegration, the residual drift is required to be less than 100 ps/4.5 hr = 6 fs/s; although this
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sounds very low indeed, one would incorporate active locking to stay synchronized, e.g.,
by distributing a classical clock signal. These figures can be further partitioned into phase
noise, long-term stability, and time-transfer requirements for local clock systems on each
network node of the Bell test.

We consider 1/2 Earth-Moon baseline for the human-decision Bell tests. In this sce-
nario, λ = 780 nm, DTx = 1.0 m, DRx = 1.0 m, M2 = 1.05, and ηx = 0.1. The low efficiency
(10-100 photons per hour, depending on other link assumptions) drives a further require-
ment of multiplexing the source to improve the transmitted signal photon count rate to
2-5 photon counts per second (about the maximum rate that astronauts involved in a
human Bell test could reasonably accommodate using appropriate an interface). While
multiplexed entangled photon pair sources are an active area of research [123, 124], the
high-order multiplexing required to perform the human-decision Bell tests should be con-
sidered a new area of research.

The overall efficiency of the human-decision Bell test could be increased by using an
even larger aperture receiver on the Earth-side. If an 8.3-m effective aperture is used (such
as NASA’s RF-Optical Hybrid telescope [125, 126]), the net photon-pair rate improves to
0.2 counts per second. Without requiring source multiplexing, the detector dark noise
requirement to achieve a 3σ result is 0.095 noise counts per second. Such detector per-
formance was realized in [127], with a corresponding detection efficiency of 0.75.

2.2.6 Bell tests: summary
The proposed Bell test measurement scenarios will test the assumption that there are no
local hidden variable processes at work between inertial frames, or across long baselines.
Executing highly statistically significant tests across planetary baselines is possible but
challenging using existing technologies. The most ambitious of the human-decision Bell
tests require development of multiplexed source technology, and a commitment to de-
ploying large, diffraction-limited telescopes with exceptionally low-noise detection sys-
tems in high-Earth and Lunar orbits; they would further benefit from ground-based, large-
diameter telescope infrastructure. Performing Bell tests with high statistical confidence in
the low-to-mid orbital regimes would be possible using a 108 pair-per-second source of
high fidelity entangled photon pairs.

2.3 Long-baseline quantum teleportation
The third pillar of DSQL science is to perform quantum teleportation, which has no equiv-
alent classical counterpart, over long distances in space, thereby acting as a pathfinder
for future quantum communication networks as well as a testbed for studying the inter-
play between quantum entanglement and gravity. Planned and operational space-based
quantum optics experiments, most notably Micius [128], use long baseline quantum tele-
portation to test a basic assumption of quantum mechanics: that quantum correlations of
entangled photon pairs, shielded from the environment, are maintained across any base-
line. The overarching goal of the proposed DSQL quantum teleportation experiments is
to test this assumption across ever-longer baselines, and between inertial frames.

Micius demonstrated distribution of entangled photon pairs across a 1200-km baseline,
and successful uplink of a teleported photon from Earth to space up to a 1400-km base-
line [128]. How long should a new quantum teleportation baseline be to advance the art?
We consider four phenomenological benchmark distances. First, in the context of a future
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network of quantum sensors coupled together using a teleportation swapping system (as
described in Ref. [89, 129, 130]), a global-scale network will require teleportation to func-
tion across a global baseline. The first baseline benchmark is thus the Earth’s diameter. The
second benchmark range corresponds to the distance between a geostationary spacecraft
and the Earth’s surface. This range is of practical importance— if future technology de-
velopment improves the rate of usable quantum entanglement distribution, geostationary
spacecraft could serve a valuable role in tomorrow’s quantum networks [1].

High clock-rate entangled photon pair generation, coupled with high timing resolu-
tion photon time-of-arrival detection, are necessary tools to uncover relativistic effects in
quantum measurement. As these timing parameters improve, the departure of the grav-
itational model of the long baseline link from Newtonian to Schwarzschild, and from
Schwarzschild to multi-body, becomes measurable. Hence, the third benchmark baseline
for quantum teleportation occurs where the experimental timing resolution provides sen-
sitivity to multi-body gravitational effects. Roughly speaking, this threshold is reached at
the first Lagrange point of the Earth-Moon system. The final benchmark for teleportation
corresponds to the maximum range available given state-of-the-art technology, using the
simple link expression described in Appendix A. Currently, this range is on the order of
the Earth-Moon mean orbital distance.

Testing teleportation between inertial frames is the other, equally important motivation
for this proposed set of DSQL experiments. Generally, the available timing performance of
the system must be high enough to allow sensitivity to these inertial effects. In analogy to
benchmarking quantum teleportation baselines based on phenomenological thresholds,
the sensitivity to time dilation between frames is benchmarked against timing resolution.
The first benchmark is when the total predicted time dilation of a given experiment ex-
ceeds the available timing resolution of the measurement apparatus. The second bench-
mark is when the contribution to time dilation from relative velocity (special relativistic
effects) and from gravitational-potential difference (general relativistic effects) are both
greater than the system timing precision. This presents a logical path towards driving fu-
ture experiments with ever-improving system timing performance, enabling sensitivity to
higher-order general relativistic effects, such as frame dragging, Shapiro time delay, and
gravitational deflection.

In the Section that follows, the basic concept of quantum teleportation and its variants
like entanglement swapping and atomic state teleportation are presented. Next, we high-
light the subtleties of performing such experiments in the Earth-Moon system and review
the influence of gravitational effects. We conclude this Section by briefly evaluating the
requirements on a flight quantum memory – which would substantially enhance the via-
bility of the proposed experiments – and how it could be realized with current technology.

2.3.1 The quantum teleportation protocol
In teleportation [131, 132] an unknown quantum state is transferred from one system to
another, possibly far away, by using a maximally entangled state and a classical signal. In
the photonics domain, teleportation can be described as follows [132]: first, one photon
from an entangled pair is sent to Alice, and the other to Bob (see Fig. 22). Alice then per-
forms a Bell State Measurement (BSM) [133] on her part of the entangled state and the
unknown quantum state, thereby projecting the - innately uncorrelated - two photons into
an entangled state. The BSM will project Bob’s part of the state onto one of four different
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Figure 22 Scheme of quantum teleportation [131]. An unknown input state is transferred with perfect
fidelity using a combination of distributed entanglement created in an entangled photon source (EPS) and a
classical signal conveying the outcome of the Bell-state measurement (BSM). The final step is a unitary
operation (U), which is contingent upon the BSM result, and is applied to the entangled twin particle

possible states, depending on the BSM result .18 Alice communicates her BSM result to
Bob, who uses this information to suitably rotate his state, thereby recovering the original
unknown input state. 19 Quantum teleportation also applies to the transfer of an entangled
particle, arguably the ultimate unknown state, a protocol called entanglement swapping
[140, 141], which is critical for quantum repeaters [142].

Teleportation is not only highly interesting from a fundamental perspective, but also a
crucial concept for multi-user quantum networks which could be used for secure com-
munications, interlinking quantum computers, or distributed quantum sensors. The ulti-
mate applications of teleportation or entanglement swapping will use quantum memories
with ultra-long storage times (hours, days, or even years). For instance, a space craft could
carry a register of stored, entangled quantum bits (qubit), and gradually use them up for
quantum communication tasks such as quantum networking, secure communications or
super-dense-coding 20 proposed by Bennett and Wiesner [143]. However, while in prin-
ciple a quantum memory could store information indefinitely, current quantum memory
systems typically operate with storage times of order milliseconds or less; see Sect. 2.3.4.

Standard quantum theory places no bound on the distance over which entanglement
or teleportation may be accomplished. However, the required classical and entanglement
channels impose limits on a teleportation protocol. First, the transfer speed for quantum
teleportation is limited to luminal signaling due to the classical channel: even if the en-
tangled “receiving” particle is already at its destination, the correct input state can only

18Note that with linear optical elements (and no ancilla photons), the projection is not perfect: only 2 of the 4 Bell states
give unambiguous experimental signatures, the other 2 giving the same signature as each other [134]. As a consequence,
all photonic teleportation experiments to date have been limited to an efficiency of 50%. Adding extra single-photon input
states to the quantum circuit can boost this efficiency [135–137], and complete (i.e., 100% efficient) Bell-state analysis can
be achieved using various matter-based qubits.
19Note that neither Alice nor Bob obtain any knowledge on the input state at any time, and the final unitary transformation
depends only on BSM result, not the input state. The ‘original’ particle loses all quantum information during this process,
implying that teleportation does not permit creating a copy of the original state - in accordance with the no-cloning theorem
in quantum physics [138, 139].
20Superdense coding allows one to transmit up to twice the normal amount of information on a successfully transmitted
photon. However, because the protocol must be implemented at the single-photon level (i.e., the maximum attempt rate
is limited by the inverse bandwidth of the photons), and long space links imply very high loss, it is nearly always preferable
to send bright optical pulses instead, if the goal is simply to transmit classical bits.



Mohageg et al. EPJ Quantum Technology            (2022) 9:25 Page 45 of 76

be retrieved once the (classical) information about Alice’s Bell State Measurement has ar-
rived. Second, the protocol suffers from any decorrelation or decoherence in the entangled
channel used as a communication resource, and thus any impact of curved space time on
entanglement could impact the teleportation fidelity, see Sect. 2.1.6. The DSQL would
allow studies of these unwanted effects in a realistic environment.

2.3.2 State-of-the-art long-range teleportation
Long-range teleportation was achieved outside a single laboratory starting in 2002, when
a signal was teleported between two stations separated by 55 m using optical fiber [144].
In 2003, the first long-range teleportation with an active unitary operation at the receiver
was demonstrated over 500 m [145], sending the entangled photon through optical fiber
at 2/3 the speed of light, while the BSM result was radioed above ground and “overtook”
the entangled photon to arrive in time for an electro-optic modulator to rapidly apply
the correct unitary operation. In subsequent years, quantum teleportation was demon-
strated over increasingly further distances including demonstrations over 100 km [146],
over 144 km [147], and in 2017 from ground to space [128] demonstrating the telepor-
tation of independent single-photon qubits from ground to a low-Earth-orbit satellite,
through an uplink channel, over distances of up to 1400 kilometres. These demonstrations
represent major advances, yet all photons involved in the experiments were generated by
the same laser pulse on the same optical bench, and only after their creation was the re-
ceiver photon transmitted over a large distance, i.e., the actual entangling BSM operation
occurred while all the photons were technically still in or very close to the original lab,
which would largely defeat the purpose in a practical quantum networking application.

Like teleportation, entanglement swapping requires photons generated from indepen-
dent sources, experimentally much more challenging than simply producing entangled
pairs, because the different photons must be spectrally and temporally indistinguishable
in order to achieve a high-quality BSM, which is based on two-photon interference. Typ-
ically, entangled photons have a temporal coherence of ≈200–500 fs, which is right at
the limit of synchronizing lasers. A first demonstration of two-photon interference us-
ing two synchronized femtosecond lasers was reported by Kaltenbaek et al. in 2006 [148],
and entanglement swapping shown in 2009 [149]. Another method to realize truly in-
dependent optical sources uses two entangled photon sources operated with continuous
wave lasers, and very narrow-band filtered photons [150], with associated coherence times
of several hundred picoseconds, longer than the timing resolution of detectors. A par-
ticularly promising approach is to generate entangled photon inside high-finesse optical
resonators; such sources are intrinsically narrow-band, and do not require frequency fil-
tering, which otherwise severely reduces the achievable rates. For example, photon pairs
were generated in lithium niobate whispering gallery resonators with coherence lengths
tunable roughly between 10 – 20 ns [151]. Furthermore, these sources can be engineered
to match the wavelengths and bandwidths of atomic transitions [152], an important factor
for implementation of a quantum repeater .21

21One important drawback of using such narrow-band sources is that the relative motion of the platforms will lead to
spectral Doppler shifts that will need to be compensated for, e.g., a relative velocity of 10,000 km/s leads to a frequency
shift of 3.3 × 10–5 , or ∼6.4 GHz; if that is comparable to the bandwidth of the light, it will need to be corrected before
coupling the photon to a quantum memory, or interfering it with a non-shifted photon.
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Another important aspect of long-range quantum teleportation is the fidelity reduction
due to the emission statistics of typical realistic photon sources, including entangled pho-
ton sources based on spontaneous parametric down conversion (SPDC) [153, 154] and
four-wave mixing [155, 156]. Here the thermal statistics of the source constrain the prob-
ability of creating exactly one photon pair in a pulse to be ≤ 1/4; the empty pulses lead
to inefficiency while pulses with two or more pairs lead to noise; one method to amelio-
rate this problem uses multiplexing [123]. Alternatively, the Jennewein group proposed in
2013 [157] that quantum teleportation implemented with single emitters (e.g., quantum
dots) could greatly improve teleportation fidelity for ground and space links. The technical
challenges around such emitters make this approach challenging to implement; however,
recently high-efficiency coupling of photons from quantum dot sources into optical fibers
has been realized [158], as has generation (though not yet efficient extraction) of high
quality polarization-entangled photon pairs [159, 160].

2.3.3 Teleportation in the Earth-Moon system
Expanding quantum teleportation and entanglement swapping over large distance scales
would demonstrate truly quantum communication protocols at unprecedented scales and
provide crucial insights into the validity of quantum mechanics, leading the path towards
deep-space quantum networking and quantum computing.

As stated above, long range “passive” teleportation [161] from ground to space was ac-
complished with the 2017 Micius mission [128], transferring one of the entangled photons
from an SPDC source from a ground station at very high elevation (around 5000 m) to a
receiver on board Micius, at around 600 km altitude. With the DSQL we want to extend
this range and perform quantum teleportation experiments on the Earth-Moon distance
by, for instance, connecting the International Space Station (ISS) and the Lunar Gateway
(LG) [9, 162]. While atmospheric photon scattering can be avoided in outer space, the
losses in photons due to the diffraction of optical beams traversing such a distance will
be challenging (see sections Appendix A). Furthermore, the travel time of a light signal
from Earth’s surface to the Moon is about 1.3 seconds. This implies that, to complete the
protocol of quantum teleportation from Alice on ISS to Bob on LG, the quantum state car-
ried by Bob’s photon entangled with Alice’s must be kept longer than a time scale of order
1 second in Bob’s quantum memory waiting for the final operation (assuming that Bob
already possessed his half of the entangled state before Alice made her Bell state mea-
surement, i.e., assuming that the entanglement was pre-shared as shown in the original
picture of quantum teleportation (Figs. 22), which has not been the case for most telepor-
tation experiments to date). Fortunately, this may be achievable by emerging technology
[163].

In the conventional ground-based experiments requiring transmission of multiple en-
tangled photons (e.g., for a Bell test or quantum teleportation verified by full quantum
state tomography on a large ensemble of systems), because of the limited spatial separation
of the transmitter and receiver, the late events in each agent’s worldline would be inside
the future lightcones of the early events of the other agent’s worldline (e.g., [97, 98, 101]),
and thus could causally depend on the outcomes and settings of the early events (e.g., the
events M′′

B and MA in Fig. 23 (left)), potentially opening up a “memory loophole” [164].
The O(1)-second travel time of light signals along our long baseline offers the possibility
to perform sufficiently many resolvable runs within this travel time, so that a whole set of
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Figure 23 In a conventional experiment of the Bell test (above-left), a series of identical processes are done
while a later measurement event can be in the future lightcone of earlier events (e.g., M′′

B and MA). Between
ISS and LG we may be able to achieve the Bell test (above-right) and incomplete quantum teleportation
(below) with all Alice’s measurements MA spacelike separated from all Bob’s MB in the period of sampling

outcomes by one agent for ensemble averaging can each be spacelike-separated from the
measurement events in the same period by the other agent (Fig. 23 (middle) and (right)).
To achieve this, however, the photon emission rate of the source of the entangled photon
pairs has to be large enough to compensate for the high transmission loss of photons over
this large length scale. In the Bell tests this will eliminate the two-sided memory of the
early measurements by the other agent, thereby closing the memory loophole [164] with-
out the need to suppress it by performing sufficiently many runs of an experiment with
memory [165, 166].

The long-term quantum memories that Alice and Bob would ideally use to store their
quantum state may experience additional effects which can be treated independently as
interactions with their respective environments at non-zero temperatures. For example, if
Alice’s quantum memory on the (accelerating) ISS is coupled to the vacuum state of quan-
tum fields with respect to the Earth, it will experience the Unruh effect [167], seeing an
effective temperature due to the acceleration; however, for the ISS acceleration this tem-
perature is only ∼ 4 × 10–20 K, which is much lower than the temperature of the ambient
environment and thus negligible. With a smaller acceleration, Bob’s quantum memory will
see an even lower Unruh temperature in the vacuum state of the fields.

Since the coupling between photons and gravitational waves is extremely weak, the grav-
itational effect on photons in the quantum optical experiments at the ISS-LG scale are
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mainly those for electromagnetic fields in a fixed spacetime background: 1) the gravita-
tional redshift (�λ/λ0 ∼ 10–9), which can be comparable to the transverse Doppler shift,
and 2) the Wigner rotation of polarization, where the gravitational field provides a clas-
sical background [40, 41, 168, 169]. These can be negligible compared to similar effects
due to the relative motion and corresponding to the radial Doppler shift (�λ/λ0 ∼ 10–5),
which can be suppressed by executing the experiments during periods when the relative
radial motion is minimal, or by dynamically correcting according to the reference laser
beams from the photon sources [128]. Further details can be found in Sect. 2.1, where
these effects are thoroughly discussed.

In the passive teleportation [161] achieved by the Micius mission, the operation sup-
posed to be done by Bob according to the classical signal from Alice is performed not
physically, but virtually via data analysis [128] to obtain the fidelity of quantum teleporta-
tion. In this approach Bob does not need to maintain the quantum coherence of his photon
or quantum memory until he receives Alice’s classical signals. To obtain the fidelity more
efficiently, Bob can perform the measurement immediately [MB in gray in Fig. 24 (above-
left)], randomly choosing which measurement to perform on different photons in the en-
semble. Bob can even perform the measurement on B before Alice’s joint measurement
on A and C in the bookkeeper coordinates. In this case, Alice can also make a “delayed
choice” on performing the joint measurement on A and C or not [170].

Entanglement swapping is more difficult to achieve than a Bell test or teleportation be-
cause more participating photons and observers are involved. In particular, both Alice and
Bob may store part of their states [carried by A (B) of the entangled Aa-pair (Bb-pair) in
Fig. 24] in a local memory until they perform their local measurements. In each run a joint
measurement on two photons [a and b in Fig. 24 (right)], each belonging to an entangled
photon pair produced by Alice or Bob, may be performed by Diana. 22

With potentially all parties (Alice, Bob, Charlie/Diana) in high relative motion with re-
spect to each other, it is important to consider the frame dependence, which is innate with
canonical quantization, where one first chooses a coordinate system and specifies the time
coordinate. One then writes down the Hamiltonian and the Schrödinger equation, and as-
signs the quantum state evolved accordingly. Note that simultaneity is relative, and quan-
tum states in different reference frames are in general incommensurate when their asso-
ciated time slices are different. Suppose Charlie in our quantum teleportation experiment
and Diana in our entanglement swapping experiment are placed on a transfer vehicle going
from the Earth to the Moon; two separate events on the ISS and the LG that are consid-
ered as simultaneous by Alice on the ISS (or Bob on the LG) will not occur at the same
time when perceived on the transfer vehicle: for Charlie and Diana the LG event would
occur before the ISS event. If the transfer vehicle is instead returning from the Moon to
the Earth, the same events will have an opposite time order, the event on the ISS occurring
first according to Charlie and Diana. The time coordinate of each event in the transfer ve-
hicle’s frame is determined by the radar signals, namely, after the transfer vehicle receives
the echo of the radar signal emitted earlier by itself [104]. In Fig. 24 the green dashed lines
represent the time-slices in the reference frame of a transfer vehicle moving from the Earth

22Just like the incomplete passive quantum teleportation, the time order of the measurements by Alice, Bob, and Diana
in different bookkeeper’s coordinates can be different once they are space-like separated. In particular, the decision of
performing joint measurement or not can even be made by Diana later than both local measurements by Alice and Bob in
bookkeeper’s coordinates, so that quantum entanglement of the photons of Alice and Bob appears to be determined after
the fact by Diana’s delayed choice, as seen in that reference frame [171].



Mohageg et al. EPJ Quantum Technology            (2022) 9:25 Page 49 of 76

Figure 24 Spacetime diagrams of the Bell test (a), quantum teleportation (b) and delayed-choice
entanglement swapping, where Diana may choose to perform a joint measurement (c) or not (d). Here, “×”
and “◦” represent local measurement and operation events, respectively. The black dotted lines and thick
solid lines represent the worldlines of the participating quantum objects

(Alice) to the Moon (Bob), while the blue lines represent the time-slices in the reference
frame of a bookkeeper who is roughly at rest both for Alice and Bob.

2.3.4 Flight quantum memory
Quantum memories are essential ingredients for implementing large-scale quantum net-
works or long-distance quantum communication channels, where they are critical for
quantum repeaters enhancing the transmission range. In addition, quantum memories
based on atomic or solid-state systems enable fundamental physics research, like testing
atomic teleportation (see Sects. 2.3.1 and 2.3.3) and performing loophole-free Bell tests
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(see Sect. 2.2) over long distances. In all these applications the role of the quantum mem-
ory is to store single or multiple entangled photons in a long-lived state and to retrieve
them reliably on demand.

Throughout the last two decades there has been an enormous effort in developing and
improving quantum memories for photonic qubits, relying on a variety of physical sys-
tems and concepts [161, 172, 173]. Most systems studied today can be assigned to one
of the following categories: rare-Earth-ion doped solids, color centers in diamonds, crys-
talline solids, hot and cold atomic vapors, molecules, and switchable optical delay lines.
The performance of different quantum memories can be compared by characteristic prop-
erties like the efficiency to retrieve a photon when requested, the fidelity that the retrieved
photon is in the same state as the previously stored one, and the storage time. Other key
parameters include the repetition rate and the ability to store multiple photons simultane-
ously. Furthermore, when coupling to an optical fiber or transmitting device is required,
the wavelength and mode structure of the stored and retrieved photons plays an impor-
tant role. In general, most systems show good performance in one or more of these aspects
but have limitations in others, so that the choice of the optimal quantum memory strongly
depends on the planned application.

In order to support complete atomic state teleportation and Bell tests covering the dis-
tance between the Earth and the Moon, the DSQL requires a quantum memory with stor-
age times longer than one second. Since free-space transmission is used, the wavelength
and mode structure have to be compatible with the available transceivers (or suitable wave-
length/bandwidth converters must be used). The requirements on the efficiency, fidelity
and repetition rate depend on the details of the respective protocols and are specified in
the corresponding sections. Moreover, size, weight, and power (SWaP) are limiting re-
sources aboard any spacecraft and have to be accounted for when choosing a quantum
memory platform for the DSQL.

Due to the required long storage times, quantum memories based on molecules and
crystalline solids (including semiconductor quantum dots) are currently not suited to be-
ing used for experiments spanning the Earth-Moon distance. However, systems employ-
ing rare-Earth-ion doped solids, diamond color centers, and atomic vapors are promising
candidates and will be briefly discussed in the following. For a more detailed comparison
we refer to the excellent review articles on this topic [172, 173].

Rare Earth ion-doped solids combine long coherence times and good optical access to
collective electronic and nuclear spins. The energy difference between the ground and
excited state of the memory is typically in the low MHz range. Experiments have demon-
strated coherence times of the order of one second [174] up to one minute [175], and even
of several hours [176]. With 167Er3+:Y2SiO5 there is also a material available that oper-
ates close to the telecom bandwidth [163]. One downside of these systems is the need for
cryogenic cooling in the regime of 1-4 K, which could limit its implementation in space
missions. However, first steps towards space-compatible cryostats have been made [177].

Vacancy centers in diamond enable the storage of qubits in single electron and nuclear
spins, with the latter providing storage times of up to one second at room temperature
[178], or even one minute within cryostats [179]. In these systems neighboring spins can
interact with each other, allowing for multi-qubit storage and the two-qubit operations
[179, 180] necessary for advanced quantum repeater applications. In most experiments
either neutral or negatively charged nitrogen or silicon are used to create the defect cen-
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ters, leading to optical wavelengths between 700 and 750 nm and frequency differences
ranging from 100 s of kHz to a few MHz. In order to address single spins the photon-
coupling typically needs to be enhanced with resonators and cavities [181–183].

Atomic vapors made of alkali metals provide large optical depths even at room temper-
ature and are therefore well-suited for photonic quantum memories [184]. The qubit is
stored in the collective excitation of the atoms with energy differences of several GHz be-
tween the ground and the excited state of the memory. Since the lifetime is mainly limited
by atomic motion – the photonic state is mapped onto the distributed states of the atoms
at the particular locations when the photon was absorbed – cooling the atomic ensemble
and employing dipole traps or optical lattices can improve the storage properties, enabling
lifetimes of one second [185] and beyond [186]. In addition, mode matching is a crucial
step for atomic vapor systems and can be enhanced by employing cavities [187] or by plac-
ing the atomic cloud inside of nanofibers [188]. Fundamental atomic physics experiments
generating Bose-Einstein condensates have been realized on a sounding rocket [189] and
on the ISS [190] demonstrating the general feasibility of such an apparatus in space.

2.3.5 Teleportation mission design
The procedure outlined in Appendix A is applied to the quantum teleportation process,
characterized by the resultant fidelity of the teleported state compared to the initial qubit
state, as determined by state tomography [191], for an initial entangled resource of the
form

ρ̂ = p
∣∣
+〉〈
+∣∣ + (1 – p)

1
4

Î. (37)

Using maximum likelihood estimation techniques,23 we calculate the resultant fidelity of
the teleportation state in the presence of loss and noise events; see Fig. 25. The results are
an average over 10 tomographies per data point, with the counts sampled from a Poisso-
nian distribution to take into account normal counting noise.

The Bell tests described above require up to two simultaneous optical channels. The
single-channel link efficiency expression in Equation (38) characterizes the one-way losses
of a teleportation experiment. Figure 25 represents the fidelity of quantum tomography as
a function of the noise parameter (x-axis) and the number of successful measurement
events (y-axis). In analogy to the derivation of the instrument requirements for the Bell
tests, we start by deciding what tomographic fidelity is required to meet experimental
goals, then derive instrument requirements from the corresponding count rate and noise
parameter for a successful demonstration of long-baseline quantum teleportation. For ex-
ample, achieving a quantum tomography fidelity of 0.90 requires, e.g., a noise parameter
of 0.95 and signal counts in excess of 1700. Consider an Fclock = 1-GHz clock rate source
generating entangled photon pairs at 810 nm with P(1) = 1% pair production per pulse
efficiency, used to close the link between a 0.5-m transmitter aperture and a 1.0-m re-
ceiver aperture across the baseline of the Earth’s diameter, with 10 dB of additional losses
assumed contributing to the net link efficiency (see Appendix A). In this configuration,
roughly 250 events per second are expected, requiring 6.8 s of integration to obtain the de-
sired counting statistics. Achieving a purity in excess of 0.95 means that for every 20 signal

23In this specific example, Bayesian estimation did not provide a meaningful benefit to calculation time.
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Figure 25 The fidelity of simulated tomographies with an input state being the Werner state in Eq. (37), and
the target state being a maximally entangled state. The x-axis is parameter p (p = 1 implies all signal, while
p = 0 implies all noise) and the y-axis is the total number of successful count events (i.e., for all measurements)
integrated over the measurement duration. The colorscale ranges from a tomographic fidelity of 0 to 1.
Tomographic fidelities greater than 0.66 are only possible through quantum correlations

events, there is at most 1 noise event. Accounting for 2-fold and 4-fold noise counts in a de-
tection system with 500 ps resolution, the required noise count rate is about Nnoise = 11.25
noise events per second, commensurate with the capabilities of state-of-the-art detector
systems [127], with a photon-time-of-arrival resolution �tR (and residual timing synchro-
nization error) less than or equal to the optical pulse width of signal photons. Increasing
the aperture sizes to e.g., 0.5 m and 3.5 m, results in a higher flux of signal photons and
relaxes the noise requirement commensurately.

2.3.6 Quantum teleportation: summary
The experiments propose to perform a completely quantum mechanical process—the
teleportation of the quantum state of one photon to another—in a regime where rela-
tivistic effects impact the results. The DSQL will empirically test whether teleportation
across long-range links between inertial frames is successful, as predicted by standard
theory. Successful demonstration of the quantum teleportation experiments described in
this Section will thus provide critical empirical justification for what are currently untested
assumptions of QFTCST in the weak-field regime. These experimental regimes are not
otherwise achievable in laboratory analog experiments, and truly require spacecraft links.

Using one or more quantum memories may enhance the teleportation system perfor-
mance. The key figures of merit of a quantum memory are its bandwidth and wavelength,
which should be compatible with the signal photons; its read and write efficiency, which
need to be high to avoid introducing more loss to an already lossy channel; its coherence
time and storage time, which are linked to the efficiencies and need to be of compara-
ble magnitude to the time of flight between nodes in the network (or the round-trip light
time between two nodes); and the number of storable modes, which needs to be high given
the high clock rates and low link efficiencies of the long baseline channels. Furthermore,
the quantum memory modes should be individually addressable and exhibit continuous
read-out capability.

Ultimately, the performance parameters of a space-qualified quantum memory that
would enhance a proposed DSQL experiment are beyond the current state of the art.
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Ground station quantum memory systems are marginally more mature. While no spe-
cific implementation plan is proposed at this time, the general philosophy of continuing
engineering design of the DSQL mission is to ensure system compatibility with future,
ground-based quantum memory systems.

2.4 Potential applications of squeezed light
Squeezed states of light are the quantum states that offer a reduced quantum uncertainty in
one quadrature of the electromagnetic mode phase space (x, p) while having an increased
uncertainty in the conjugate quadrature. If the area in the phase space representing the
squeezed state retains the minimal values, the same as for the vacuum or coherent state
(such minimum-uncertainty states are sometimes called the intelligent states), then the
squeezed state is said to have a unity purity and it remains a pure quantum state. If, how-
ever, the phase space area is increased, i.e., the anti-squeezing exceeds the squeezing, as
is often the case in experiment, the squeezed state is (partially) mixed, and is character-
ized by a purity value below unity. The purity is therefore an important parameter in the
context of squeezed states applications in quantum information processing.

One particularly important example of squeezed states is the so-called squeezed vac-
uum. This is the state centered on the phase-space diagram so that 〈x〉 = 〈p〉 = 0, which
means that its Fock representation contains only even photon-number states |n〉. In spite
of having a zero mean field, the squeezed vacuum carries finite optical energy, which is
uniquely determined by the degree of squeezing.

It should be noted that squeezed states are fragile quantum states that decohere quickly
under loss or other external coupling. Usually squeezed states are measured with con-
tinuous variable measurement techniques, i.e., by measuring the continuous spectrum of
the electromagnetic field variables. The field variables are typically measured by optical
homodyne or heterodyne detection, while the amplitude squeezing can be measured by
directly observing the reduced optical power fluctuations. The homodyne detection is
mode-selective, i.e., it measures the optical mode defined by a reference beam (the local
oscillator). Hence, any changes in the classical mode structure of a beam travelling long
distances (e.g., red shifts or change of bandwidth or polarization) will be noticed as de-
coherence leading to a reduced interferometric visibility. By systematic modification of
the reference beam, one can deduce a change in the classical mode structure. This tech-
nique will enable one to distinguish between various effects that may act on the optical
fields along their path in space, and effects that are acting on the field excitation, e.g., the
photon statistics.

Squeezed states of light have been thoroughly investigated in the context of sensitive in-
terferometric measurements surpassing the shot-noise limit. The first such application of
squeezed vacuum was done back in 1987 [192]. A very prominent modern demonstration
of this technology geared for gravitational wave detection was performed in the context
of the LIGO project [193]. In this work a 10-dB squeezed vacuum source was coupled to
the dark port of the LISA interferometer, leading to a 3.5-dB noise suppression below the
shot noise level. This limited noise suppression is due to the loss in the optical system – a
technical problem that needs to be mitigated in all squeezed light applications. More re-
cently both the LIGO and VIRGO projects have demonstrated sensitivity enhancements
using squeezed light [194, 195].

Squeezed states and closely related continuous-variable (CV) entangled states of light
have been found useful in the area of quantum information processing. For example,
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these states can serve as a building block for linear quantum computation [196, 197]. The
quantum network applications include CV quantum key distribution protocols [198–200],
CV quantum teleportation [147, 201, 202] and entanglement swapping [203, 204]. The
CV quantum teleportation typically has higher efficiency (albeit lower fidelity) than the
discrete-value quantum teleportation, and may become the protocol of choice in situa-
tions where the efficiency is a stretched resource (e.g., over large distances).24 Another
interesting aspect of quantum teleportation, also highly relevant to space applications, is
that it can be achieved not only in bipartite but also in tripartite systems, in which case
Bob receives classical communications both from Alice and a third party [204]. There may
be an even larger number of communicating parties, which presents an opportunity for
building a quantum network and implementing various multipartite quantum communi-
cation protocols.

Besides interferometric sensors, quantum communications, and computations applica-
tions, squeezed light can be used in spectroscopy [206, 207], biological research [208],
photochemistry, high-resolution imaging [209, 210], and calibration of light detector and
sources [211, 212].

Spectroscopic and photochemical applications rely on the fact that squeezed light has
unusual two-photon absorption properties. It is predicted that one can achieve a linear
(rather than quadratic) dependence of the absorption rate on the optical intensity for weak
fields, significantly different absorption rates for phase- and amplitude-squeezed beams of
the same power, and the possibility of a decreasing absorption rate with increasing inten-
sity [213, 214]. Conversely, the enhanced intensity fluctuations of an anti-squeezed state
can enhance the two-photon absorption compared to coherent or thermal light [213, 215].

Calibration of photo-detectors is enabled by strong correlation of the intensity fluctu-
ations in two-mode squeezed optical beams. Originally proposed by D.N. Klyshko, and
often associated with his name, this method uses two photon states (e.g., from SPDC) to
calibrate a pair of photon-counting detectors [216]: Treating the detection of one of the
photons as a herald guarantees the presence of the other photon directed to the detector
being calibrated: after subtracting noise counts, the detection efficiency is simply the co-
incidence rate divided by the singles rate at the heralding detector (whose efficiency then
cancels out) [217–219]. The method now has been generalized to a pair of analog detec-
tors [211, 212], and even to a CCD array [220], in which cases the two-photon light source
is replaced by a two-mode squeezed light source, and the photocounts are replaced by the
photocurrents’ fluctuations.

Finally, squeezed states can potentially act as “probe states”. Here the idea is that because
of the reduced intrinsic noise, any signature imprinted on such states can be recovered
with better fidelity. In the DSQL settings, this may help determine if the fragile quantum
states travel long distances and along changing gravitational fields without decoherence
or dephasing, and whether it is possible to distinguish different mechanisms of decoher-
ence. These questions could be investigated by deploying a squeezed light source on a
lunar orbit, and a homodyne detection setup on a second satellite around lunar orbit (or
on Earth). However, the feasibility of such a measurement depends on whether one can

24Note, however, that discrete variable (DV) quantum communication (in which quantum states are encoded on single
photons) can often be operated in a post-selected regime, i.e., only keeping cases in which the photon actually successfully
made it through a lossy channnel; in this case the DV protocols can tolerate much higher loss [205] and relax engineering
requirements.
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still detect squeezing given the low collection efficiency typical for such distances, which
can be viewed as an additional high loss of the quantum link. Perhaps a positive answer
can be obtained by changing the approach to the squeezed states measurement from a
quantitative statistical measurement of the squeezed states properties (e.g., variance mea-
surements) to instead merely distinguish the quantum states, i.e., asking whether a mea-
sured state is more likely to be a squeezed state (with coherence preserved) or a classical
state (e.g., coherent state).

3 The DSQL mission
3.1 A sequence of missions
The experiments described in this manuscript can be achieved by a phased deployment
of spacecraft and ground infrastructure.

1 Phase 1: Elliptical orbit with multiple ground stations
2 Phase 2: Spacecraft array with multiple ground stations
3 Phase 3: Lunar node with extremely large aperture ground station

As indicated throughout the text, spacecraft occupying elliptical orbits are well suited
for explorations of relativistic effects. Phase 1 of DSQL could involve a single spacecraft
in such an orbit. The spacecraft would be outfitted with an optical payload consisting of:
a pair of independently gimballed telescopes; a high-rate entangled photon pair source ;25

a high performance single-photon detection system capable of performing photonic state
tomography; a stabilized fiber optical delay line; and a reconfigurable optical switch array.
The flight terminal requires exceptional pointing accuracy to leverage larger apertures for
high efficiency links. Recent flight missions have demonstrated performance commensu-
rate with the requirements [93, 221, 222]. A summary of key technology items is provided
in Sect. 3.2 below.

The Phase 1 system would enable COW tests, tests of quantum teleportation, and a
subset of the Bell tests between inertial frames. An array of ground stations, potentially
located around the world, could establish quantum communication links with the space-
craft in support of the experiments described here, as well as supporting new experiments
and technology demonstrations by a user community.

Phase 2 adds additional spacecraft to the network, in complementary elliptical orbits
with longer orbital period (greater orbital semimajor axis) than the Phase 1 spacecraft.
This array of spacecraft will perform COW tests at larger baselines, and allow the full
range of inertial frames required to achieve the Bell tests and quantum teleportation tests.
One or more of the spacecraft would be located at a point suitable to support a future
human-decision Bell test, either in a 9-day period orbit (roughly corresponding to a “mid-
way between Earth and moon” configuration), or in orbit about the fourth/fifth Lagrange
point of the Earth-Moon system.

Phase 3 of DSQL provides the capability to perform quantum optical tests well into
the regime of 2-body gravitational physics, with baselines long enough to finally perform
human-decision Bell tests. Astronauts and large-aperture telescopes on or near the Moon
are assumed, e.g., the link analysis given in Appendix A considers a 1-m aperture, nearly
diffraction-limited telescope on/near the moon. A ground system on Earth will need to

25Note: Many of the COW-type tests described in Sect. 2.1 are agnostic as to whether the source is in space with detectors
on the ground or vice versa, but there may be technical reasons to prefer one over the other, i.e., not wanting to fly a high
repetition-rate pump laser, or detectors that require cryogenic cooling.
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be established with an extremely large aperture telescope; there are a number of devel-
opment efforts underway to produce Earth-based 10-m class telescopes, e.g., JPL is en-
gaged in the design and deployment of an 8.3-m class telescope suitable for supporting
deep-space classical optical communications [223]. The ground system further requires
a large collection area coupled efficiently to low-jitter single-photon detectors and read-
out electronics. Superconducting nanowire single-photon detectors are a technology that
has demonstrated system detection efficiencies of 98% [224], photon number resolution
[225, 226], dark count rates below 10–4 cps [227], and timing jitter below 3 ps [127] (though
not yet all in a single device).

3.2 DSQL technology challenges
The DSQL experiments considered and discussed here are at the bleeding edge of what
current technology can accomplish, as is evident from the photon rates estimated in Ap-
pendix A. Therefore, in addition to the scientific research, we would like to summarize
some of the quantum technology developments that could immensely improve the feasi-
bility of the proposals discussed in this article.

The challenges involved in technology advances can be divided into three groups:
1 Tasks involved with Research and Development

• Deterministic, high-rate sources of single and entangled photons. For instance,
the currently considered probabilistic sources (e.g. SPDC-based) can only
operate at a fraction of the clock rate due to inherent multi-pair emissions (see
Appendix D). Solid-state systems such as quantum dots have made huge
advances recently [158–160], however their integration into flight-suitable,
cryogenic packaging poses challenges.

The long-range teleportation experiments would also benefit from the
improved photon statistics from deterministic single-photons and entangled
photons; see Sect. 2.3.2.

• High-rate sources for entangled photons suitable for multiplexing many optical
channels using spread-spectrum techniques. SPDC entangled photon sources
have already been flown in space, and can be tailored for wide-band operations.
Combined with multi-channel filtering, a large pair-rate enhancement could be
obtained; see Appendix D.

• The experiments proposed would benefit from advanced quantum memories.
While there are many types and configurations of quantum memories that are
explored for ground applications, the DSQL requirements may be different
than the usual ground-based applications, as a benefit is possible as long as the
memory efficiency is higher than a direct link. Although the COW experiments
(see Sect. 2.1.2) may be implementable with shorter delay-line type memories
(i.e., in free space or optical fiber delays), most DSQL proposals could benefit
from long-term flying memories. For example, long-range teleportation and
long-range entanglement Bell-tests would benefit from a fixed, long-term delay
memory (about 1 second), see, e.g., Fig. 24, while the relativistic observer
experiments would require a quantum memory with shorter maximum storage
time (few milliseconds) but with adjustable readout times; see Fig. 12.

2 Tasks dedicated to Technology Development



Mohageg et al. EPJ Quantum Technology            (2022) 9:25 Page 57 of 76

• Ultra-high-speed and high-efficiency detectors for single photons (e.g., based
on superconducting nanowires (SNSPD)) have achieved tremendous
performance [127, 224–227]. However, integrating these devices into a
space-amenable system requires further advancement in small-scale
cryogenics, and advancing multi-mode optical fiber interfaces.

• Large-scale space telescopes for transmitting or receiving the DSQL quantum
signals could benefit from larger apertures, and novel approaches including
segmented mirrors or “deployable” systems could be beneficial. For ground
applications, segmented arrays of optical receivers are another option that
could be considered, as the large area of a “photon bucket” may be more
important than precise optical imaging.

• The COW tests require sets of fiber-optic delay lines on different
communications nodes. These delay lines are used in a measurement of photon
phase shift induced by gravity. This effect is on the order of several waves,
which requires a commensurate length stability of the local delay lines.
Stabilization may be achieved through active feedback to an atomic reference.
We note here that this concept for stabilizing the fiber delay line is very close to
an optical clock, which may also be used as a complimentary tool to explore
relativistic effects.

• Precision measurement of satellite range and velocity are required. The COW
tests, Bell tests between inertial frames, and tests of quantum teleportation all
demand precise accounting for the range and the relative velocities between
nodes. As described at length in Sect. 2.1.2, these kinematic contributions to
phase and frequency are orders of magnitude larger than the relativistic effects
DSQL aims to investigate; if left uncorrected, they will dominate the
measurements; advanced spacecraft ranging and velocity measurements are
thus required to implement these experiments.

• Time synchronization between nodes is required to perform quantum
entanglement swapping and teleportation, since the two photons incident on
the beam splitter are required to overlap temporally as well as spatially. The
allowable time-of-arrival error is less than the optical pulsewidth. In the
extreme case, an optical pulsewidth of 1 ps propagating over a 1.3-s light path
(between the Moon and Earth) at 1-10 GHz repetition rate sets the time
synchronization requirement.

3 Ground system infrastructure
• Ground-based systems involving multi-meter aperture telescopes need to be

adapted and interfaces for quantum subsystems developed and demonstrated.
In particular, given the limited access to such facilities, a very efficient and fast
DSQL system should be devised.

3.3 Other applications of DSQL
The instrumentation required to achieve the scientific goals described above is useful for
other scientific and technical applications.

For example, a local stabilized laser system is required at all nodes for the Einstein equiv-
alence principle test. This subsystem could form the basis of an optical clock, opening the
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doors to classical clock-comparison experiments. Used in conjunction with the infrastruc-
ture required for the quantum teleportation experiments, the fundamental elements of a
quantum network of clocks (Re. [129]) will be hosted by the DSQL.

As noted above, the extremely long baseline quantum channels require extremely low
noise detection systems to achieve meaningful statistical significance. The low-noise
channel could be exploited in a demonstration of purely classical optical communication
to achieve performance close to the asymptotic channel capacity limit [228, 229].

The DSQL telescopes could be directed towards astronomical light sources, where the
high-rate, single photon-sensitive receiver could be used for narrow-band, high-speed as-
tronomy [230]. Along similar lines, the quantum state tomography system could be used
to assess other astronomical sources by testing for correlations in polarized light emission.
The pair of telescopes at each node could also be used for a demonstration of a quantum
telescope array [89], where one telescope from each node is directed towards an astro-
nomical target, and all telescopes are fed by coherent non-local single-photon states. Co-
incidence counts between different telescopes are then used to determine the coherence
of the astronomical light coming to the telescopes (as a function of their baseline separa-
tions), and thereby information about the spatial distribution of the source itself.

4 Conclusion
The evolution of quantum states can be predicted using a variety of means (e.g., the
Wigner function formalism), none of which are fully compliant with Lorentz invariance,
as demanded by General relativity for all measurements. This fundamental discrepancy
is at the heart of modern physics and motivates the body of experiments proposed in
this manuscript. As stated in the introduction, QFTCST is a successful theoretical frame-
work supported strongly by astrophysical measurement. The proposed DSQL experi-
ments present a means of testing QFTCST in a complimentary, weak-field setting local to
the Earth. The results of the DSQL tests will have a significant bearing on theories outside
of QFTCST that express coupling between gravitation and quantum states [15, 28, 231].

We have proposed a set of experiments that conduct quantum optical measurements
in a regime where relativistic effects are strong and measurable. The EEP tests propose to
assess a hitherto untested prediction of general relativity – that quantum states of light ac-
cumulate the expected phase when propagating along geodesic paths defined by the local
spacetime. The Bell tests propose to measure violation of Bell’s inequality across extremely
long baselines, and between relatively moving inertial frames [105]. The latency associ-
ated with the long baseline is sufficiently high to close the “free-will” loophole through
the involvement of astronauts; such human-decision Bell tests have important philosoph-
ical implications as well. Psychological aspects of the “choice” presented to the astronauts
must also be considered. Finally, the quantum teleportation tests will validate the predic-
tion that quantum entanglement is maintained over the long baselines associated with
proposals to establish global quantum networks [88, 232].

One to four spacecraft, and one or more optical ground stations, would be required to
execute some or all of the listed experiments. The technology required to execute the ex-
periments is mostly present. Key quantum technology development areas are: high-rate,
high-purity, multiplexed entangled photon pair sources; simultaneously high efficiency,
low dark-noise, high count-rate single-photon detector systems; and addressable, high ef-
ficiency, high repeat-fidelity, and long storage time quantum memories. Key classical tech-
nology development areas are large diameter flight telescopes, radiation-hard high-speed
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read-out electronics, and modified existing optical ground stations, upgraded with the
infrastructure required to close quantum optical links. The technology development, in-
strument development, and mission execution will benefit immensely from international
cooperation and long-term strategic planning.

Appendix A: DSQL system design
The basic link expressions characterizing optical transmission paths are expressed in this
Section. These are developed following the procedure of [233, 234] and partially carried
out in analogy to a previously published evaluation of low Earth orbiting satellite-enabled
quantum key distribution [157, 235, 236].

The basic one-way link efficiency for coupling a Gaussian mode through perfectly
aligned circular apertures is

ηL(�R) = ηx(�R)
(

1 – exp

(
–2π2D2

TxD2
Rx

π2D4
Tx + (M2)2|�R|2λ2

))
. (38)

In Equation (38) [237], light of wavelength λ is transmitted through an aperture of size
DTx with diffraction limit factor M2 ≥ 1. The light is directed towards a receiver aperture
of diameter DRx across a displacement vector of �R. Most of the DSQL experiments are
reasonably characterized using the assumption |�R| � πD2

Tx/λ, i.e. the diffracted spot at
the receiver is much bigger than the receiver aperture. In this limit Equation (38) then
reduces to the ratio of the receiver aperture to the spot size formed by the transmitter
telescope at the receiver plane:

ηL(�R) ≈ ηx(�R)
(

D2
Rx

(M2( λ
DTx

)|�R|)2

)
, (39)

where the prefactor ηx characterizes other loss factors:

ηx = ηRxηDηTxηatm(�R)ηmargin. (40)

Here, ηRx characterizes the receiver efficiency (except for the detection efficiency) [234],
ηD is the total photon detection efficiency of the receiver, ηTx characterizes the transmitter
efficiency, clipping efficiency and pointing errors [233], ηatm(�R) characterizes absorption
through the atmosphere (which is a strong function of horizon angle), and ηmargin accounts
for any additional inefficiencies of the link.

Equation (38) parametrically describes the link efficiency of the quantum channel in
terms of the indicated instrumentation performance parameters. For single photons cre-
ated at rate Fclock, the received photon flux Ns in units of counts per second is

Ns = Fclock · ηL. (41)

Similarly, if only one photon is transmitted from an entangled photon pair source operat-
ing at clock rate Fclock and a per-pulse photon pair production probability p(1), the number
of received photons is

Ne = Fclock · p(1) · ηL. (42)
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Figure 26 A greatly simplified orbital model to
calculate integration time for quantum optical
experiments. A ground station is located on Earth,
which rotates at rate �e . The spacecraft is in an orbit
characterized by orbital altitude h, or semimajor axis
a = h + Re , where Re is the Earth mean radius. The
orbital frequency of the spacecraft is ωs . The ground
station is limited to view θm above the local horizon
angle. The shaded area in the diagram represents the
part of the orbit where line of sight is maintained, in
a reference frame rotating with the Earth

Finally, closing a simultaneous link to a pair of receivers, located at �Z1 and �Z2 relative to
the source, has an expected total rate of successful events

N2e = Fclock · p(1) · ηL( �Z1)ηL( �Z2). (43)

Note that in the limit of perfect spatial and temporal acquisition, the total number of suc-
cessfully recovered photons is the integral of either Equation (42) or (43) over the time that
the spacecraft maintains clear line-of-sight with the other ends of the network .26 This can
be approximated using the product of the relevant rate equation and the total integration
time per orbital passage. The integration time can be extracted through geometry and
numerical analysis of the various orbital configurations described in the sections above
[237]. Link expressions such as Equation (43) require line of sight between the source and
two other nodes, which must be satisfied simultaneously.

The integration time is determined by the orbital dynamics. Our example scenario is an
Earth-orbiting spacecraft closing link with a single Earth ground station, though this does
not capture the diversity of spacecraft-to-spacecraft links, links between Earth and Moon
orbiters, or links to multiple ground stations. Nevertheless, since many of the experiments
described in this report do rely on links between ground stations on Earth and Earth-
orbiting satellites, it is an instructive example. This situation is depicted in Fig. 26. The
total integration time T is obtained through geometry and orbital dynamics. In the regime
of perturbation-free, circular orbits about a circular Earth, the integration time can be
computed using Equation (44).

T = 2
√

R2
e + a2 – Rea · sin(θm)√

GMe
a3 – �e

cos(θm)
a

. (44)

A separate calculation estimates the total noise count rate incurred during the measure-
ment process. Three sources of noise events are considered: the intrinsic dark count rate
of the receiver Dr ; the rate of extra photon events from the source Sn, and background
photons counted by the detection system Bsky. The total noise count rate, Nnoise, in units

26Due to increased effects of atmospheric turbulence, it is generally assumed that a stable optical link cannot be established
for elevation angles less than 20deg above the horizon (θm in Fig. 26).
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of counts per second, is then:

Nnoise = ηRx ·
(

W · A · (FOV )2

4
· BW + Sn

)
+ Dr , (45)

where FOV is the telescope linear field of view, A is the primary mirror collection area,
and BW the filtering bandwidth; W is the background radiance in units of photon flux per
area-solid angle per unit bandwidth.

Appendix B: The human-decision bell tests in the context of free will
A human-decision Bell test requires humans on both sides of the Bell test- a human “Bob”
and a human “Alice”. In the context of a future NASA space mission, this may involve as-
tronauts on the International Space Station (“Bob”) and astronauts on or near the surface
of the Moon (“Alice,” or, perhaps “Artemis”.) A local explanation only needs to predict or
influence the detector settings on one side to violate Bell’s Inequality and match the pre-
dictions of quantum mechanics, i.e., a local scheme can thus still violate Bell’s inequality
even if only one side’s random number generator is perfectly free will, independent, and
unpredictable. Any amount of unpredictability will suffice to show a Bell violation, but the
significance of the violation depends on the predictability.

While in this experiment, the human choices are not strictly required to pass tests for
randomness, these free-will choices must be unpredictable to the measurement on the
other side in a way that is different from all prior schemes of generating randomness for
Bell tests. At minimum, this requires one of two assumptions, as we now describe.

First, one can take the scientifically accepted materialist view that human choices are re-
sults of physical processes in the brain, i.e., some probabilistic combination of determin-
istic computation and randomness, from the external environment or internal thermal,
quantum, or chaotic processes. For human (or, perhaps animal) choices to make a differ-
ence, one must assume that the complexity of the process that links physical inputs in the
brain’s past light cone to a decision must exceed some threshold such that the other side
cannot compute, predict, or influence the decision.

Alternatively, one can drop the assumption that human choices are purely results of
physical processes in the brain, and instead adopt a stance like Cartesian dualism,27 where
one invokes some external non-physical mind that is somehow able to inject events into
our 3 + 1 dimensional spacetime while not being part of it. This is similar to the assumption
that is required to close the freedom-of-choice loophole when quantum random number
generators are used in the “loophole-free” experiments cited above—a truly novel bit of
information enters the world such that a 0 and 1 are both perfectly compatible with iden-
tical past light cones. The only difference here would be that somehow “will” is involved,
not just “freedom”.

The experiment must be implemented in a way that ensures the participants feel their
choices come from their own free will, while simultaneously being unpredictable; other-
wise, the physical state of their brains might already be zeroing in on a choice. For example,
the participants could be asked a series of questions that they did not know or even con-
sider in advance. For an astronaut on the moon, it could be questions about their next

27https://plato.stanford.edu/entries/dualism/

https://plato.stanford.edu/entries/dualism/
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series of meals—something that matters to them enough to feel they are exercising free
will, but something where their answers are not predictable, e.g., “instant coffee or instant
tea,” to use an astronaut version of Sam Harris’ opening question in his book about free
will [238]. Their answers would need to be registered and turned into polarizer settings in
a way that is space-like separated from the source and the measurement on the other side.
The composition and phrasing of the questions asked of the astronauts would need to be
carefully considered by experts in behavioral psychology and philosophy of the mind.

Other than choosing basis settings, there is a second way in which the human Bell test
addresses foundational principles of quantum theory, going back to Wigner’s suggestion
[239] that quantum collapse could somehow be caused by conscious minds. There is barely
enough time in an Earth-Moon experiment for measurement results to be shown to par-
ticipants such that each becomes conscious of the results in a way that is space-like sepa-
rated from the other. If collapse only happens in conscious minds, no experiment to date
has actually closed the locality loophole. One may even consider moving macroscopic
masses based on the measurement results, to address Penrose’s suggestion [240] that col-
lapse takes place between macroscopically distinct gravitational fields.

David Hume states that the question of free will is “the most contentious question of
metaphysics” [241]. An age-old discussion, beginning in the ancient Western philosophi-
cal texts of Plato and Aristotle, and continuing to the present day, the question of whether
human decisions are based in genuine free will or are deterministic, is still open. Deter-
minism is the idea that everything in the universe is determined by causal laws. This means
that anything in the universe that happens at any given moment is the result of some an-
tecedent cause. Thus, determinism maintains that there is no such thing as an uncaused
event. The idea that every event is caused, is one of the fundamental presuppositions of
science [242]. According to determinism, since human actions are events, no human ac-
tion is uncaused, and therefore are not free, and instead are simply the result of some causal
process. Additionally, determinism precludes randomness – since everything is the effect
of some previous cause, nothing is truly random.

If human beings can exercise free will, then humans are able to perform uncaused acts.
For instance, at time t1, an agent S can perform either act A1 or act A2. So, S’s action at
t1 will determine what the world looks like after t1, regardless of the pre-existing condi-
tions at t1 [242]. An uncaused act should be unpredictable, non-hysteretical, and other-
wise stochastic. There is a subtle difference between making a “knee-jerk” or instinctual
reaction to some stimuli versus taking time to internally deliberate decision before action
[243]. This distinction underscores the timing latency requirement in human-decision
Bell tests. It also suggests alternative testing schemes with either shorter decision time
intervals (forcing an instinctual decision) or longer time intervals (allowing some level
of thought before decision making), or even using non-human animals as the decision-
making agents.

Free will may be non-random and predictable by the local observer themself. Free will
is independent of the observed system, assuming that our universe consists of 1) free will
of observers and 2) the observed world; both assumptions follow from causality.

The question of free will versus determinism is based in the question of causality:
whether every event must have a cause, or if there are events that are causally undeter-
mined, a question that impacts the value of scientific inquiry. In this broader context, a
Bell test involving human decision-making creates an empirical framework with which
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to assess the idea of free will, and to explore the relationship between human decision
making and the causal trajectory in nature leading to the moment of decision.

Appendix C: Obtaining the parametric model of the COW tests
The state of the interferometer output (see Fig. 3) can be written as:

|ψ〉 =
1
2
((

ei(φGR+θ ) – 1
)|0, 1〉 + i

(
ei(φGR+θ ) + 1

)|1, 0〉), (46)

where the expression for φGR is given in Equation (8), and θ is an additional controllable
phase that can be tuned to improve the measurement precision, by biasing to the linear
part of the fringe. We can model the experimental imperfection by assuming the prepara-
tion contains our target state |ψ〉 with probability p, and a noise photon with probability
(1 – p). The flux of noise photons Nnoise has been defined in Equation (45). The parame-
ter p can be interpreted as the experiment quality factor and can be linked to the system
parameters such as timing, receiver aperture, and spectral filtering bandwidth as follows:

p = (1 – Nnoise�tR)F . (47)

Here (Nnoise�tR) is the probability of recording a count due to a noise photon within the
expected coincidence time window �tR, and F is the fidelity of the source, assumed here
to be 0.95. We further assume all the system parameters in Nnoise to be fixed apart from
the spectral filtering bandwidth that needs to change according to the signal photon band-
width, so that p = p(σ ). Keeping into account the finite bandwidth σ of the photon having
frequency ω0, the probability of having a detection at detector A is given by:

PA =
p(σ )

2
(
1 – e–2σ 2τ2

cos(φ)
)

+
(1 – p(σ ))

2
, (48)

where φ = φGR +θ and p should be regarded as an overall quality factor for the experiment.
A more complete analysis should also take into account error sources such as path length
mismatch and attitude determination error; these as well other source of imperfection will
be explored in detail elsewhere.

Let M be the operator denoting a count at detector A; the error on the gravitationally
induced phase shift between the interferometric arms is then given by:

�φ(φ,σ ) ≡ �M(φ)
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|
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. (49)

Where we have used τ = φ/ω0 .The quantity �M(φ) ≡
√

〈M̂2〉 – 〈M̂〉2 is often referred to
as an “estimator” for the unknown quantity φ. Given an experiment with a certain quality
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Figure 27 Plot of the phase error, �φopt , versus the photon bandwidth σ

factor p(σ ), we can choose the overall relative phase φ in order to minimize the previous
expression. More formally, we can solve the optimization problem:

�φopt(σ ) = min
φ

�φ(φ,σ ). (50)

The optimized phase error can then be propagated in order to obtain the error on the
parameter α, characterizing violations of UGR. The result of the optimization is shown in
Fig. 27, showing that �φopt is essentially constant for the range of the photon bandwidth
considered as expected – as long as the interferometers are well matched, so that the path
imbalance is less than the coherence length, the fringe visibility will be very high.

Appendix D: Obtaining the parametric model for Bell tests
A simple but somewhat old-fashioned way to estimate the statistical significance of a Bell
test is to assume uncorrelated trials along with unbiased and uncorrelated random basis
selection, though this approach does not address the detector efficiency or memory loop-
holes. Under these assumptions, there are two types of effects: systematic imperfections
which lower the intrinsic and/or measured entanglement fidelity of the produced entan-
gled Bell state, and purely statistical fluctuations on the measurements due to Poisson
photon counting statistics. A lower measured entanglement fidelity means a CHSH pa-
rameter S that is less than the quantum mechanical maximum of 2

√
2, but still hopefully

greater than 2, the maximum value that local realism allows. Statistical fluctuations would
lead to a measured value of S drawn from a distribution centered around an expectation
value (proportional to the entanglement fidelity of the measured quantum state) with a
standard deviation of σ . A 5-sigma result would mean that the measured value of S was
5σ above the local-realist limit of 2.

Many effects can degrade the measured entanglement fidelity: intrinsic entanglement
fidelity of the source, detector dark counts, sky background, and noise from multi-photon
events, i.e., having photons from different entangled pairs each arrive within the coin-
cidence window. In all of these cases, the measurement results on each side of the ex-
periment are completely random and uncorrelated with each other. Experimentally, they
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produce results that are indistinguishable from those produced by a completely incoher-
ent “mixed” state. As in the previous section, to model the mixed state as measured by the
pair of detectors, we take a fraction p of a particular Bell state, say |
+〉, and a fraction
(1 – p) of the completely incoherent state of dimension 4. The mixed state that is actually
measured, where the (1 – p) contribution includes both the source’s intrinsic incoherence
and the external noise, is

ρ̂ = p
∣∣
+〉〈


+∣∣ + (1 – p)
1
4

Î. (51)

Given this mixed state, we will first calculate the expected value of the CHSH parameter
S and its statistical uncertainty σ , assuming N total coincidence measurements. To this
end, we first define an experimentally measured correlation coefficient E(a, b) as a function
of measurement basis settings a and b; its value ranges from –1 to +1:

E(a, b) ≡ N(a, b) + N(a⊥, b⊥) – N(a, b⊥) – N(a⊥, b)
N(a, b) + N(a⊥, b⊥) + N(a, b⊥) + N(a⊥, b)

, (52)

where N(a, b) is the number of coincidences where Alice’s photon passes through an an-
alyzer with setting a (e.g., for polarization entanglement, a polarizing beam splitter ori-
ented at angle a), and Bob’s photon passes through an analyzer with setting b. Similarly,
N(a, b⊥) is the number of coincidences where Bob’s photon is instead detected in the b⊥
output of his measurement apparatus (e.g., his polarizing beam splitter). There will be 16
such coincidence measurements; the sum of all 16 counts is N :=

∑
i Ni.

The CHSH parameter is then defined as the sum of four correlation coefficients, with
the sign flipped on the coefficient with the widest separation between the measurement
basis angles:

S = E
(

0,
π

8

)
+ E

(
0, –

π

8

)
+ E

(
π

4
,
π

8

)
– E

(
π

4
, –

π

8

)
. (53)

For the mixed state in Eq. (51), the expected CHSH parameter 〈S〉 = 2
√

2p .28 This reaches
the quantum mechanical maximum of 2

√
2 for the pure Bell state and 0 for the completely

incoherent state, where there are no correlations.
Assuming each of the 16 counts Ni is drawn from a Poisson distribution whose standard

deviation σi is
√

Ni, the variance of S can be calculated through propagation of error as

σ 2 =
16∑
i=1

σ 2
i

(
∂S
∂Ni

)2

=
16∑
i=1

Ni

(
∂S
∂Ni

)2

, (54)

whose expectation value for the state in (51) is

〈
σ 2〉 =

8
N

(
2 – p2). (55)

28One could also consider state imperfections of the form p|
+〉〈
+| + (1 – p)(|HH〉〈HH| + |VV〉〈VV|)/2, i.e., a partially
entangled state, with perfect correlations only in one basis. In this case the CHSH parameter has an expected value of
〈S〉 = 2

√
2p + 2(1 – p).
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To claim an n · σ violation of Bell’s inequality, Smeasured – 2 > nσ . The expectation value of
n, the number of σ ’s of Bell violation, is then

# of σ violation = 〈n〉 =
√

N
p – 1√

2√
2 – p2

. (56)

A contour plot of this expected number of σ violation as a function of Bell-state fraction
p and total coincidence counts N is shown in Fig. 19. If p ≤ 1√

2 , no Bell violation would
occur, and the result would be compatible with local realism no matter how large N is.
Near this threshold, quality (high p) wins over quantity (high N ). Above this threshold,
the significance of the result scales as

√
N as might be expected. In practice, once the

entanglement fidelity threshold is crossed, accumulating enough data does not take very
long. This is qualitatively different than many other physics experiments, where one can
“average down” the noise.

Now we proceed to estimate p for various space scenarios, determine how many coin-
cidences N are required to achieve a given σ -level of Bell violation, and estimate the time
required to achieve this. An important parameter is t, the time window inside of which
two photons will be counted as a coincidence. This should be as short as possible to avoid
accidental coincidences from dark counts, sky background, or incorrectly paired entan-
gled photons. However, it does not help for t to be shorter than the combined effect of the
time resolution of the detectors, the jitter in the amount of atmospheric delay, and the tim-
ing jitter of the optical and electronic systems; otherwise, the signal of true coincidences
is also reduced. The intrinsic jitter of the superconducting nanowire single-photon detec-
tors (SNSPD) is 0.1 ps, determined in part by material parameters of the nanowire. The
best reported performance is 3 ps, but more typically 30 ps for optimized nanowire and
electronics. The atmospheric jitter is typically 10 ps [244]. Thus, accounting for 10-100 ps
of excess atmospheric jitter captures the expected dynamics. Next we will see that this
window t sets the scale for maximum source brightness and maximum allowable back-
ground.

If photons (entangled or not) arrive at a rate r and are Poisson distributed,

P(k photons in time window t) =
(rt)ke–rt

k!
. (57)

For small rates such that rt 	 1,

P(1 or more photons in time window t) = 1 – e–rt ≈ rt. (58)

If Alice is receiving photons at a rate ra and Bob at a rate rb, the probability of recording
(though not necessarily detecting) an accidental coincidence within the small coincidence
window t is Paccidental = (rat)(rbt). The rate that accidental coincidences occur is raccidental =
rarbt.

Next we turn to an imperfect source of entangled photons. Without knowing more about
the source itself and any potential dependence on measurement basis choices, we model
the source itself as producing pure entangled photons at a rate re along with completely in-
coherent photon pairs at a rate ri. For good sources, ri will be < 5% of re. If noiseless detec-
tors were to measure the source directly with no other background, p would be re/(re + ri).
Both of these rates are reduced by ηa for Alice’s link and by ηb for Bob’s link.
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Finally, we turn to backgrounds counts and dark counts, whose rates can be added to-
gether. For nanowire detectors at the wavelengths of interest, dark counts can be less than
1 per second, assuming (great) care is taken to exclude thermally excited blackbody radi-
ation. Depending on the wavelength, observatory location, phase of the moon, and size
of the telescope, the total rates of noise counts na and nb are somewhere between 0.1 and
1000 counts per second.

The full accidental-pairing rate should take into account mispairings between any com-
bination of photons from different entangled pairs, incoherent photons emitted in pairs
by the source, background photons, and dark counts. Each observer’s photon detection
rate is the sum of background noise counts na or nb and photon pairs, which are created
at the source at a rate (re + ri), and which reach the observers with efficiencies ηa and ηb.
This makes

ra = (re + ri)ηa + na, and

rb = (re + ri)ηb + nb.

The accidental coincidence rate is then

raccidental = (reηa + riηa + na)(reηb + riηb + nb)t, (59)

where different terms on each side might dominate for asymmetric links.
This is to be compared to the rate of proper entangled pairs arriving. Assuming the

coincidence window is set so that the vast majority of entangled pairs that do make it
arrive within the window, that rate is just

rentangled = reηaηb. (60)

With these definitions, the purity of the state p as measured at the noisy detectors exposed
to background light is

p =
rentangled

rentangled + raccidental
=

1
1 + raccidental/rentangled

. (61)

Unless p > 1√
2 , no amount of data taking will violate Bell’s Inequalities. This corresponds

to raccidental/rentangled < 0.41. If this holds and p is high enough, the number of photon pairs
required to achieve an n-σ result can be computed using Equation (56) or looked up in
Fig. 19. For example, per Fig. 19, conducting a Bell test to demonstrate a CHSH inequality
violation of 3σ requires 500 counts with entanglement fidelity of p = 0.85. To conduct the
same test to a violation of 6σ requires 1000 counts with p = 0.90. Achieving this level of
performance requires increasingly stringent instrumentation performance requirements
as the baseline is increased, since the signal falls off while the detector noise does not.

The two parameters represented in Fig. 19, N and p, are partitioned into high-level sub-
system performance requirements sufficient to achieve the desired level of statistical con-
fidence. The y-axis value, N , is computed by multiplying Eq. (42) or Eq. (43) by the duration
of the experiment.

Next we consider, the effects of noise counts. Equation (51) characterizes measurements
in terms of a noise parameter p. This parameter is composed of a contribution of external
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noise events (Eq. (45)) and the quantum fidelity F of the source. First, the density function
of a source with fidelity F = (1 + 3λ)/4 is:

ρ̂in = λ
∣∣
+〉〈


+∣∣ + (1 – λ)
1
4

Î. (62)

The receiver sums photon counts over a time interval �tR, corresponding to a frame-
period, word-length, or user-defined integration window. The smallest value �tR could
take would be the total timing jitter of the receiver. The largest value would be the effec-
tive frame-rate of the receiver system, which would be no smaller than the inverse of the
product of transmitter clock rate and single-side channel loss. The probability of count-
ing a noise event within this period is PN = �tR · Nnoise. A limiting case describing the
worse-case effect of noise events on the measurement process is expressed in Equation
(63):

ρ̂out = PN ρ̂in + (1 – PN )
1
4

Î. (63)

Combining Eq. (62) and Eq. (63) with Eq. (51), the noise parameter p can be reduced to
source fidelity, noise count rate, and coincidence window time using

p = (1 – Nnoise�tR)F . (64)
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