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1. Introduction

Space provides the means to enhance the potential of quantum technological platforms and to challenge some of
the most fundamental open problems in modern physics. Driven by remarkable recent technological progress, many
proposals for space-based applications of quantum technologies have been put forward and implemented for academic
and commercial purposes. The hybridization between space science and quantum physics is attracting a growing attention
for the many possibilities it has to offer, from quantum-enhanced satellite-based communication and Earth observation,
to the leverage of quantum sensing and interferometry, to the exploration of elusive physical phenomena, including dark
matter and quantum gravity. This review addressed precisely such exciting opportunities for scientific and technological
development, focusing on the three main physical platforms - cold atoms, photonics and optomechanical setups - that
have been considered for space applications.

Cold atoms interferometry and atomic clocks are among the most sensitive quantum sensing devices for both applied
and fundamental physics [1,2]. Experiments based on such platforms rely on the coherent property of quantum matter-
waves and have been the subject of fast-paced progress in the last three decades, leading to results that have demonstrated
unambiguous space readiness. Among them, it is worth mentioning the interference experiments on-board of sounding
rockets [3] and the observation of Bose-Einstein condensation on the International Space Station [4].

Photonic technology is central to tests of the foundations of quantum mechanics and the development of architectures
for (secure) long-haul quantum communication. The proved potential of photonic systems has been recently used to
demonstrate the viability of satellite-based quantum key and entanglement distribution [5,6], which are key stepping
stones towards the construction of a quantum internet.

Quantum optomechanics holds the promise to be the enabling technology for the generation of quantum superposition
states of macroscopic objects [7]. Several proposals have advanced the idea of performing quantum optomechanical
experiments in space [8,9] in light of their sensitivity, and they are emerging as key components of future quantum
sensing technologies.

Despite the development of space-oriented applications of these platforms is only relatively recent and the achieve-
ment of full space-translation readiness requires further developments, the demonstration of their viability for space-
based scientific and technological endeavours is emerging strongly and unquestionably. By providing a technical, science-
oriented overview of the most significant achievements gathered through the use of these physical platforms, the future
prospects for their implementations in space, and their potential for testing fundamental physical questions beyond the
capabilities of ground-based experiments, this review aims to embody a useful compendium for both the non-initiated
and the expert reader.

The paper is organized as follows. In Section 2 we consider the application of quantum technologies in space to
fundamental physics studies: from the interface between gravity and quantum mechanics to quantum foundations, from
the detection of gravitational waves to searches for dark matter and dark energy. We focus on the advantages provided to
such quests by a space-based environment and describe the technological platforms that have been proposed to perform
them so far. In Section 3 we discuss new applications of current quantum technologies for the assessment of fundamental-
physics tests. We address the long sight-lines and reduced losses (compared with fibre-based arrangements) of free-space
optical transmission lines, which are the driving forces for satellite-based quantum-communication applications. We
discuss how the vantage point of low Earth orbit is valuable for remote sensing and remote observation and then tackle
space-based quantum clocks for distributed time-reference frames and synchronization towards enhanced global systems
for navigation. In Section 4 we delve into state-of-the-art proof-of-principle quantum experiments and implementations
of quantum technologies in space that have been performed to date. Section 5 highlights the technical hurdles that
should be faced to mature technology for space applications. Due to a wealth of prototyping activities - led by the
cold-atom and photonics community — many of such challenges are no longer insurmountable. We describe how to
build upon already interconnected scientific and industrial communities and which steps are needed to enable further
cross-disciplinary networks and collaborations. Expanding the diversity of quantum experiments being performed in
the promising conditions of reduced environmental effects and micro-gravity has clear benefits for the advances of
fundamental understanding and technological developments. We provide a technical wish-list detailing the steps forward
that should be made to enable space-based experiments with quantum systems. Section 6 puts forward a realistic outlook
for the problems tackled in this review.

2. Fundamental tests with quantum technologies in space

Space offers the ideal environment to fully employ the potential of quantum platforms and challenge some of the
most fundamental open problems in modern physics (see Fig. 1). Recently, many proposals for space-based fundamental
physics tests resorting to the possibilities offered by quantum mechanics have appeared driven by incredible technological
advancements in different areas of physics. In this section, we review the plethora of different fundamental questions
which can be addressed by combining space science and quantum technologies. We will focus on the advantages in
performing fundamental tests in space, with respect to analogous ground-based ones, and on which platforms have been
proposed to perform them.
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Fig. 1. Mindmap for Fundamental Physics tests with QT in space. Four main subjects are covered in this section: the Einstein Equivalence Principle,
Dark Matter and Dark Energy, Gravitation, and Quantum Foundations. Each of these subjects contains different topics sprouting from them. Full circles
represent the different quantum technological platforms that we consider in this review (cf. Sections 3 and 4). Their relation to the fundamental
physics subjects described in this section is highlighted by the dashed lines.

2.1. Einstein Equivalence principle

The equivalence principle, whose history dates back to Galileo and Newton, is at the basis of the modern geometrical
description of spacetime epitomized by Einstein’s General Relativity (GR) [10]. In modern terms, the Einstein Equivalence
Principle (EEP) is a combination of three different ingredients (see also [10,11])

e Weak Equivalence principle (WEP): The equivalence between the gravitational and inertial mass of a system,
independently of its composition, has far-reaching physical consequences and constitutes the weak equivalence
principle. An alternative statement of the WEP is that the trajectory of a freely falling test particle? is independent
of the composition of the particle itself. In the paradigmatic example of weights dropped from a tower, the WEP
implies that their acceleration is the same; This is the so called universality of free fall.

e Local Position Invariance (LPI): The results of any non-gravitational experiment are independent on where and
when such experiments are performed in the Universe.

e Local Lorentz Invariance (LLI): The results of any non-gravitational experiment are independent of the velocity of
the local freely-falling frame in which they are performed.

The EEP has the crucial implication that, locally, the gravitational field is indistinguishable from a uniform acceleration.
Far from being only a curiosity, it suggests that we should interpret gravity not as a force as an effect of the curvature of
spacetime [10,13]. Indeed, the EEP is satisfied not only by GR but also by a wide range of gravitational theories, namely
the metric theories of gravity [14]. In these theories, as for GR, gravity has a geometrical interpretation as the effect of the
curvature of the spacetime manifold. More in general, these theories are based on the assumptions of having a symmetric
metric g endowing spacetime and that test bodies follow the geodesics of this metric. Moreover, in these theories the
laws of physics reduce to those of special relativity in local freely-falling reference frames.

Strong equivalence principle. The EEP is formulated assuming non-self-gravitating test bodies and non-gravitational ex-
periments. The extension to self-gravitating test-bodies and non-gravitational experiments of the EEP is referred to as the

2 The definition of test body is in general not a trivial matter [12]. In the following, if not specified otherwise, we consider only objects with
negligible self-gravitational effects.
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strong equivalence principle. Whereas, the extension to self-gravitating test-bodies of the sole WEP is sometimes referred
to as the gravitational WEP. While the EEP is respected by all metric theories of gravity, the strong equivalence principle
is more restrictive. Thus, its tests can provide additional information on the underlying gravitational theory [15,16].

Quantum equivalence principle. The EEP also assumes classical test-bodies. The discussion about the validity and formu-
lation of the EEP in the case of quantum systems is the subject of current theoretical and experimental investigations
[17-29]. This is particularly relevant for tests of the EEP employing quantum systems [30], as well as for regimes where
one expects quantum effects to become relevant. A quantum formulation of the EEP was introduced and analysed in [31],
furnishing a phenomenological framework for tests of the quantum EEP. It is crucial to notice that experiments with
quantum objects are a necessary but not sufficient condition for testing the quantum version of the EEP. Nevertheless,
proposals in this direction are already present [32-35], and a first experiment [27] employing atom-interferometry has
been performed bounding violations of the quantum EEP to the order of one part in 108,

2.1.1. Experimental tests and proposals for space

Given the deep physical implications of the EEP for our understanding of the structure of spacetime and of gravity,
it is not surprising that considerable efforts were made to experimentally verify this principle. Experimental tests in
favour of the validity of the EEP at the classical level are quite a few [11]. However, the ongoing efforts to cast more
stringent constraints and to search for possible violations are still numerous. In particular, the search for violations of the
EEP is mainly driven by their implications for new physics beyond GR and the Standard Model of particle physics (SM).
Indeed, several models of quantum gravity predict violations of the EEP in one or more of its components [36]. Models
of dark matter and dark energy contain violations of the EEP due to the non-universal coupling of SM’s fields with those
originating dark matter and dark energy [37]. Violations of the EEP are also present, by construction, in all proposals with
varying fundamental constants motivated by high-energy physics’ fine-tuning problems [38]. It is clear that tests of the
EEP and of its violations have far-reaching ramifications in different fields of modern physics and offer the possibility to
unveil new physics beyond GR and the SM. As we will see, technological advancements and quantum technologies in
space play a prominent role in this endeavour.

Tests of the EEP are usually designed to probe one or more components of the principle. Thus, in the following, we
report the current constraints on EEP violations following this same logic. We then delve into the panorama of proposals
for quantum experiments in space.

Tests of WEP. The weak equivalence principle can be directly tested by comparing the accelerations of two test bodies

with different composition in an external gravitational field. This is the equivalent of Galileo’s alleged idea of throwing

boulders from the Leaning Tower of Pisa. Possible violations of the WEP are then parametrized by the E6tvds ratio
= 2|a; — az|=|a; + a|, which is the fractional difference between the accelerations a; (i = 1; 2) of the two bodies.

The current upper bound on from ground-based experiments has been established in 2012 at < 10~'3 with
a torsion balance experiment employing Beryllium-Titanium test-bodies [39]. In 2012 a similar bound was obtained
employing the results from the Laser Lunar Ranging (LLR) experiment, which measured the differential acceleration
between the Earth and the Moon with respect to the Sun [40]. However, the most stringent upper bound on the violations
of the WEP to date comes from space, where one can exploit the possibility to compare the gravitational acceleration of
two free falling test-bodies in orbit around the Earth for a very long time. The space mission MICROSCOPE [41,42] of the
French space agency CNES, managed in two years of operation to push this upper bound to < 1:3 x 10~', This bound
results from the use of Titanium-Platinum test-bodies, a reference pair of Platinum-Rhodium alloy masses, and the use
of data recorded in 120 orbits with free-falling times of up to 8 days. However, this is still a preliminary analysis, which
employs only 7% of the data collected before the mission was decommissioned in late 2018. Further improvements are
expected from the full analysis of the data [42-44].

Future endeavours to test of the WEP are expected to reach bounds which are two or three orders of magnitude better
that what MICROSCOPE was designed to achieve, thus pushing the bound to around < 10~7~107'8 [37]. The Satellite
Test of the Equivalence Principle (STEP) [45-48] uses a similar concept to that of MICROSCOPE, with the target of bounding
the WEP to < 10~'® by employing four pairs of test masses instead of two. Similarly to STEP, the proposal for the small
satellite Galileo—Galilei (GG) [49,50] and its proof-of-principle version on ground [50] aim at bounds on the WEP at the
level of < 10" using concentric cylindrical test masses [49].

Dual species atom interferometry appears as the natural candidate for tests of the WEP employing quantum systems,
and thus also possibly for exploring the interface between quantum mechanics and gravitation. The typical atom
interferometer mimics the functioning of an optical Mach-Zehnder interferometer by replacing the optical beam-splitters
and mirrors with light pulses, as it is schematically represented in Fig. 2.

The populations at the two outputs of the interferometer encode the phase difference accumulated along the two
trajectories. This allows to extract the free-fall acceleration of the matter-waves with respect to the laser source. Using
different atomic species it is thus possible to compare the free-fall accelerations and constrain violations of the WEP via
the E6tvds parameter. This is the main working principle of several experiments performed on ground aiming at testing
the WEP with quantum probes [26,52-60] and of several space experiments in which we will now delve. More details on
the specific experiments will be given in Section 4.
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Fig. 2. Simplified schematics of the typical atom interferometer, which mimics the functioning of an optical Mach-Zehnder setup. An initial =2-pulse
places the atom wave packet in a superposition of two different momenta by momentum transfer, and thus into a spatial superposition of two
different trajectories. Successive additional -pulses act like mirrors allowing to bring the trajectories back together. The trajectories are finally
recombined by a second =2-pulse acting as the final beam-splitter in the Mach-Zehnder interferometer.

Source: Figure adapted from [51].

The panorama of space proposals that have the possibility to test the WEP (or other aspects of the EPP) with
atom interferometry is currently vast. Space experiments, both those in dedicated satellite missions and in missions
exploiting the microgravity environment of existing satellites as the International Space Station (ISS), offer incredible
perspectives for improving ground-based constraints due to the quadratic scaling of atom interferometry sensitivity to
inertial accelerations with the free falling time [61]. Increasing the free-falling time on ground-based experiments comes
with the need for longer atomic paths and at the expense of the control of the experiment. Such a problem is not
present in space-based experiments where the atoms can free-fall inside a satellite which is also in free-fall. This is a
common advantage of the space environment for free-falling experiments. It is thus not surprising that several efforts
have been focused to make atom interferometry technology mature enough for the space environment. The European
Space Agency (ESA) founded the Space Atom Interferometer (SAI) project [62,63], which was aimed at demonstrating the
possibility of applying atom interferometry technologies in space missions and developed a compact, transportable atom
interferometer prototype for space, based on Rubidium-87. The CNES-funded ICE [64] operated an atom interferometer
for inertial sensing in reduced gravity on-board the NOVESPACE Zero-G plane [65]. The DLR-founded QUANTUS developed
preliminary studies for space-borne missions using the ZARM drop-tower in Bremen as microgravity environment from
2004 to 2013 (QUANTUS 1) [66] and from 2013 to 2018 (QUANTUS II) [67]. Later, QUANTUS moved to sounding rocket
experiments with MAIUS (QUANTUS III-1V) [68] bridging the gap between drop-tower experiments and proper space
missions with a first successful launch in 2017. The Atom Interferometry Test of the Weak Equivalence Principle in
Space (Q-WEP) aims at testing the WEP with atom interferometry on board of the ISS, by exploiting the microgravity
environment of the Columbus module [61]. The study, performed between 2012 and 2013, showed the prospect for
tests of the WEP at the level of < 107 using Rubidium-85 and Rubidium-87 isotopes. Also the proposal Quantum
Test of the Equivalence principle and Space Time (QTEST), to be implemented on the ISS with a similar concept to
Q-WEP [69], aimed at bounds of the WEP up to < 10~'>. This would mean to arrive at the same level of the current
MICROSCOPE data but by employing quantum systems and improving the current ground-based record for testing the WEP
violation using atom interferometry [59] by three orders of magnitude.? The first microgravity cold atom experiment on
the ISS is the NASA-founded Cold Atom Laboratory (CAL) [70], which was successfully launched to the ISS in 2018, and
complemented in 2020 by the science module SM3 which will allow for atom interferometry experiments. Furthermore,
the NASA-DLR Bose-Einstein Condensate and Cold Atom Laboratory (BECCAL) [71], a new multi-user facility capable of
performing experiments with Rubidium and Potassium cold atoms and Bose Einstein Condensates (BEC) aboard the ISS,
is expected for launch in 2021 [72].

In addition to experiments performed or proposed for drop-towers, sounding rockets and the ISS, there are also
proposals for atom interferometry in dedicated satellite missions. The Space-Time Explorer and Quantum Equivalence
Principle Space Test (STE-QUEST) [30,73,74] is a proposal to test different aspects of the EEP by employing dual atom
interferometry with Rubidium-85 and Rubidium-87 isotopes cooled down below the critical temperature for Bose-
Einstein condensation (around few nK) and thus operating with degenerate quantum gases. STE-QUEST forecasts the
possibility to constraint the Eétvds parameter to < 10715, The Space Atomic Gravity Explorer (SAGE) [75] mission,
which was proposed in 2016 to ESA in response to a call for “New Ideas”, is based on the use of ultracold Strontium
atoms for atomic clocks and atom interferometry and aims to use atomic interferometry for tests of the WEP. In this

3 It should be noted that, currently, also ground-based experiments are aiming at test beyond ~ 10~" [60].

6
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context we can mention also the GrAnd Unification and Gravity Explorer (GAUGE) [76] proposal, which aims at combining
experiments with macroscopic test-masses and atom interferometry for exploring a wide range of fundamental topics
including measurements of the Edvtds parameter at the level of ~107'8, Finally, the Atomic Experiment for Dark Matter
and Gravity Exploration (AEDGE) [77] and the Search for Anomalous Gravitation using Atomic Sensors (SAGAS) [78]
contemplate atom interferometers on-board with tests of the WEP as one of their aims.

Test of LPI. There are two main ways to test LPI: redshift experiments which test for the spatial dependence of
non-gravitational experiments, and test of the time-constancy of fundamental constants, which test for the temporal
dependencies [10,11,79]. In particular, tests of the constancy of fundamental constants - like the fine structure constant,
the weak interaction constant, and the electron-proton mass ratio - have been performed by looking both at the present
rate of variation and comparing the present value of these constants with that in the distant past. While the former
strategy can be accomplished by comparing highly stable clocks of different kind, the latter requires to infer the values
of fundamental constants by measuring relic signals from distant past processes and comparing them with current
values [11,38].

Gravitational redshift experiments allow to test for spatial dependency violation of LPI. The gravitational redshift
effect epitomizes the relativity of time as described by GR. However, this effect is not a peculiarity of GR, but stems
from the EEP and thus is a feature of all metric theories of gravity. The paradigmatic gravitational redshift experiment
considers the frequency shift between two identical frequency standards, namely clocks, positioned at different
gravitational potentials. Assuming the EEP to be valid, it is not possible to locally distinguish between uniform acceleration
and an external gravitational field. This simple observation is enough to derive the gravitational redshift expression

= = U=c® from the standard Doppler effect formula in the weak-gravity limit of GR [80]. Here, c is the speed of
light and U is the difference in the Newtonian potential between the two standards. If LPI is violated, and in particular
the rate of the clocks is allowed to depend on their locations in the local freely-falling frames instantly at rest with
them, then = = (14 n) U=c? where now p parametrizes the violations of LPI. Several measurements of the
gravitational redshift have been performed since the first series of experiments carried out by Pound, Rebka, and Snider
in 1960-1965 [81-83]. The Gravity Probe A (GPA) mission in 1976, and the successive analysis of the data, casts an upper
bound | | < 1:4 x 10~* [84,85]. This experiment used a hydrogen maser on board a sounding rocket, which reached a
height of 10,000 km and was compared with one on the ground. In 2014, a typical case of serendipity happened when the
Galileo satellites GSAT-0201 and GSAT-0202 of the European Global Navigation Satellite System (GNSS) Galileo, boarding
a hydrogen maser, were unintentionally lunched into eccentric orbits. This allowed to improve over the LPI upper bound
with respect to the GPA mission, furnishing the current strongest upper bound? of | | < 2 x 10~ [86-88].

The next leap in the test of LPI is expected from the proposed mission Atomic Clock Ensemble in Space (ACES) [89,90],
which aims at improving the bound on redshift measurements to around | p| ~ 3 x 1078, ACES is an ESA mission
scheduled to launch in 2021 [91,92] and flown on the Columbus module of the ISS where it will operate highly stable
atomic clocks in microgravity environment [89,90,93]. The ACES payload will include the space Hydrogen maser (SHM)
and the cold Cesium atom clock PHARAO (Projet d’Horloge Atomique par Refroidissement) achieving fractional frequency
stability of ~10715, as well as a microwave link. The latter will ensure accurate time and frequency transfer for direct
clock comparison, both space-to-ground and ground-to-ground. This is a crucial step to overcome the current limitations
in the comparison of ground-based atomic clocks at intercontinental distances, currently exploiting navigation and
communication satellites. ACES will test both LPI and LLIL In particular, it will measure the constancy in time of the fine
structure constant  with a target of ~'d =dt < 10~ !S=year, furnishing a direct test of LPI. Another test of LPI will be
achieved with measurements of gravitational redshift, comparing ACES ultrastable atomic clock with atomic clocks on
ground, with the target of constraining the violation parameter to | p| < 3 x 1075,

Ultrastable optical atomic clocks, combined with high-performance time/frequency links, open the way to accurate
tests of LPI and the panorama of proposals employing them is vast [94]. The proposals for the Space Optical Clock SOC
and I-SOC were submitted in 2005 in response to a call for scientific experiments on the ISS. The former was funded by
ESA in 2006-2009 and followed by the EU-FP7 project SOC2 in 2010-2015. The I-SOC mission [95] is the natural follow up
to ACES and aims at operating an optical clock on the ISS by 2023 with performance improved by a factor of at least one
order of magnitude in both clock and frequency link with respect to ACES [96]. Among the primary scientific objectives,
I-SOC aims at measurements of the gravitational redshift at the level of = ~ 2x 1077, 107% and 2 x 10~* in the Earth,
Sun and Moon fields respectively.

The Einstein Gravity Explorer (EGE) mission [97] proposal was submitted in 2007 to ESA in the framework of ESA’s
Cosmic Vision program. It aims at a measurement of the gravitational redshift at the level of = ~ 2:5 x 1078 in the
Earth field and 107% in that of the Sun, and a measurement of the space and time variability of fundamental constants with
3 x 1078 accuracy. Another proposal submitted in 2007 to ESA in the framework of ESA’s Cosmic Vision program is the
SAGAS [78], which aims at flying highly sensitive atomic sensors on a Solar System escape trajectory. SAGAS envisages
employing a Strontium™ ion atomic clock with a fractional frequency stability of 10~!7 and aims at measuring solar
gravitational redshift at the | | ~ 1072 level. This mission will also constrain the spatial and temporal variations of the
fine structure constant.

4 Notice that there exist also “null” redshift experiments which cast bounds on the modulus of the difference between the parameters ip; of
clocks with different compositions but evolving on the same trajectory [11].
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Fig. 3. Summary of bounds on the WEP and LPI reported in the text. The red dots refer to test of the WEP (left panel) and LPI (right panel) via
gravitational redshift which has been performed. Conversely, the blue dots represent the prospects of the various space proposals considered in the
text.

The STE-QUEST and SAGE proposals will possibly include atomic clocks (the successor of PHARAO in the case of
STE-QUEST) and microwave links for comparison between ground-based clocks in their payloads. STE-QUEST aims to
constraints of p < 107° via redshift measurements in the Sun gravitational field by direct comparison of ground-
based clocks. Moreover, the possible inclusion of the on-board atomic clock would allow STE-QUEST to improve on ACES
prospected constraints by one order of magnitude, arriving at around | | ~ 2 x 1077 for the redshift measurements in
the Earth’s field. SAGE will also include Strontium atomic clocks, for which a fractional frequency stability of 1071 has
been demonstrated [98]. This should allow improving on the results achievable with ACES for the measurement of the
gravitational redshift by several orders of magnitude. An overview of the bounds on p is given in Fig. 3.

Tests of LLI. Tests of LLI are effectively fundamental tests of the modern apparatus of theoretical physics, from special
relativity up to the standard model of particle physics, which are both based on Lorentz symmetry. Quite recently, an
enormous theoretical and experimental effort has been poured in the search for violations of Lorentz Invariance (see
[99-101] and references therein). Quantum gravity is quite relevant here, since several models [102-108] directly or
indirectly imply high-energy violations of Lorentz Invariance, often linked to the assumed discreetness of spacetime.’
The easiest way to characterize Lorentz Invariance Violations (LIV) is via a kinematical framework, namely the Standard
Model Extension (SME) [116], in which Lorentz violating corrections are added to the relativistic particles dispersion
relation formula
. RN A
E2 — 4m? + Czpz + CEPfi(l)pl + C2fi§]_2)plp) + C3%,kp1p1pk; (1)
P

where c is the speed of light, m is the mass of the particle, p' are the components of its momentum, the Planck energy
E» has been factor out, the dimensionless coefficients f() parametrize the LIV, and we used the Einstein’s summation
convention. A dynamical framework for the characterization of LIV is also present. In the SME [116] an effective field
theory approach is employed in order to parametrize all possible Lorentz violating operators emerging in the various
sectors of the SM when Lorentz symmetry is broken. At present a variety of ground-based, astrophysical, and cosmological
observations [100,101,117], as well as theoretical arguments [118,119], have cast stringent constraints on LIV in the matter
sector of the SM. Less stringent constraints are available in the gravitational sector, where a variety of models introduced
violations yet to be proved or disproved. It should be noted that, in this case, LLI is extended to gravitational experiments
- so that the strong equivalence principle is probed - and it is thus intimately related to the validity of Local Lorentz
symmetry [99,100].

Also for tests of LLI space offers interesting possibilities. The data obtained by the MICROSCOPE experiment have been
already used to cast improved constraints on some SME parameters [120] and atomic sensors have been proposed as an
effective way to test LLI in the framework of the SME [94,121-123], thus offering the chance to improve current bounds.
Different type of LLI tests can be performed in this context. Optical clocks can be used to test the independence of the

5 In some quantum gravity models, fundamental spacetime discreteness can coexist with Lorentz symmetry to a certain extent [109-111], which
was also studied from a phenomenological perspective [112-115].
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speed of light ¢ on the velocity of the source and orientation of the light path. Following the notation in [124], these
violations can be easily parametrized using the Robertson-Mansouri-Sexl test theory [125-128] as
c( ;v V2 1 V2o .
( )=1+( - -5+ -— + —sin °+0 V= ; (2)
Co o 2 oy

where V is the velocity of the experiment’s rest frame and the orientation of the light's path both with respect to a
preferred frame where the speed of light is isotropic and equal to cy. Special relativity predicts that the parameters |,
and take the following values: = — = —1=2and = 0. Constraints on these coefficients can come from different
experiments, which can access different combinations of these violation coefficients, and can also be reinterpreted in the
modern language of the SME.

The BOOst Symmetry Test (BOOST) mission [124], which was proposed as a future DLR small satellite mission,
will perform Kennedy-Thorndike experiment [129] type measurements, among others. It will cast constraints on the
independence of the speed of light on the velocity of the source as encoded in ¢ = — — 1. This will be possible by
comparing two highly stable frequency references - an optical cavity and an lodine frequency reference - and will improve
bounds on the LIV parameters of the electron sector of the SME. Also the EGE and the STE-QUEST proposals envisage this
kind of measurements by comparing a highly stable local optical cavity frequency and a ground clock frequency. These
space experiments offer the advantages of a high orbital velocity V and strongly reduced cavity deformations due to
microgravity [130,131]. Both proposals also include a measure of the independence of the Zeeman splitting frequency
between two levels of the atomic species in the clock, in the direction of an applied static magnetic field which is applied
continuously in the clock, namely a Hughes-Drever type experiment [124]. These tests promise to improve constraints on
LLI in the matter sector of the SME. The ACES mission will also measure the propagation delays of electromagnetic signals
between the ISS and clocks on the ground, similarly to what done in [132], thus casting constraints on deviations from
special relativity of the order of c=c < 107'° [93]. Finally, SAGAS envisions an Ives-Stilwell experiment [124], which is
a direct test of time dilation, by measuring the frequency difference between space and ground-based clocks. This kind
of measurement casts constraints on the photon sector of the SME [123], thus testing special relativity and LLI, and it
corresponds to a bound on ;s = 4 1=2in Eq. (2).

2.2. Searches for dark matter and dark energy

Dark matter (DM) [133] and dark energy (DE) [134,135] are arguably among the greatest open problems in cosmology.
Cosmological and astrophysical observations point towards the fact that the SM’s matter fields constitute only around the
5% of the energy-matter content of the Universe, with the 68% being accounted for by dark energy and the remaining 27%
by the so called dark matter. While the existence of dark matter can be currently inferred only via its gravitational effects,
several observations point towards the fact that it could actually be some new form of matter [136], constituting thus
the 84% of the matter content of the Universe.® These observations make the research for DM and DE an interdisciplinary
field lying between cosmology and high-energy physics, and constitute an important share of the research for physics
beyond the SM.

To date, the nature of DM and DE remains elusive. Extensive searches [139] for massive dark matter particles, with
a combination of direct and indirect detection strategies and from astrophysical, cosmological, and high-energy physics
experiments, have not led to the detection of possible candidates in the family of the so-called weakly interacting massive
particles (WIMPs) with masses in the GeV-TeV range. Nonetheless, given the unknown nature of dark matter, many
theoretical proposals for DM candidates have been advanced over the years [133]. In particular, a growing interest is
mounting for light DM candidates with masses smaller than an eV down to less than 10722 eV [140], like axion-like
particles, the Quantum Chromodynamics axion pseudoscalar, or ultra-light bosons and scalar particles suggested by
high-energy physics models [141]. At present, DM searches with mechanical quantum sensors are attracting growing
interest [ 142-148]. The impressive sensitivity reached by optomechanical systems in measuring small displacements and
forces make these devices very appealing to test DM by searching for the tiny accelerations produced by its interaction
with ordinary matter. Recent studies have shown the potential of optomechanical accelerometers to test WIMPs and
ultralight DM [148] (see also the recent white paper [149] and references therein). Moreover, possible applications of
quantum optomechanical experiments for DM searches have been suggested to be performed in space [150]. In addition,
Gravitational Wave (GW) detectors, such as the Laser Interferometer Space Antenna (LISA) [151], can be exploited to
provide insight on DM and DE [152] (see Fig. 4). .

Together with the novel avenues offered by optomechanical systems in the search of DM candidates, atomic sensors
- atom interferometry and atomic clocks - have shown the potential to be key players for the search light candidates
[2,153-155]. This is related to the fact that investigations with atomic sensors connect naturally with the search for EEP
violations discussed in the previous section. Ultra-light DM candidate phenomenology is, in fact, associated with temporal

6 It should be mentioned that alternatives to the particle interpretation of dark matter exist. The major one is the Modified Newtonian
Dynamics [137,138], which was proposed in 1983 [137] and rests on the assumption that gravity is modified at large scales to justify the astrophysical
and cosmological observations attributed to dark matter.
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Fig. 4. Summary of some among the dark matter candidates and their mass (ranges highlighted in blue) compared to the range of parameters
covered by atom interferometry [60] and optomechanical set-ups [148,149], which are highlighted in red and have been proposed to test light DM
candidates. See [141] and references therein for additional details.

Source: Figure adapted from [141].

variation of fundamental constants [156-162] - in particular of the fine structure constant and the electron mass - and
with violations of the WEP [160,163].

Moreover, atom interferometry has been also investigated as a possible probe for dark energy. In several models, DE
is described by modifications of gravity and the introduction of a dynamical ultra-light field - a “fifth force” - that, when
coupled to the SM fields, affect the constancy of fundamental constants. This relates, once again, to searches for violations
of the EEP [164]. In particular, specific theoretical models argue that DE candidates could present a screening mechanism,
suppressing the effects of the fifth-force in high matter-density regions and thus evading tests of the EEP with macroscopic
masses. Among these, the chameleon field [165] and the symmetron [166] have attracted much interest. The potential of
atom interferometry, in this context, has been widely investigated [2,155,167-169,169-171]. In [155], first experimental
results have been reported where a high-vacuum chamber was used to reproduce conditions in which the fifth-force field
should be long-ranged, and thus detectable with the use of microscopic probe masses.’

In the searches for DM and DE, space-based experiments can offer all the advantages previously discussed when dealing
with the EEP and atom interferometry. The QTEST [69], AEDGE [77] and SAGE [60,153,154] proposals fall in this category
and, for the last two, the detection of light DM is one of the primary scientific objectives. AEDGE envisages using atom
interferometry also for probing DE, and the possibility for experiments on the ISS with the NASA-founded experiment
CAL were outlined [172].

2.3. Interface between quantum physics and relativity

General relativity and quantum mechanics are two of the main pillars on which we base our understanding of the
physical world. Quantum mechanics predicts with great accuracy the behaviour of the microscopic world, while general
relativity provides an accurate description of gravity and of the Universe at large length-scales. However, we do not fully
understand what happens when these two theories are combined together despite almost a century of investigation.

Combining quantum mechanics with special relativity was one of the hallmark of 20th century physics with the
development of relativistic Quantum Field Theory (QFT) in flat spacetime. QFT is at present the physical theory with
the most stringently tested predictions in physics, despite being plagued by divergences. While extensions of QFT to

7 For further details on DM and DE searches with atom interferometry, we refer the interested reader to [60] and references therein.
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curved background are possible and have been extensively investigated [173], the gravitodynamics characteristic of GR
is essentially ignored by these attempts. The only known and controllable way to include gravitational effects in QFT is
through a non-renormalizable effective field theory [174-176]or the methods of semiclassical and stochastic gravity [177-
180], and beyond that lies the yet not fully charted territory of quantum gravity (QG). In this context, due to the
century-long attempts to quantize gravity and the lack of a consistent way to do so, part of the scientific community
has also considered the possibility that it is not GR that needs to bend to the rules of quantum physics, but it is quantum
mechanics that must be modified to accommodate GR as a fundamentally classical theory [181]. However, these attempts
have not yet successfully provided a fully consistent theory.

One of the major obstacles in this field of research is the absence of experimental guidance. We know from the famous
COW (Colella, Overhauser and Werner) experiment performed in 1975 that the interaction of a quantum system with a
weak gravitational field, such the one generated by the Earth, produces a phase shift in the wave function as any other
external potential would do [182]. Apart from that, we still do not have experimental evidence on how the curvature
of space-time affects quantum systems or on the gravitational field generated by a system in a quantum superposition,
although several proposals exist [ 183-188]. Two are the major problems faced in order to deliver this kind of experiments.
On the one hand, gravitational forces in the microscopic regime are very small and thus easily spoiled by any other
residual force or source of noise present in the experimental setup [189-191]. On the other hand, velocities and distances
of systems in ground-based experiments are strongly limited. In this context, space can offer a viable option to mitigate
both these problems. Indeed, long free-fall times and the large distances and velocities available in space could provide
the right setting for tests at the interface between quantum physics and relativity.

2.3.1. Relativistic quantum information

The incredible success of quantum information in the second half of the 20th century has led to incredible ad-
vancements in both the fundamental understanding of quantum theory and the development of quantum technologies.
Over the last couple of decades, the novel field of relativistic quantum information (RQI) [192,193] has started to
investigate what happens when quantum information results and protocols are extended into the relativistic domain. In
particular, the study of curved spacetime effects on a quantum systems from an informational perspective has produced
several interesting results: from considerations on entanglement being an observer-dependent concept [194], which can
be degraded by non-inertial motion [195], to those proving that special relativistic effects are relevant for quantum
teleportation protocols [196]. Testing these effects would prove the applicability of quantum information concepts at
the intersection of quantum and relativistic regimes [197]. In this context, experimental setups with entangled photons
between ground and satellites [198-200] have proven the possibility to test entanglement at long distances and could
be used to study the effects of the Earth gravitational field on photons. Proposals to use low Earth orbit satellite such
as the CanX4 and CanX5 CubeSats [201] to realize a refined version of the COW experiment on large distances and
to test post Newtonian effects of gravity have also been presented [195,202,203]. Furthermore, planned space-based
missions to deliver quantum communication protocols at large distances such as the Canadian Quantum Encryption and
Science Satellite (QEYSSat) micro-satellite mission [204], the NASA-founded Deep Space Quantum Link [205] or the SAGE
mission [75] will allow to analyse the effects of the spacetime curvature around the Earth on propagating photons.

2.3.2. Gravitational decoherence

Gravitational decoherence is the loss of coherence of a quantum superposition caused by gravity related effects, and
it is predicted in several theoretical models [206,207]. It can be regarded also as a low-energy effect which does not
require to enter into the domain of quantum gravity, but, at the same time, opens a window on the interface between
quantum physics and gravitation. The term gravitational decoherence, as intended here, actually encompasses several
different mechanisms leading to the loss of coherence in quantum systems. The most straightforward way gravitational
decoherence can ensue is when a quantum system is exposed to the stochastic fluctuations of a classical gravitational field,
namely a stochastic gravitational wave background [208-213]. At the quantum level, all the models, which perturbatively
quantize general relativity, predict the existence of the graviton as a quantum fluctuation of the gravitational field, which
can serve as an additional decoherence channel [214-216]. Gravitational decoherence also arises in models that try to
“gravitise” quantum mechanics, modifying it in order to make it compatible with GR, and that need to introduce “ad hoc”
spacetime stochastic fluctuations to guarantee the consistency of the modified theory with GR principles [217-225]. Even
static gravitational potentials can be responsible for quantum decoherence through dephasing as discussed in [226,227],
or as described by the attempts to make quantum field theory compatible with closed time-like curves like in the Event
Formalism where decoherence induced by the curvature of spacetime is present [228,229].

The study of gravitational decoherence can be of great value for understanding the interplay between quantum
mechanics and GR, and a possible observation would be a groundbreaking result. The advent of new technologies,
from atomic interferometry to optomechanical systems, has the potential to make the observation of gravitational
decoherence feasible in the near future. In this context, the exquisite sensitivity of quantum interferometric experiments
to decoherence sources can be used to infer the small phase-shifts induced by gravitational decoherence. Moreover, space-
based experiments, as already discussed, offer many advantages for performing such experiments. In 2019, the Quantum
Experiments at Space Scale (QUESS) space mission was able to deliver a first test on the decoherence predicted by the
Event Formalism on a photon travelling in the Earth’s gravitational field by performing an interferometric experiment
between the ground station at Ngari in Tibet and the Micius satellite [230]. Current and past proposals for interferometric
experiments in space using massive nanoparticles or cold atoms, like MAQRO [231], STE-QUEST [232] and GAUGE [47],
also include in their scientific objectives the investigation of different models entailing gravitational decoherence effects.
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Fig. 5. Comparison of the frequency range which will be covered by different proposals for space-based GW detectors. LISA, which is highlighted
with the blue line, is the only currently scheduled space-based GW detector. AEDGE, ALIA, ASTROD, BBO, DECIDO, Ares, SAGE, Taiji, TianGO and
TianQin, which are represented with magenta lines, are still at the level of proposals. For comparison we report also the values of the frequency bands
for LIGO, VIRGO and Kamioka Gravitational Wave Detector (KAGRA) [290] with black lines, and for the proposals for ground-based GW detectors
Einstein Telescope (ET) [291] and Cosmic Explorer (CE) [292] with brown lines.

2.4. Space-based gravitational wave detectors

Gravitational waves (GWSs) are curvature deformations of space-time generated by the accelerated motion of massive
objects, as predicted by general relativity [233]. Their direct detection by the Laser Interferometer Gravitational-Wave
Observatory (LIGO) and Virgo collaboration [234] in 2016 marked the beginning of a new and exciting era for observations
of our Universe. This detection was a striking confirmation of Einstein’s theory and, more importantly, provides an entirely
new window of opportunities, from investigations into the physics of black hole and neutron star to new tests of GR and
the observation of low mass sources at low redshift [235,236]. At present, several observations have been confirmed with
sources being the merges of two black holes and binary neutron star inspirals [234,237-244]. Several other potential
cosmological sources have been suggested. They include cosmic strings [245], inflationary scenarios [246-249], warped
extra dimensions [250], and various first-order cosmological phase transitions [251-254].

Processes occurring in early stages of the Universe can produce high-frequency GW, which will be eventually redshifted
as the Universe expands, and are thus expected to be detectable in the sub-Hertz band. This is the frequency interval where
we expect to observe the heaviest and most diverse GW sources [235]. However, this band is outside the capability of
ground-based detectors, which are currently limited to the 10~103 Hz [244]. The low-frequency window below 1Hz is not
accessible to ground-based interferometers due to unavoidable noises, like those caused by seismic density fluctuations
that are increasingly severe at low frequencies [151]. In this context, space-based detectors hold the promise to be able
to cover the sub-Hertz band opening an observational window on the early Universe. In addition, also the sensitivity to
stochastic GW backgrounds should improve at low frequency [255-259]. The observation of such a background could
provide insight into the theory of inflation and the physics beyond the standard model [77,260-269].

At present, there are several proposals for space-based GW detectors, such as the Atomic Experiment for Dark
Matter and Gravity Exploration in Space (AEDGE) [77,270], other proposals based on atom interferometry [271,272], the
Advanced Laser Interferometer Antenna (ALIA) [273,274], the Astrodynamical Space Test of Relativity using Optical Devices
(ASTROD) [275], the Big Bang Observer (BBO) [276-278], the Deci-hertz Interferometer Gravitational wave Observatory
(DECIGO) [278-282], Ares [283], the Space Atomic Gravity Explorer (SAGE) [75], Taiji [284-286] and its extension
forming the LISA-Taiji network [287], TianQin [288], TianGo [289], and finally the Laser Interferometer Space Antenna
(LISA) [235], which is currently scheduled for launch in 2030’s; we will briefly delve into its proposal in the next
subsection. In Fig. 5, we compare the frequency range of all these proposals while in Fig. 6 we report their sensitivities.

2.4.1. Laser Interferometer Space Antenna (LISA)

LISA is envisaged as a space-based GW detector composed of three independent spacecrafts each placed at one
vertex of an approximately equilateral triangle on an orbit far from Earth where the thermal, magnetic, and gravitational
environment are sufficiently stable to eventually detect GW. Each spacecraft contains two test masses and it is forced to
follow them in their geodesic trajectories with sub-g/+/Hz spurious accelerations [235]. The proper distance between the
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Livingston-Virgo-KAGRA (HLVK), Hanford-Livingston-Virgo (HLV), Hanford-Livingston (HL), Hanford-Livingston-Virgo observing run 2 (HLV
(02)) [259].

Source: Figure from [259].

masses in the different spacecrafts will be monitored using optical interferometry over a 2.5 Mkm baseline, forming a
configuration which is expected to be passively stable over the lifetime of the LISA mission, which should comprise 1 yr
of commissioning and calibration, 4 yrs of science operations and 6 yrs of potential extended operations [293].

LISA will conduct the first survey of the millihertz GW sky, with possible sources ranging from white-dwarf binaries
to mergers of massive black holes. Furthermore, among the scientific objectives of LISA there is the direct detection of
a stochastic GW background of cosmological origin and stochastic foregrounds. As mentioned before, measuring such a
background, or placing upper limits on it, would constrain models of the early Universe and particle physics beyond the
standard model [235,249,294].

LISA technical readiness is strongly supported by two previous flight demonstrations: LISA Pathfinder and the Gravity
Recovery And Climate Explorer Follow-On (GRACE-FO) missions [151]. The ESA-led LISA Pathfinder mission (2015-2017)
provides the basis for the predicted acceleration performance of the LISA mission [151]. LISA Pathfinder included a pair of
representative LISA test masses. A first one was used to determine the drag-free geodesic trajectory, while the second was
used to measure the residual acceleration of the primary test mass. GRACE-FO instead includes a laser ranging instrument,
which will be used to determine the inter-satellite distance together with the primary microwave ranging instrument.
First results already show a nanometre accuracy level over a 210 km link [295].

2.5. Quantum foundations

Despite being almost one century old, quantum mechanics continues to puzzle and amaze physicists and philosophers
of science. While the predictive power of the theory is having a huge technological and theoretical impact, there are some
profound interpretational issues with fundamental implications which are at the centre of a heated debate. Among them,
the measurement problem [300], and the related emergence of the classical world we experience from the microscopic
quantum laws of physics [181,301-304], is among the most puzzling ones. As is the case with quantum gravity [305],
in the field of quantum foundations a drastic improvement of the discussion is linked to the possibility of empirically
falsifying models and alternatives to quantum mechanics. Space offers a promising stage for this and other investigations
of fundamental aspects of the quantum world. In this section we detail how space-based experiments can provide the
possibility of testing the predictions of, and possible deviations from, quantum mechanics.
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Fig. 7. Quantum non-locality: In the paradigmatic example of a bipartite system subject to dichotomic measurements. Two observers, Alice and Bob,
are given two black-box devices with dichotomic measurement choices x;y € {0; 1} and dichotomic outcomes of the measurements a; b € {blue; red}.
In any local model, i.e. under the assumptions of Bell's local causality and measurement outcomes that depend on hidden variables, the probability
distribution of the outcomes assumes the form in Eq. (3). It is then trivial to show that such form of the probability density function cannot violate
the celebrated CHSH inequality [308,312]. On the other hand, quantum mechanics predicts the violation of such inequality with entangled states.
These violations have been experimentally observed [308,311].

2.5.1. Predictions of quantum mechanics

Entanglement and non-locality. Quantum entanglement [306,307] is one of the most peculiar traits of quantum mechanics.
In turn, one of the most intriguing aspects of entanglement is quantum non-locality [307], i.e. the fact that quantum
correlations can violate classical probability’s inequalities respected by all models satisfying basic locality and causality
assumptions. This aspect of the quantum formalism has had a tremendous impact on the entirety of quantum physics.
On the one hand, it helped to reshape the understanding of the quantum formalism. On the other hand, it had a great
impact at the technological level, where it opened the way to the second quantum revolution. While the two concepts
are not equivalent - non-locality requires entanglement but not the other way around [308] - they both represent the
basic building blocks of important quantum technologies, from quantum key distribution (QKD) to quantum computation.
Some of these technological applications will be discussed in Section 3 when relevant for space; here we focus on the
fundamental aspects that can be investigated with quantum technologies in space. In the following discussion we will
focus on the simple case of bipartite quantum systems for which the theory of entanglement and non-locality is fairly
well understood and many results have been formulated. For more details, we refer the interested reader to specialized
reviews [307-310] and references therein.

In order to grasp the significance of non-locality, let us consider the paradigmatic set-up that sees two spacelike
separated observers, Alice and Bob, each with access to one part of a bipartite quantum system. Alice and Bob can locally
measure their subsystem by choosing a measurement set-up, x for Alice and y for Bob, and obtain an outcome a and
b respectively, see Fig. 7. Any local hidden-variable model essentially assumes the existence of a set of past factors
with joint causal influence on the two outcomes a and b and that completely takes into account their correlations. This is
tantamount to assuming that the outcome obtained by Alice cannot have any direct influence on that of Bob, in accordance
with Einstein’s causality. This is known as Bell locality. It implies that the joint conditional probability p(a; b|x;y) of the
outcomes given the Zchoice of measurements takes the form [308]

pla;blx;y) = d q( )p(al ;x)p(b| ;¥); (3)

where q( ) is the probability distribution characterizing the hidden variables, which can be in principle stochastic, while
p(al ;x)and p(b| ;y) are the conditional probabilities of the outcomes given the measurement and the hidden variables
configuration. It is possible to derive inequalities that need to be satisfied by any local hidden-variable model. These are
known as Bell’s inequalities and can be violated in quantum mechanics. These violations - often referred to as quantum
non-locality — have been observed in an impressive series of works, see for instance [311] and references therein for an
overview on the subject.

From the first verification in the '70s [313-316], the history of Bell’s inequalities violations (BIV) is one of theoretical
investigations, technological applications, and subsequent experiments aimed at solving various loopholes in their
detection and interpretation [308,311,317]. In particular, the locality loophole [303], i.e. the fact that Alice and Bob
should be spacelike separated so that the choice of measurements cannot influence one another, was first closed after the
’80s [318,319]. On the other hand, the detection loophole [320,321], which is related to the inefficiencies of detectors, was
closed in both photon and atomic experiments in [322-325]. In 2015, three different experiments [326-328] were finally
able to close the previous two-loopholes together, a result with important fundamental as well as applied implications.8

Several possibilities of employing satellite configurations for testing quantum nonlocality and entanglement at long
distance have been considered in the past [197]. Current technological advancement in this direction is progressing

8 Let us remark that there are also other loopholes considered in the literature of BIV, see for example [308,311].
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Fig. 8. Idealized Mach-Zehnder interferometer. Upper panel: standard configurations where the two laser path are recombined in a beam-splitter BS,
before being detected. Lower panel: the delayed-choice version of the experiment where the second beam-splitter is removed after the photon has
passed through the first one. On the right, the corresponding counting probabilities on the two detectors D; and D, as a function of the phase-shift
”. The difference in the counting of the detectors in the two cases leads to the conclusion that the photons behave as a particle or wave depending
on the presence of BS,.

at a fast pace [5,6,204,205] and the impact on the future of quantum communication cannot be overstated. Quantum
mechanics does not predict any bound on the distance between two entangled systems so that BIV are expected also when
Alice and Bob are far away. In this context, space offers the possibility to probe these predictions of quantum mechanics
at larger and larger distances and in a regime in which special and general relativistic effects may come into play. Indeed,
in ground-based experiments the distance between Alice and Bob cannot be greater than few hundred kilometres? due
to either losses in fibre experiments or the Earth curvature for free-space propagation experiments. Both these issues can
be overcome by moving experiments to space. In 2017, the QUESS mission of the Chinese Academy of Sciences used the
satellite Micius for demonstrating satellite-mediated entanglement distribution and BIV between locations on Earth more
than 1200 km apart [5,6].

Several other projects allowing to test BIV and quantum mechanical entanglement at large scales are been planned
at the national and international level, driven mostly by the alluring possibility of a global quantum internet and long
distance quantum communication and cryptography, which are topics we will cover in Section 3. Examples are the
Canadian QEYSSat micro-satellite mission expected for 2022 [204] and the NASA’s Deep Space Quantum Link (DSQL),
which will employ the Lunar Orbital Platform-Gateway - a space station orbiting the moon - to establish a quantum link
with ground stations which will allow testing BIV [205] in conditions in which the spacetime curvature is expected to
play a role. The SAGE mission proposal includes among its main scientific objectives the test of BIV with two satellites at a
distance between 5000 and 30000 km playing the role of Alice and Bob. At these distances, special and general relativistic
effects are expected to be relevant.

Finally, it should be mentioned that the experimental investigation of BIV represents a very good example of a
fundamental problem in theoretical physics, born out of an academic debate on the meaning of quantum theory,
which had profound repercussions on applied physics and technologies. This problem has been tackled by the physics
community from several different angles employing photonic setups (as already discussed), atomic [330] and, more
recently, optomechanical setups [331]. In this respect, BIV are an excellent example of the success of a multidisciplinary
approach to a fundamental problem and of the far-reaching implications that fundamental studies can entail.

Delayed choice. One of the most intriguing feature of quantum mechanics is that quantum objects may possess properties
that are equally real, but mutually exclusive, as illustrated by Bohr’s complementary principle [332].

The most iconic example is represented by the wave-particle duality, which can be exhibited by a photon in a Mach-
Zehnder interferometer, as schematically depicted in Fig. 8. If the paths through the interferometer are recombined in a
beam-splitter, the probability for a photon to exit at one of the detectors only depends on the phase difference between
the two arms. If no information about which path the photon has followed is acquired, a wave-like interference pattern
is observed after recording many particle detection events. On the other hand, if we remove the second beam-splitter,
the probability of a photon to exit at one of the detectors depends on which path the photon took, and no interference
will occur. In this case, the particle behaviour of each photon becomes apparent.

9 In [329] BIV were observed at distance of 144 km closing the locality loophole together with the so-called freedom-of-choice one.
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Following classical common sense, we would be forced to think that in the first case the photon must have entered the
Mach-Zehnder as a wave, while in the second case as a particle, leading to the conclusion that the act of the measurement
at the end of the protocol is changing the behaviour of the photon at the entrance of the device. This was a central
aspect on the debate between Bohr and Einstein on the interpretation of mathematical entities in quantum theory, which
culminated in the Einstein-Podolsky-Rosen paradox in 1935 [333] and later guided Bell to his famous theorem on local
causality in 1964 [334].

In the 1970s, Wheeler wanted to push the idea of complementarity further [335,336], posing the question of what
happens if in a double slit experiment the choice of including or not a second beam splitter is taken after the photon
passed through the first beam splitter. Could it be possible for the photon to change from a wave to a particle if the second
beam splitter is removed? In a modern language, this is equivalent to asking whether the choice of measurement can alter
states that are spatially-separated. Obviously if this were possible, as predicted by quantum mechanics, and the change
of the states constitutes a real physical change carrying information, we would have an apparent violation of relativistic
causality. This line of reasoning led Wheeler to embrace Einstein’s view that the wave function cannot be a physical entity,
but only a mathematical object representing the knowledge about a physical system. After the successful performance of
the experiment proposed by Wheeler [337], which confirmed the correctness of quantum mechanical predictions in this
context, the interest in delayed-choice type experiments has never vanished and several realizations of such experiments
have been developed during the years [338-341]. The culmination of these experiments was reached with the impressive
result by Vedovato at al. [198], which consisted in a Wheeler delayed-choice experiment over a distance of 3500 km by
exploiting the temporal degree of freedom of photons reflected by a rapidly moving satellite in orbit. This confirmed once
more the wave-particle duality at unprecedented distances, opening the way for novel applications of quantum mechanics
in space.

2.5.2. Deviations from quantum mechanics: collapse models

The measurement problem is one of the main open questions in quantum theory. It stems directly from the contrast
between the linear and deterministic evolution of the Schrodinger equation and the necessity of a non-linear and stochas-
tic description of the measurement process. Furthermore, quantum theory allows for superpositions of macroscopically
distinct states even if that seems to be in distinct disagreement with our everyday experience of the macroscopic world.
Although it is commonly believed that environmental decoherence can account for the apparent classical behaviour at
the macroscopic level, it should be pointed out that decoherence does not solve the measurement problem [342]. Other
models tackle this problem by requiring a failure of the quantum superposition principle in the macroscopic regime and
the collapse of the wavefunction during a measurement. Among them, the most widely studied are the so called collapse
models [343,344], which have the unique feature of being experimentally testable. Examples of such models are the
Ghirardi-Rimini-Weber (GRW) model [345], the Continuous Spontaneous Localization (CSL) model [346,347], and the
gravity-induced collapse models such as the Diosi-Penrose (DP) model [181,348,349].

Ghirardi-Rimini-Weber model. The Ghirardi-Rimini-Weber (GRW) model was the first proposed consistent collapse
model [345]. Its underlying idea is that each particle of a composite system independently undergoes a spontaneous
collapse process that localizes the wave function in space. This process is stochastic in time and space independently. It
follows a Poissonian distribution in time with a rate , and between two consequent collapses the dynamics of the system
is described by the standard Schrddinger equation. The probability density in space for having a collapse in xo is given by
Pi(x) = f(o io , where j(o = Lﬁ(o | ), with | ) denoting the multi-particle wave function and

L, = ( rd)eramor=re; (4)

is the localization, or collapse, operator at the position xo. Here, g; is the position operator of the ith particle and rc is the
characteristic length of the localization. The collapse process is then described through the following expression

| )= = (5)
xol %

whose form underlines the non-linearity of the collapse process. The action of the GRW mechanism depends on the
two parameters and rc just introduced. These are phenomenological parameters which should be eventually fixed by
experiments. Originally, the value of = 107'®s~! was theoretically proposed [345]; later, Adler considered a stronger
value of = 1078*2 Hz as more adequate [350]. The value rc = 1077 m has instead met a stronger consensus, since
it denotes a length-scale dividing the quantum microscopic world from the classical macroscopic one. Although being
a very simple model, GRW satisfies the requirements for a well-defined collapse model. In particular, it embodies an
amplification mechanism for which the larger the system is the stronger is the collapse becomes. Such a mechanism is
fundamental for describing the collapse of more macroscopic systems. Indeed, by averaging over the relative degrees of
freedom, it turns out that the effective collapse rate . for the centre-of-mass wavefunction is given by .z = N , where
N is the number of particles of the system. Thus, larger macroscopic systems collapse faster and more efficiently, while
the collapse on microscopic system is essentially negligible [343,344].
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The GRW model predicts a violation of the energy conservation, with a rate of h2:4m0r§ for a free particle, where
mg is the mass of a nucleon. Such tiny violations can be avoided by considering an energy conserving extension of the
model [351]. Moreover, while the GRW model does not apply to identical particles, a suitable extension to comprise them
was proposed in [352]. Finally, we recall that the model is constructed in a non-relativistic setting, while the possibilities
to extend it to the relativistic case were investigated in [353,354].

Continuous Spontaneous Localization model. The Continuous Spontaneous Localization (CSL) model [346,347] can be
considered the natural extension of the GRW model when the collapse process occurs continuously in time and, since it
is formulated in the second quantized formalism, it can be straightforwardly applied to identical particles. The modified
Schodinger equation reads [3432]

. Z VA
1~ A~ ~ A~
dl )= _EHdt +v A N(x)dW,(x) — o dx  dyg(x — yINe(X)Ne(y)dt | ¢); (6)
A R °
with N(x) = M(x) — (|M(x)| ; denoting a non-linear operator where
. xX X
M(x)=  m a0 s)ix;s); (7)

] N

is the mass density operator with @;(y; s) denoting the annihilation operator of a particle of type j, mass m;, and spin s at
the position y. Here, mg is the mass of a nucleon, H is the Hamiltonian generating the standard Schrédinger evolution and
W:(x) is a Wiener process defined by zero average and E[dW;(x)dW,(y)] = g(x—y)dt, where E[ - ] denotes the average over
the stochastic process. The spatial correlation of the noise is chosen as g(x—y) = e~ %4 The parameters and r¢ have
the same meaning as in the GRW model and, since the CSL model reduces to GRW for a single particle, also the theoretical
proposals for their values are the same. The choice M(x) of the collapse operator ensures the localization in position basis
as well as the amplification mechanism, which is underlined by the proportionality of M(x) on the mass of the particles
undergoing the collapse. Similarly to the GRW model, a dissipative extension of the CSL model was developed [355,356],
while there is no satisfactory extension of the CSL model to the relativistic regime [357]. Moreover, several studies
[358-363] were performed when the white noise W;(x) is substituted by a coloured one, which is characterized by a
suitable time-correlation function.

Connection to gravity. A possible connection of collapse models with gravity has been often discussed [181,206,348,
349,364-366]. There are two main motivations for this connection. First, all the other fundamental forces apart from
gravity have been quantized and thus cannot provide the correct coupling needed for the non-linear collapse. Second, the
requirement of an amplification mechanism suggests that the collapse should scale with the mass of the system, as in the
CSL model. It is then natural to chose the mass density as the collapse operator and gravity as a well-motivated source
of quantum collapse.

Different models were proposed to implement this idea. Diosi formulated a collapse model with the same structure as
in Eq. (6) where the spatial correlation of the noise is related to the Newtonian potential g(x —y) = 1=|x — y| and the CSL
coupling =mj is substituted by G=h, where G is the universal gravitational constant [348,349]. For Penrose [181], a spatial
superposition of a massive system implies a superposition of spacetimes with a consequent ill-defined time-translation
operator which reflects an uncertainty in energy [364]. As a consequence, these superpositions are suppressed with a
characteristic time coinciding with that predicted by the Diosi model. These two proposals are commonly known as
forming the Diosi-Penrose (DP) model which, in turn, can be considered to be a particular instance of a broader class
of models [220-223,225,367,368]. Adler suggested that the collapse mechanism could be driven by complex stochastic
fluctuations of the spacetime metric g [365]. Based on this idea, a fully consistent non-Markovian collapse model has
been then developed in [366]. In particular, in the Markovian limit, such a model can be reduced to the CSL one with a
correlation length rc and a collapse strength parametrized by

Experimental tests. The most direct and natural tests of collapse models are those based on the generation and probe of
a massive superposition. Among them, experiments generating superpositions of electrons [379,380], atoms [381] and
molecules [361,372,373,382] by now confirmed the validity of quantum mechanics up to masses of 2:5 x 10*amu and
thus impose first important bounds on the parameters of collapse models. Yet, these results are orders of magnitude
weaker than those obtained by the non-interferometric class of experiments [383]. With reference to optomechanical
systems [369,374,384-387] (see also discussion in Sections 3 and 4) the collapse acts on the mechanical system as
a noise, whose strength is determined by the specific parameters of the model. An alternative way to determine the
character of the noise is to search for a possible collapse induced heating of the internal degrees of freedom of bulk
materials [363,388,389], or an enhanced expansion of a cold atom cloud [378]. Additionally, if a noise acts on an
electrically charged particle, there will be a spontaneous radiation emission which can be monitored to further test
collapse models [371,376]. The collapse dynamics will also impact on the spectrum of primordial perturbations, which
can be observed through cosmological observations [390-394]. The state-of-art exclusion plots for the parameters of CSL
are reported in Fig. 9, while those for the DP and Adler’s model are shown in Fig. 10. It should be noted that the results
of interferometric experiments are robust against possible modifications of the collapse process, like in coloured and
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Fig. 10. (Left panel) Exclusion plot for the DP model, which is characterized by the correlation length Ry. The coloured lines identify the values of Ry
that have been excluded. Experimental bounds: Blue line from LISA Pathfinder data [374,375], red line from the blackbody emission of Neptune [363],
blue line from X-rays measurements [376]. (Right panel) Exclusion plot for the gravity induced collapse model proposed by Adler [365] and developed
in Ref. [366]. The model is characterized by the collapse strength and correlation length rc or equivalently time ¢ = rc=c. Experimental bounds:
orange area (LISA) from LISA Pathfinder data [369], blue area (X-rays) from X-rays measurements [377], purple area (Cold atoms) from cold atom
analysis [378]. Theoretical lower bound: green area (Macro) from localization of macroscopic objects [361,372]. As a reference, the dashed grey line
quantifies the magnitude of the first observed gravitational wave in LIGO [234]..

Source: Figure in the right panel from [366].

dissipative [355,364] extensions. For these extensions, some of the bounds from non-interferometric experiments can in
fact be evaded [356,362].
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Implementing tests of the validity of quantum mechanics at macroscopic scales in space would avoid some of the
limitations plaguing current ground-based experiments [395]. Experiments performed in space could benefit from a
microgravity environment and long observation times that would allow to achieve high levels of precision. A microgravity
environment is not strictly required for some types of non-interferometric experiments, but it would be beneficial in order
to avoid vibrations from masking potential effects resulting from collapse mechanisms. On the other hand, a free-falling
system is a fundamental aspect of interferometric experiments; using near-field interferometry [396-398], as in state-of-
art experiments, tests with masses of 106 amu would require a free-fall time of around 15 to form an interference pattern.
Such free-fall times can, in principle, be achieved in ground-based experiments [373,397,399]. However, for larger masses
significantly longer free-fall times are necessary, which makes space particularly attractive for experiments employing
massive objects. MAcroscopic Quantum ResOnator (MAQRO) [8,400-404] is a proposal for a scientific, medium-size space
mission that is fully dedicated to testing quantum physics of massive nanospheres, with a precision that allows testing
for possible deviations from the predictions of quantum mechanics in a yet uncharted parameter regime. MAQRO aims
at performing interferometric experiments with masses up to around 10'° amu by exploiting the favourable conditions
provided by space. As a result, it could provide strong experimental bounds for theoretical modifications of quantum
theory. In particular, MAQRO plans to provide a platform for quantum experiments at cryogenic temperatures lower than
20K, extremely low vacuum pressures <10~'> Pa, and a microgravity environment <1072 g. These conditions would allow
matter-wave interferometry with free-fall times on the order of 100's and test-masses ranging from 10® amu (30 nm radius
for fused silica spheres) to 10!' amu (150 nm radius with Hafnium dioxide spheres) [8,404]. The ESA’s Concurrent Design
Facility (CDF) study of the mission [231], which subsequently identified the possible space mission as the Quantum Physics
Payload platForm (QPPF), has highlighted that such experiments are feasible in principle, but that existing technology
limits the achievable vacuum to ~10~"! Pa. This limits the maximum mass of test particles to about 5 x 10° amu. MAQRO
and QPPF will be further discussed in Section 4.

3. Applications of quantum technologies in space

The same advantages space offers for fundamental tests also make it attractive for applied purposes. The long lines of
sight and the low losses of free-space optical transmission in space, compared with the losses in fibre or the free-space
transmission through the atmosphere, are the driving motivations for satellite quantum key distribution (QDK) and long-
term applications beyond QKD, like entanglement distribution and the quantum internet [405]. In this quest, the vantage
point from low Earth orbits (LEOs) — generally at an altitude between 160 and 1000 km - is valuable for remote sensing and
remote observation, as for example for Earth observation. Other orbits (see Fig. 11) are useful in alternative applications.
For example, geostationary orbits (GEOs) - at an altitude of 35,786 km - are useful for meteorological analysis over specific
areas and telecommunications where ground stations can establish continuous links with the satellite. In particular, as
little as three equally-spaced satellites in GEO are required to establish near global coverage. Satellites in medium Earth
orbit (MEO) are anywhere between LEO and GEO, and a constellation of such satellites is generally used to provide global
navigation communications. Finally, a Sun-synchronous orbit (SSO) - generally at an altitude of between 500 to 800 km -
ensures the same region on Earth is observed at the same local time, which is valuable for monitoring changes at ground
or atmospheric level.

The development of quantum sensors may bring many benefits to existing markets, and these developments may
open up new avenues of exploration. As a relevant example, space-based quantum clocks allow for the distribution and
synchronization of timing information and promise performance upgrades of existing global navigation satellite systems
(GNSS). These clocks also enable distributed quantum information processing such as faster algorithmic processing of data
through distributed quantum computing [406].

In this section, we review the applications of space quantum technology and the benefits and features that quantum
technologies may bring.

3.1. Quantum communication

Satellite-based quantum communications were proposed in the late 1990s as a solution to long-distance quantum
secured links [407]. Indeed, exponential losses in optical fibres constrain the range of quantum channels. Quantum
repeaters can extend this range by segmenting the channel into separate links [408-411], which can be generalized to
arbitrary quantum networks providing efficient routing of entanglement [412]. The use of quantum memories at each node
can then also improve entanglement distribution rates to sub-exponential scaling with total distance [413], but remains
sub-optimal for global networking. However, deterministic correction of errors requires small inter-node distances, which
places deployment difficulties [414]. Finally, terrestrial free-space transmission can extend the range of quantum links,
but it suffers from losses due to long atmospheric path length and is restricted by the curvature of the Earth.!?

In this context, the use of space-based segments provides the most promising route to global scale-up of quantum
networks [416]. Optical signals can propagate almost indefinitely in space, suffering negligible absorption in high vacuum.

10 54 far, the longest terrestrial free-space quantum link is 144 km between two mountains in the Canary Islands, which were chosen to establish
line of sight and to reduce the optical depth of the atmosphere [415].
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Fig. 11. Figure A shows typical orbits around Earth, defined by the distance from Earth and the orbit cycle time. The use of quantum technologies in
space can enhance ground based applications such as navigation, positioning, or providing greater coverage of communications including encrypted
data transfer. Figure C shows orbits much further away from Earth than shown in Figure A; the Lagrange points are labelled (not to scale). These are
positions in space where objects will stay relatively fixed because the gravitational pull of two large masses precisely equals the centripetal force
required for a small object to move with them. These points in space can be used by spacecraft to reduce fuel consumption needed to remain in
position. The L2 Lagrange point is recommended for the MAQRO mission because of the high thermal stability, low gravitational gradients, reasonable
communication bandwidth, and the feasibility of excellent microgravity conditions.

The main reduction in transmission is due to diffractive spreading of a beam as it freely propagates. Such a reduction
in intensity follows an inverse square law beyond the near field regime, which is exponentially better to what can be
achieved in fibres [417].

Satellite-based quantum communications also have their own unique challenges. Integrating space segments with
terrestrial networks may generate further losses. For an Earth-space link, the beam needs to traverse the atmosphere and
hence suffers losses due to absorption, scattering and turbulence-induced beam wander, but these losses are independent
of the total range being confined mostly to the lower few kilometres of the atmosphere [418].

3.1.1. Quantum key distribution

The goal of a QKD protocols is to privately share a secure random encryption key between two remote trusted
parties [405,419-422]. Upon successful realization of the protocol, the security of the shared key is guaranteed by the
fundamental principles of quantum physics. Access to a link granting such level of security and integrity is an important
asset to critical infrastructure providers, governmental, military and corporate sectors [423,424]. A QKD link can be used
for protection of data backup, continuity processes, transactions, as well as for securing network infrastructure, systems
of supervision and control.

While sharing a common goal, there is a variety of approaches to how exactly the QKD protocol can be implemented,
differing in preparation techniques, encoding, measurement types and assumptions made regarding used equipment, to
name a few. The QKD protocols can be divided into two main families, namely discrete-, and continuous-variable, DV
and CV respectively. The former make use of quantum systems defined on finite-dimensional Hilbert spaces and encode
key bits onto discrete degrees of freedom of a carrier system [420], ideally a single photon, and employ single-photon
avalanche diode (SPAD) or superconducting nanowire single-photon detector (SNSPD) for measurements. The well-known
representative of the DV family is the seminal BB84 protocol that operates with polarization qubits [425]. On the other
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Source: Figure adapted from [433].

hand, CV QKD protocols use quantum systems described on infinite-dimensional Hilbert spaces, and encode the key bits
onto continuous observables of the light field, such as the quadratures of generally multiphoton Gaussian coherent or
squeezed states [426,427], measured on homodyne or heterodyne detector using positive-intrinsic-negative (PIN) diodes.

Both families can be further divided with respect to the realization scheme, be it prepare-and-measure or
entanglement-based. The former is designed for the sender to prepare an optical signal and actively alter its state according
to the prescribed key mapping. In the entanglement-based scheme instead, the trusted parties share an entangled state
and conduct independent measurements on a received subsystem obtaining knowledge about the state of a remote
subsystem. Regardless of the preparation, the secure key stems from the correlated data on both sides that is processed
- typically one-way - using authenticated classical communication. A short summary of implementation and commercial
aspects of different protocols is shown in Fig. 12.

The most straightforward satellite QKD link configuration is for satellite to act as a trusted node. The satellite assumes
the role of one of the trusted parties in a prepare-and-measure QKD protocol and establishes independent secure keys
with individual ground stations. The satellite stores all the keys and, upon request for connection between two ground
stations, it broadcasts a bit-wise parity of keys established with respective stations. Given that both keys are independent
secret strings, and their bit-parity is a uniformly random binary sequence, the announcement of the latter does not reveal
any actual information to unauthorized third parties. On the other hand, the key stored at the ground station and the
broadcast sequence are sufficient to infer the key stored at another station [428].

Depending on the role assumed by the satellite, the connection can be established as an uplink or downlink [434],
see Fig. 13. In the former, the ground station prepares and sends quantum signals to the overflying receiver (also
referred to as ground-to-space link), while in the latter the quantum signals are prepared and sent from the satellite
to the ground station (space-to-ground link). The main difference between uplink and downlink is the amount of
atmospheric attenuation. In the uplink scenario, the atmospheric effects (occurring in the troposphere and lower parts
of the stratosphere) such as absorption, scattering, and scintillation contribute to beam spot spreading, deformation and
wandering which at higher altitudes are enforced due to further diffraction-induced spreading [418]. In the downlink
scenario, the beam first travels through the vacuum enduring only diffraction-induced spreading and the atmospheric
influence occurs only at the very end of the path resulting in lower overall signal loss. Thus, one can expect 10 — 20dB
of additional loss at near-infrared (near-IR) wavelengths in the uplink compared to the downlink under the same
conditions [435,436]. The downlink can also be simulated using powerful light sources at the ground station and
retroreflectors on the satellite. The mean photon number of the light pulses emitted from the ground station is scaled [437]
according to the uplink channel transmittivity so that the mean photon number of the pulse reflected (and modulated)
from the satellite is one or less, i.e. in accordance with requirements for the source of the decoy-state QKD protocol [438].

Naturally, the trusted party at ground stations will be flexible and can upgrade or replace components, while the
hardware configuration at satellites must be space-qualified and will not be adapted or changed after the launch. This
flexibility is especially important for continuous security maintenance of the prepare-and-measure protocol setup and
prevention of potential side channel attacks. More specifically, theoretical models used for security analysis may not
necessarily faithfully describe actual equipment used in a practical QKD setup, thus opening side channels and loopholes
in security that can be exploited by a malicious third party. Moreover, active attacks aim to intervene and temper with
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Fig. 13. An example of QKD network with various ground (free-space, fibre) and satellite (uplink, downlink) based links allowing to establish a
secure key between any pair of trusted nodes.

the operation of QKD setups creating new vulnerabilities and side channels. Closing loopholes and the protection of the
operation require suitable countermeasures. In the best case scenario, these imply improving the models and adapting
the security proofs and/or post-processing, all of which would require the modification of the software component of
the implementation. Some of the issues can only (or more efficiently) be fixed by modifying or introducing additional
physical components to the setup. Examples of two distinct solutions to the same security threat, posed by the photon-
number-splitting attack on multiphoton signal pulses in QKD protocols as BB84 [439], are the introduction of decoy
states that can directly detect such an attack [438], and the SARG04 modification of data processing at the cost of a
reduced performance of the protocol [440]. Furthermore, active attacks such as Trojan-horse [441], faked-state [442],
detector efficiency mismatch [443], wavelength-dependency [444], and many more can be prevented hardware-wise,
by adjusting the design of the protocol’s setup, including additional isolators, filters and detectors, and monitoring the
nominal performance. However, as already noted, the hardware on the QKD satellite node cannot be updated upon
deployment, which leaves the protocol vulnerable to potential novel attacks. Even the viability for future software update
can potentially leave the backdoor to the system and compromise the protocol. On the other hand, conducting an active
attack requires precise targeting of distant and moving satellite-based trusted station and presents a significant challenge
for an adversary with today’s technology [445,446]. Besides, trusted stations can verify absence of complex devices within
the direct line of sight between them [447].

If the trusted parties employ entanglement-based QKD protocols [448,449], the requirement to trust the satellite
node can be alleviated. In such configuration, the trusted parties reside at ground stations, while the satellite carries
a source of entangled states and establishes a double downlink with the respective stations. Upon successful collection
and measurement of both entangled subsystems, the measurement results at the two ends of the communication link
will be correlated. In the BBM92 DV QKD protocol [449], the sequence of such symmetrical measurements forms a sifted
key that, similarly to the one in the prepare-and-measure BB84 protocol [439], can be distilled and corrected from errors,
thus resulting in a secure key. The security of the key is based on the inevitable appearance of errors in the raw key if an
unauthorized party tries to become entangled to the signal entangled system. In the case of the E91 protocol [448], the
security stems from the violation of Bell inequalities. This forces trusted parties to measure in more polarization bases.
However, upon successful maximal violation of the inequality Alice and Bob are confident there were no eavesdropping.
This is the security foundation for device-independent (DI) QKD protocols, as well. Such protocols make no assumptions
regarding used equipment, thus eliminating all possible side channels, and only test classical inputs (measurement basis)
and outputs (measurement results) of the protocol to verify randomness and integrity of shared binary strings. The
implementation of DI QKD protocols is challenging and imposes strict requirements to detection efficiencies to close
the detection loophole [422].

Alternatively, measurement-device-independent QKD protocols lift trust assumptions regarding the detection devices
only [450-452]. This is achieved by delegating the Bell measurement to a third party, with the trusted parties preparing
and sending the states, but not receiving any. This corresponds to a double uplink with satellite carrying Bell-measurement
station and acting as an untrusted node. The announcement of Bell measurement results and consequent post-selection
allows to create strong correlations between data sets of remote trusted parties. Combining the protocol with decoy-state
method circumvents the multi-photon emission issue of weak coherent sources [453,454]. The main challenges of the
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implementation are the synchronization of the signals in both uplinks (see Section 3.1.3), the correction of the Doppler
effect due to different apparent velocities of the satellite seen by the two ground stations, and the propagation losses in
the links.

Another practical concern for satellite-based QKD is link availability. Aside from weather dependence [436], a foremost
factor is orbital altitude of the satellite, either Low Earth Orbit (LEO), Medium Earth Orbit (MEQ), or Geostationary Orbit
(GEO). LEO is the most common orbit up-to-date due to its proximity to the surface which implies lower diffraction
induced losses, lower exposure to ionizing radiation from the Sun, as well as lower launch cost than for orbits of higher
altitudes. The downsides of LEO are high satellite speed relative to the ground station, limited line-of-sight window during
a flyover and smaller geographical coverage. The first presents a challenge for accurate and fast pointing systems, the
second prevents continuous communication and allows to distribute keys only once every one or two hours for a few
minutes when the satellite is above 10 degrees of elevation above the horizon [423,455], and the third reduces the reach of
distribution of entangled states. Reaching MEO would support a significantly longer communication window [456], while
the satellite at GEO would be permanently accessible. However, increasing the altitude also increases the channel loss and
exposure to ionizing radiation. Crucially, it also decreases eclipse fraction of the total orbital period [456], which curtails
link access time with minimal background radiation that can be five orders of magnitude lower than the one during
day-time operation [457,458]. Presence of scattered sunlight has confined current QKD tests to night-time operation
only, and day-and-night link availability will require advanced acquisition, tracking and pointing systems, filtering, as
well as precise temporal synchronization [200]. CV QKD protocols can be potentially operated during the day due to
reliance on coherent detection during which the signal is matched with narrow-band local oscillator that serves as a
phase reference for the signal and can efficiently filter out background radiation [459]. However, CV QKD protocols
(as well as some DV encoding, such as orbital angular momentum [460]) are sensitive to turbulent fluctuations of the
refractive index within the air mass [461]. Such fluctuations induce untrusted excess noise, proportional to the size of the
encoding alphabet and the variance of channel transmittance fluctuations [462], and bound the range of atmospheric
conditions and zenith angles that support secure key distribution. Sub-channel post-selection and data clusterization
have been suggested to suppress fading noise influence [462,463]. Furthermore, squeezed states can provide substantial
improvement to the performance of the protocol, although they require optimization in accordance with the shape of
transmittance distribution profile [464]. The latter requires accurate channel estimation [463], which also allows for noise
suppression via adaptive optics [465] or beam-spot size optimization [466]. Overall, feasibility studies show considerable
challenges in satellite-based CV QKD [467-472], yet do not present fundamental limits for its realization. Modelling of
satellite link transmissivity provides an opportunity for preemptive optimization of protocol parameters, but must account
for altitude-dependent atmospheric conditions, geographical position of the observer, variations of the slant range and
refraction within communication window, etc. [418]. Lastly, other relevant effects for all long-range space-based QKD
protocols include space-time curvature [473] and gravity [474].

Another point to stress is that the communication time availability determines the raw data block size that can be
accumulated and, consequently, the length of the key. Furthermore, the size of the block influences the confidence
intervals on estimated security parameters with given composite probability of protocol failure that encapsulates
probabilities of successful error correction, parameter estimation, privacy amplification, etc. In other words, the longer
time the communication link was established for, the more confident trusted parties can be that actual values of security
parameters do not significantly deviate from their most probable values, and therefore that the lower bound on the key
rate is correctly assessed [475]. Various approaches have been developed to ensure correct evaluation of the smooth min-
entropy bounds obtained from the finite raw key, such as the exponential de Finetti theorem [476,477], post-selection
technique [478], virtual entanglement distillation [479], entropic uncertainty relations [480,481], or entropy accumula-
tion [482]. Finite-size effects can be reduced by merging measurement results from different satellite passes to enhance
block size, thus creating keys more reliable at the expense of additional time needed for data accumulation [483-485].

Finally, the natural progression for space QKD, that eliminates the issue of link unavailability, is the development
of global quantum networks. Such networks would consist of satellite constellations that could share a secure key
between any two ground terminals (see example in Fig. 13). Space QKD networks can be deployed for global, targeted
or local coverage, and differ in the amount of employed satellites, their orbit types and altitudes, constellation geometry,
etc. [486]. Within an embassy LEO constellation model, aimed at delivering a message from one ground station to a
number of other stations, enabling intra-planar space-to-space links have been shown to drastically increase the key size
for all ground stations [487]. Connecting MEO or GEO relay satellites to LEO network can improve connection stability,
handover management and network control, as well as decrease latency [486,488]. Investigations into networking
design, optimization of orbits, inter-satellite links, and QKD protocols are pending and will pave the way towards global
quantum-secured communication [484,489,490].

3.1.2. Quantum enhanced communication

The indistinguishability of non-orthogonal quantum states underpins the secure transmission of quantum information
at the heart of unconditional security in quantum cryptography and QKD [449]. Conversely, improved discrimination of
multiple non-orthogonal quantum states is important for the efficient readout of encoded information. While different
signal encodings, such as multilevel encoding [491] and phase-shift keying schemes [492,493], permit increases to channel
capacities, their extent depends on how well the signals are resolved. Seminal works by Helstrom and Holevo determined
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the fundamental limits to non-orthogonal quantum state discrimination [494,495]. Although quantum mechanics places
fundamental limits to the distinguishability of two quantum states, it also provides the tools to approach these limits
through efficient readout measurements [496-500].

The choice of detectors and photon encodings used to implement a QKD link depends on the communication protocol
used and the environment of the optical link. Development of quantum detectors can improve received data rates
that leads to improved key generation rates [501]. For satellite-based QKD, the receivers generally use single photon
avalanche diodes (SPADs) or superconducting nanowire single photon detectors (SNSPDs). For discrete variable protocols,
quantum signals are encoded in different photon degrees of freedom. This includes polarization, frequency, orbital angular
momentum (OAM), or spatial modes of qubits or qudits. For space-based applications, optical links usually have highly
variable losses owing to large divergences at long-distance propagation and atmospheric turbulences. This makes OAM
and spatial mode encodings unsuitable [502]. Instead, polarization or frequency encodings are a natural choice given their
robustness to atmospheric losses [6,437,503-505]. For other applications, these encodings have differing performances
that may impact the attainable key rates. Similarly, the use of frequency encoding for satellite links has the drawback of
requiring a compensation for the Doppler effect due to the Satellite motion [506].

3.1.3. Timing and synchronization

Remote correlation of quantum signals is important for many applications in networked quantum communication. It
allows for precise positioning and navigation [507-509], distributed quantum computing [406,510], distributed quantum
sensing [507,511-515], and applications in fundamental science [516]. Quantum clock synchronization provides robust
means to achieve accurate and secure time transfer by using entanglement based protocols [517-519]. Analogous to
classical time synchronization, arrival times of entangled photon pulses are measured [520]. With entanglement shared
across a network of optical atomic clocks, the intervening medium has no effect on the synchronization [517]. Entan-
glement purification operations along each node of the network can remove systematic errors arising from remaining
unsynchronized clocks. This reduces the overall complexity required by eliminating the requirement for a common phase
reference between each clock [521].

Synchronizing multiple clocks on satellites presents significant challenges owing to high losses, long distances, and
their relative motion. Practically, time synchronization of local clocks at each node is established by encoding time
signals into beacon lasers links. This establishes a frequency reference, while a portion of the detected signals can be
sacrificed to compensate for the varying path length between different satellites or a link between a satellite and an optical
ground station. This is sufficient to counter any relativistic effects. The feasibility of using satellite-based quantum clock
synchronization was demonstrated in Ref. [520], which accounted for a near-Earth orbiting satellite with atmospheric
dispersion cancellation. A satellite-to-ground clock synchronization that attained a time data rate of 9kHz and a time-
transfer precision of 30 ps has been demonstrated in Ref. [522]. Alternatively, a technique based on the detection of
quantum state themselves has been proposed and tested for fibre based communication [523,524]. This technique could
in principle be extended to free-space and satellite channels. However, long distances, relative motion, and uncertainties
in the time of arrival remain significant challenges.

3.1.4. Deep space communication

Optical communication is an integral part of deep-space communication systems that allows for orders-of-magnitude
higher data transfer rate compared to techniques utilizing radio frequencies [525]. Unlike a link between a ground
station and a terminal at near-Earth orbit (LEO, MEO, and GEO), deep-space optical communication links exhibit larger
Doppler shifts [526], larger maximum point-ahead angles [527], and have extended operation time during small angular
separations from the Sun [526,528]. To satisfy the demand for high data rates, one can either advance existing methods,
improving the equipment and signalling techniques [529], or employ novel methods for detection [530-532] and
non-classical resources [533].

Among the planned projects for the future Lunar Orbital Platform-Gateway (LOP-G) station on lunar orbit, is the Deep
Space Quantum Link [205]. The goals of the Deep Space Quantum Link are to test the effects of gravity and different
inertial reference frames on quantum teleportation, and to establish a space-to-space QKD link between stations on lunar
and low Earth orbits, i.e. the LOP-G and the International Space Station respectively.

3.1.5. Quantum internet

Space based links provide a natural means to extend the range of quantum communication protocols over global scales.
Satellites links, together with ground based fibre networks will form the basis of a global-scale quantum internet. This
will support the application of networked quantum information protocols that extend beyond QKD. Specifically, space
quantum repeaters with quantum processors will enable a wider variety of protocols including distributed and secure
multi-party quantum computing, sensing, and anonymous communications protocols [413,509,534,535].

A road-map to the realization of a quantum internet requires the development of quantum networks with increased
functionality [405,536]. Trusted repeater networks have already been demonstrated in metropolitan areas and between
cities [537-540] and with satellite links [416]. An extension of this requires entanglement distribution through the
network with and without quantum memories [541]. This will enable implementation of clock synchronization tasks and
blind quantum computing. The final development will require error correction capabilities throughout the network. This
will permit the operation of high fidelity quantum entanglement distribution and error correction for globally distributed
tasks. The step increase in functionality of the network comes at the expense of increased technological difficulty.
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3.2, Quantum random number generation

A random string of bits that cannot be predicted, and unknown to adversaries, provides a fundamental resource
for applications in cryptography. Specifically, the privacy, unpredictability, and randomness of random numbers certify
the security of the resulting cryptographic encryption key. Quantum Random-Number Generators (QRNGs) exploit the
unpredictability of quantum mechanics to provide enhanced security of this fundamental source of randomness that is
independent of the underlying technological implementation [542]. The use of QRNGs can improve the operational trust
of devices.

For applications in QKD, secure information-theoretic random numbers are required to drive the transmitter and
receiver. This is particularly true in prepare-and-measure schemes where active basis choices are driven by a secure
random source [543]. For satellite based QKD, the transmitter rate has to generally be greater than 108 Hz due to high
losses in the optical link. Standard weak coherent pulse decoy state (WCP-DS) schemes require varying number of random
bits depending on the operation. Each pulse requires a random bit for the key bit, a bit for basis choice, and the choice
of intensity values. There are generally three different intensities requiring two random bits, which overall leads to four
random bits per pulse. Additionally, if biased probabilities are implemented (as for example in Efficient BB84 [544]), then
the required amount of raw unbiased bits is greater. An arbitrary biased bit can be non-deterministically generated from
an average of two unbiased bits [545]. For example, the BB84 WCP-DS scheme [438,546] with biased basis and optimized
decoy state probabilities requires a seven raw unbiased bits to generate one unbiased and three biased bits per pulse. At
a source rate of 100 MHz, real-time generation of random numbers requires 700 Mbps of cryptographically secure bits. In
some circumstances, the random numbers can be pre-generated prior to the transmission pass at the cost of large amounts
of storage — 24.4 GB for a five minute pass with the above source parameters. If the random numbers were generated in
real-time, then the storage space could be minimized using a ring buffer and communication from the receiver to identify
detections to be copied into storage [547]. The size of the ring buffer will then depend on the latency between a receiver
detection and on this being communicated to the transmitter. If we consider only a single transmission per orbit, then
the off-line random number generation rate is still of the order of 40 Mb/s.

There are several methods to attain true unpredictability and privacy of random numbers. The first is through a projec-
tive measurements on pure quantum states [422]. Different QRNGs can be realized by exploiting the quantum uncertainty
in photon counting measurements, phase measurements, or quadrature measurements [548,549]. An alternative approach
is the optical quadrature measurements of the vacuum state by means of a simple homodyne detection [550,551], which
provides a promising route to chip integrability and cost-effectiveness. This approach has demonstrated high generation
speeds of 2.9 Gb/s [542].

Despite these improvements to QRNGs, there are important challenges that need to be overcome for their use in space
networks. First, the cost of QRNG technologies remains high and this makes alternative, less secure approaches attractive.
Second, their miniaturization and space readiness is essential for small quantum satellite missions. Finally, the quality
assurance, certification, and standardization of QRNGs is required. Current security evaluations of cryptographic and
security products use the Federal Information Processing Standards Publication 140 standard, which defines the minimum-
security level [552]. Such a standard may inhibit immediate adoption of QRNGs given their current technological
readiness.

3.3. Quantum sensing of gravity and inertial forces

We can define quantum sensing in two ways: quantum limited transduction, which defines the sensitivity of readout;
versus sensing, which exploits either superposition or entanglement of the mechanical sensing object itself. Extremely
sensitive readout can be met through use of shot-noise limited light, where fluctuations in the optical frequency and
intensity are limited by the quantum statistical nature of photons. One can go further, and use squeezed light, where
either the phase-noise or amplitude noise is reduced at the expense of increasing the uncertainty in the other quadrature,
to further boost the sensitivity. Cooling the mechanical object to its quantum ground state enables the use of quantum
superposition and entanglement, which cannot be recreated through classical means [553], with strong potential to beat
current limits to sensitivity.

The geoid, defined by Earth’s gravity field, is a surface of equal gravitational potential. In the absence of tides and
currents, it follows a hypothetical ocean surface at rest. A precise model is crucial for understanding the ocean circulation,
sea-level change and terrestrial ice dynamics, all of which are affected by climate change. Through gravimetry, one can
directly infer information about sub-surface mass distribution, including volcanic activity monitoring [554], ice mass
changes [555], subsidence monitoring [556], and the detection of underground cavities [557]. The latter is of interest
to the oil and gas industry as well as the construction industry.

Free-fall acceleration sensors are known as absolute gravimeters because they give a direct measure of gravity,
traceable to metrological standards. Relative gravimeters are masses supported by a spring, e.g. the stiffness of a cantilever,
magnetic levitation, or the optical trapping of a nanosphere. One must calibrate relative gravimeters by measuring
the stiffness of the spring and placing the instrument in a location with a known gravitational acceleration. Absolute
gravimeters are therefore required to calibrate relative ones. Free-fall accelerometers are particularly suited for gravimetry
applications aimed at resolving the temporal and spatial fluctuations of gravitational acceleration at the Earth’s surface,
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Fig. 14. Atom interferometer scheme for ground based systems following a Mach-Zehnder geometry. Panels (a) and (b) depict the stimulated Raman
transition employed for the optical beam-splitters and mirror in panel (c). Panel (c) depicts the interferometer scheme in a ground based fountain,
where the atoms trajectories are influenced by gravity.

Source: Figure from [571].

which can vary roughly between 9.78 ms~2 and 9.83 ms~2 [558]. Gradiometers on the other hand, are devices which
can resolve gravity gradients by evaluating the difference between two measurements. For a clamped device such as a
cantilever, a gravity gradient can be measured through the pull of gravity acting on two spatially separated masses. For
cold atom systems, gradiometers often employ two ensembles of atoms injected into two interferometer paths vertically
spaced apart [559,560].

In the subsections that follow, we discuss the current state-of-the-art in quantum gravity sensors and inertial
measurement units. We focus on cold-atom laboratory devices and optomechanical quantum sensor proposals fit for
a space mission. Where possible, we include space-specific feasibility study results. To date, no quantum measurements
of gravity or inertial forces have been acquired in space.

3.3.1. Earth-sensing with cold-atoms

Atom interferometry is a precise measurement tool, which does not require additional test masses, as the atoms are
susceptible to accelerations. By exploiting the reduced friction in vacuum and subsequent drift, atom interferometry can be
employed to precisely measure accelerations and rotations [561,562]. Understanding the measurement principle enables
its use in various areas [2], such as fundamental science [26,27], inertial sensors [563], gravity gradiometers [564-566],
and gravimeters [567]. Especially the latter two are used in Earth observation and sensing.

Ground based atom interferometers, such as the gravimetric atom interferometer (GAIN) [568], the absolute quantum
gravimeter (AQG-A01) [558,569] or the transportable Quantum Gravimeter (QG-1) [570], rely on the acceleration of atoms
in a gravitational field, as depicted for atom fountains in Fig. 14. The underlying principle is that of the Mach-Zehnder
interferometer depicted in Fig. 2.

In order to measure not only gravity gradients but also rotations, the scheme has to be extended to combining four
atom interferometers. As described in Ref. [560], the combination of the gravity induced phases allows measurements of
rotation and gravity gradients.

The space-based gravity gradiometer based on the cold atom interferometry (CAI) mission proposal [560] and mission
study [572,573] discuss a 3D gravity gradiometer based on cold atom interferometry accommodated on a dedicated, nadir
oriented satellite at low altitude for Earth observation. The gravity gradiometers are implemented by acquisition of the
differential signal from two atom interferometers separated by a distance of 0.5 m in each of the three axes. At a cycle rate
of about 1Hz well collimated ensembles with 10° atoms enter each Mach-Zehnder-like interferometer based on double
Raman diffraction with a total free fall time of 10s. With a sensitivity target of 5mE Hz~'*? and a white noise at low
frequencies, an improvement on the Gravity field and steady-state Ocean Circulation Explorer (GOCE) [574] results is
expected from simulations.

Atom interferometers can be employed in a scheme similar to the Gravity Recovery and Climate Experiment
(GRACE [575] and GRACE Follow-On [295,576]). In this scheme, two satellites follow each other with their distance
constantly monitored. If the information on the distance between the two satellites is correlated to individual accelerators
on both satellites, the gravitational field of the underlying planetary body can be mapped. Such a scheme, employing
accelerometers based on atom interferometry, has been proposed by Refs. [559,577]. A scheme of the two satellites
housing accelerometers and the laser link is depicted in Fig. 15.

While the design, payload, and budget of the above described space-based sensing devices are based on existing and
available technology, further demonstration activities, dedicated development, and prototyping are recommended for an
actual implementation in a mission.
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Fig. 15. Scheme to map the gravitational field of the Earth using two satellites linked by an optical link. Gravitational gradients induce differences
in the distance between the two satellites with the atom interferometers on board of each satellite acting as accelerometers.
Source: Figure from [577].

3.3.2. Earth-sensing with optomechanics

Dense macroscopic systems offer an enhanced sensitivity to acceleration when used in a test-mass on a spring set-up
such as a quantum cantilever or quantum levitated nanosphere. Predictions for a single levitated quantum nanosphere
are reaching acceleration sensitivities 10° times higher than a cloud of cold-atoms [578]. Levitated nanospheres can be
isolated from environmental decoherence as much as cold-atoms. This isolation is crucial for the long coherence times
to perform any kind of matter-wave interferometry and free-fall experiments. The benefit of performing gravimetry in
space is the ability to work in a micro-gravity environment with greatly reduced sources of non-gravitational noises. This is
more important for clamped optomechanics experiments over levitated ones. It offers the ability to observe nearly 100% of
Earth’s surface for gravity [579]. When conducting free-fall tests, increasing the mass of the test-object does not yield gains
in sensitivity due to the equivalence principle, although there is ongoing research to validate this. Nevertheless, the main
advantage in levitated optomechanics is the ability to embed spin degrees of freedom within the bulk of the nanosphere
which allows generating quantum effects, such as entanglement and superposition, without requiring that the centre-of-
mass position is cooled to its quantum ground state. This is because the long coherence time of the spin state is used for
readout rather than the position, which decoheres faster. This stands in contrast with cold-atom experiments, where the
conditions for quantum behaviour are tighter. Hence, it is easier for optomechanical setups to reach increased coherence
times, leading to prolonged free-fall times and measurement integration duration. As of writing, 1:4 ms is the longest
published coherence time for an optically levitated nanometre sized sphere cooled to the quantum ground state [7]. In
Fig. 16 we show the state-of-the-art proposals for spin-enabled quantum optomechanical sensing of acceleration which
include the measurement of gravity and gravity gradients, and that will be discussed throughout the subsection.

Another benefit of using discrete variables such as spin for readout, rather than continuously measuring the nanopar-
ticle position with light, is that discrete variables allow the use of heralded probabilistic protocols. They also benefit
from high fidelity and resilience to background noise or detection losses. Proposals combining levitated particles with
two-level systems include levitated nanodiamonds with an embedded nitrogen-vacancy (NV) centre with an electron
spin [184,185,580-582], and a superconducting ring resonator coupled to a qubit [584]. Here, we consider stationary
spatial superpositions of a levitated nanoparticle oscillator with embedded spin, which can be manipulated by microwave
pulses and remains trapped by an optical tweezers throughout the sensing protocol, as illustrated in Fig. 16A. The
first pulse introduces Rabi oscillations between the spin eigenvalue states S, = +1 and S, = —1, such that when a
magnetic field gradient is applied the oscillator wavepacket is delocalized. This spin-dependent spatial shift is given by
+ z = g"zyni‘*fz, where B, is the magnetic field gradient along the z-direction, which is the same direction that gravity
acts in, g,y ~ 2 is the Landé g factor, jp is the Bohr magneton and is the frequency of the harmonic oscillator. This
effectively splits the harmonic trapping potential, creating a spatial superposition with equilibrium positions governed by a
spin-dependent acceleration. The spin-oscillator system now has states |[+1) and |—1) in different gravitational potentials,
accumulating a relative gravitational phase difference.

For levitated systems the maximum spatial superposition that can be achieved, either through cooling to the quantum
ground state or through manipulation of an embedded spin-state, tends to be much smaller than the physical size of
typical nanodiamonds. This makes levitated sensing schemes unfriendly for resolving gravity gradients without the use
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Fig. 16. Optomechanical quantum sensing proposals. (Panel A) Spin-oscillator coupling has been proposed as a gravimetry technique, whereby a
spatial superposition is created through the interaction of an embedded two-level-system such as a nitrogen-vacancy (NV) centre with an external
magnetic field gradient. Variations of (A) have been proposed in [580-582]. A microwave pulse can be applied to split the spin states of the internal
NV centre in a trapped quantum nanosphere (i), which in turn creates a spatial superposition that can be viewed as the splitting of the optical trap
(ii) into a superposition (iii). Note that the cavity is used to prepare the nanosphere in the ground state and can be switched off during (ii) and
(iii) (Panel B) Allowing for free evolution increases the spatial size of the superposition, created and probed in a Ramsey-type interferometer, as
proposed by [583]. Here, the coupled NV-nanosphere superposition is prepared with a microwave (MW) pulse at time t;, undergoing free-fall until
the spins are flipped at t, to enable matter-wave interferometry at ts.

Source: Figure from [553].

of surveying or arrays. Releasing the nanoparticle from the trap, such that it undergoes free-fall, allows its wavefunction
to evolve, increasing the position spread linearly in time. For detecting transverse accelerations, i.e. to detect a nearby
object placed perpendicular to the force of gravity, one can use a Talbot interferometer scheme proposed in [585]. The
levitated spin-oscillator Ramsey interferometer scheme shown in Fig. 16A can be modified for free-fall evolution, as shown
in Fig. 16B. Due to the long coherence time of spin states, the superposition persists even if the oscillator does not remain
in a pure coherent state. The scale of the superposition is controllable through flight time and magnetic field gradient. The
measurement time t; is therefore unconstrained, and can be on the order of milliseconds, enabling spatial superpositions
spanning 100 nm, over three orders of magnitude larger than if the nanoparticle was levitated [583], and comparable in
scale to the size of the particle.

The use of ground state cooled optomechanics for gravimetry in space has been proposed for levitated nanospheres to
test the possible quantum character of gravity [186,188] and clamped optomechanical systems [586] to test space-time
curvature in black holes.

3.3.3. Navigation

Quantum sensors fit for gravimetry have a dual use for navigation. Indeed, gravimeters are essentially ultrasensitive
low-frequency accelerometers, whose signal can be double integrated in time to calculate position travelled with very
little error or drift. Quantum measurements of rotation are also feasible, where atoms are used as gyroscopes [562,587].
To navigate within a 3D space, 6 degrees of freedom need to be measured using an inertial measurement unit (IMU),
which contains 3 accelerometers and 3 gyroscopes, one in each axis.

On Earth, quantum navigation sensors fulfil only a small number of application requirements due to the ease of access
to satellite derived positioning, e.g. using the Global Navigation Satellite System (GNSS). Using classical IMUs such as
high-volume manufactured micro-electro-mechanical systems (MEMS) devices made from silicon, where the changing
capacitance between moving electrodes is a measure of inertial forces, together with GNSS, is a sufficient solution for the
majority of positioning applications. Here, the GNSS signal provides a position fix at 10-50 Hz rates. However, when GNSS
is unavailable, such as in space, there are no longer positional fixes, resulting in an increasing positional error over time
even when using military-grade inertial sensors. This is because the thermomechanical noise of the silicon structures in
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Fig. 17. A. A typical example of a free-fall quantum cold atom inertial sensor; three precisely timed pulses of light apply momentum to the atoms,
placing the atoms into a quantum superposition of two momentum states and recombining them. The first pulse gives half of the atoms an extra
momentum kick. This causes one half to travel more quickly through space, splitting the cloud in two. After a time T has passed, a second pulse
is used to invert the momentum difference of the two clouds, causing them to move towards each other. Finally, after further time T (t = 2T) a
third pulse is used to recombine the atom clouds to perform an interferometric measurement. The spatial superposition enables measurement of
inertial forces, which can be used for positioning and navigation. To operate the sensor, classical inertial sensors are critical for enabling active
vibration isolation of the mounts and base, with a separate inertial sensor used to supplement the cold atom low sampling rate. B. The output of a
hybrid quantum sensor, where ’position error’ is plotted against time. Here, the initial position would be provided by satellite measurement (Global
Navigation Satellite Systems, GNSS) whilst the space vehicle is within range. Then, when GNSS becomes unavailable, it will be the classical inertial
sensor that provides the position tracking. Classical accelerometers require performing double integration of the output to derive position, which is
why the position error is shown to increase quadratically. The quantum cold atom sensor is able to make a measurement at a lower sampling rate
to the classical sensor, and this measurement is used to periodically reset the error of the classical sensor, to the absolute limit of the quantum
Sensor.

MEMS sensors, combined with electronic noise and drift on the readout, create growing errors of more than 1m already
after a minute. By using quantum superposition and matter interferometry to derive position, such sources of noise and
drift can be eliminated and reset [588].

For platforms that need to be positioned rapidly or autonomously, the inertial sensing data should be measured in rates
above 100 Hz which is incompatible with the time of flight used in current free-fall experiments or the pulse sequence
needed for Ramsey interferometry. A hybrid flywheel-type operation uses a classical IMU to provide inertial measurements
in between each quantum measurement, as shown in Fig. 17, whilst the quantum sensor resets growing errors. The return
of the satellite signal allows for an absolute position fix rather than a relative one. This type of scheme is employed
by cold-atom inertial sensor prototypes around the world [589,590]. In turn, the quantum measurement, which is less
susceptible to drift, is used to reset the growing errors accrued by the IMU. The classical IMU could be also replaced by
an optomechanical sensor [591], to enable optical and quantum based navigation across a wider bandwidth from DC to
1kHz, no longer limited by the sub-Hz to Hz bandwidth of the cold atom sensor.

Cold-atom systems enable both high accuracy and precision, where we define precision as the noise floor and accuracy
as the degree to which the result of a measurement conforms to the correct value or standard. Quantum sensing of
inertial forces, especially when using atomic transitions traceable to international standards, contain less drift and noise
which reduces the accumulated error in position caused by double integrating a less noisy acceleration signal. A review
of quantum navigation devices can be found here [563].

The required sensitivity and drift parameters for navigation attitude determination systems (ADS) depend on the
platform. For a typical cubesat, the inertial sensor system is required to determine the resolution of thrust smaller than
0.01 mN, resolution of rotation rate smaller than 1degrees/s, resolution of attitude determination during manoeuvre to be
+5 degrees with standard deviation of 1 , and update frequency higher than 5Hz [592]. The state of the art for inertial
sensors used in space are gyroscopes with 0.15h~! bias stability with h being short for hour, and 0.02 °h~'* angular
random walk combined with accelerometers with 3 mg bias stability and 0.02ms~!/h~'7? velocity random walk [593].
It should be noted that the quantum sensors also require navigation algorithms [589]. The current achieved parameters
for quantum inertial prototypes are shown in Table 1 alongside an example of a competitive classical accelerometer or
gyroscope that is available commercially.

Aside from exploring uncharted regions of space where there is interference or a total absence of GNSS, quan-
tum assisted navigation is primarily aimed for defence applications where GNSS could be unavailable, jammed, or
spoofed [602-604].
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Table 1

Table of a select few demonstrated cold atom accelerometers and gyroscopes. To the best of our knowledge, these represent the current best in
sensitivity. Also included are classical state of the art sensors available commercially, indicated by 1. Not all sensors report accuracy, which is defined
as the trueness of the measurement, as this requires calibrating the measurement against international standards. Note that the quantum systems

have not been tested in space yet.

Existing system

Achieved sensitivity on ground

Accelerometers

Free-fall cube mirror®

Atom interferometer 2013

Atom interferometer 2016
On-chip BEC

Commercial atom gravimeter
Gyroscopes

Atom interferometer 2018

Atom interferometer 2020
Commercial fibre optic gyroscope®

[ms™2 Hz~ 2]

1:5 x 1077 (1072 ms~2 in 6.25 h) [594]

4:2 x 1078 (3 x 10~°ms~2 in 300s) [595]

9:6 x 1078 (5 x 107'ms~2 in 2.8 h) [596]

5:2 x 1078 (7:7 x 102 ms~2 in 100s) [597]
5x 107" (1 x 107> ms™2 in 40 min) [598]
[rads~! Hz~'2]

3:3x 1078 (3 x 107"%rads™! in 801m s) [599]
6 x 1071% (6 x 107" rads™! in 1s) [600]

5:8 x 107 [601]

Existing System

Achieved accuracy on ground

Accelerometers

Free-fall cube mirrorf

Atom interferometer (2016)
Commercial atom gravimeter

[ms~?]

2 x 1078 [594]
3:9 x 1078 [596]
~ 1012 [598]

4. Proof-of-principle experiments and implementation

In the foregoing sections, we highlighted that quantum technologies in space offer a vast panorama of uses ranging
from fundamental physics tests to technological applications. Quantum technologies in space can advance our knowledge
in fundamental physics, by bridging the gap between relativistic physics and quantum physics. They can be enabling
technologies, like deep space communication, allowing mankind to further explore the solar system and beyond. In
addition, they are attractive for commercial purposes, with satellite-based quantum key distribution and sensing with
atom interferometry being a prominent example.

Within this section, we discuss proof-of-principle experiments and implementations of the ideas reviewed in the
previous sections. We classify these missions corresponding to the physics on which they are based on, focusing on of
cold atoms, photons, and optomechanical systems.

4.1. Cold atoms

Cold atoms are one of the better studied physical systems utilized to implement quantum technologies in space.
They offer a well controlled environment where employing interferometric effects leads to unprecedented precision in
sensing applications. Low-gravity environments elevate the precision of these systems even further, mainly due to the
increasing free fall times. In addition, ultra-cold atomic condensates can be considered as macroscopic systems showing
quantum effects. Thus, in combination with environments where relativistic effects become relevant, they present an
attractive playground for testing fundamental physics. Cold atom experiments have a long history and have enormously
advanced in recent years, going from the laboratory environment to industrial applications and, more importantly, to
space implementations. In the following we list projects and missions, which are important milestones in enabling cold
atom experiments in space. Fig. 18 gives a glimpse into the historical development and summarizes those milestones.
The ability to operate in harsh environments, like drop towers, ships, aeroplanes or sounding rockets, requires cold atom
experiments to be robust and autonomous. Hence, it is an important indicator for their technological maturity and paves
the way for commercial use in, for example, Earth observation and in reaching unprecedented parameter regimes for
fundamental physics tests.

4.1.1. Ground-based microgravity projects

Weightlessness on ground can be achieved by placing a payload in free fall, thus compensating for the gravitational
pull. For this purpose, drop towers have been erected. Among these, the Drop-Tower Bremen at the Center of Applied
Space Technology and Microgravity (ZARM) of the University of Bremen was chosen as microgravity platform for BEC
experiments in weightlessness, as it provides good accessibility and superior quality of microgravity compared to other
ground based platforms. At ZARM, an experiment’s capsule can either be dropped for 110 m inside the evacuated vacuum-
tube of the drop tower to generate 4.72 s of microgravity time, or can be launched with a piston-catapult to almost double
the microgravity time, ~9:3s. In the future, the GraviTower Bremen (GTB Pro) will become a third generation drop tower
at ZARM, complementing the Bremen drop tower with its unique catapult system. The GTB Pro is designed to fit the same
proven experiment designs and dimensions as used in the Bremen Drop Tower making both facilities fully compatible.
The initial acceleration and the transition into microgravity are made very smooth by following a sine function limited
to 5g. With a repetition time of just three minutes, each flight offers 2.5s of microgravity — fully automated all day.
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Fig. 18. From drop tower experiments at ZARM to the ISS. This timeline depicts important platforms and summarizes important milestones towards
cold atom experiments in space. Details about the missions are given in Section 4.1. In 2004 the first cold atom experiments in microgravity
environment were performed in a drop tower. Then experiments on aeroplanes and maritime platforms followed. Lastly, sounding rockets and, in
2018, in-orbit demonstration of cold atom experiments followed. This shows the rapid advancement in the field and the technological maturity of
cold atom systems.

Experiment preparation, automation, tests and flights are carried out in teamwork with the engineers of ZARM and in
collaboration with the Bremen Drop Tower. The interested reader is referred to [605,606] for further details.

On a smaller scale, a zero-g simulator was designed and built by the French company Symétrie and is operated at LP2N,
Bordeaux. This simulator works by moving a platform, on which the experimental apparatus rests, in a way that mimicks
the trajectory of an object launched vertically and in free fall, i.e. a parabola. The platform moves vertically between two
granite columns thanks to two carriages with air bearings for a frictionless motion. Linear motors mounted on the sides
of the columns are responsible for the accelerations of the moving parts necessary to perform parabolic trajectories. The
0-g simulator can provide up to half a second of weightlessness on every trajectory and, thanks to its very high repetition
rate (1 parabola every 12s), gives access to a very long accumulated duration of 0-g.

Another very important large-scale facility is the Einstein Elevator at HITec (Hannover Institute of Technology). This
large-scale research device is a next-generation drop tower facility with a total height of 40 m and therefore allows for
four seconds of microgravity with residual acceleration of 10~8g. Payloads with up to 1000 kg, diameter of 1.7 m and
height of 2 m can be operated with a repetition rate of 300 flights per day thanks to the innovative electromagnetic linear
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motor drive unit. This is a major improvement in comparison to 3-4 drops possible with the ZARM drop tower. This
motor drive additionally allows for hyper- or hypogravity to generate conditions as they prevail on other celestial bodies,
like the Moon or Mars. The first test operation started in 2019 [607] and the interested reader is referred to [608-610].

In the following we report the details on projects employing cold atoms that were developed in ground-based
microgravity facilities, instrumental for the realization of cold atom experiments in space.

o QUANTUS (QUANTengase Unter Schwerelosigkeit, English translation: Quantum Gases under Microgravity):

The DIR (Deutsches Zentrum fiir Luft- und Raumfahrt) funded QUANTUS-Project started in 2004 and aims at
developing the necessary methods for space-borne microgravity platforms like sounding rockets, experiments on
the ISS and on dedicated satellites. Within QUANTUS, the technology and the physical understanding of these
complex experimental apparatuses are developed and preliminary studies for space-borne missions are performed.
Using the first generation payload QUANTUS-1, this capability has been used for the demonstration of the first
BEC in microgravity in 2007 [611] and the first interferometry experiments with freely falling BECs [612]. Sine
2014, the second generation apparatus QUANTUS-2 is operational at ZARM, featuring a novel compact high-flux
BEC source [67]. This apparatus is more compact with respect to the previous one, allowing using the catapult
mode of the Bremen Drop-Tower at ZARM [613] to double the time in microgravity and to increase the overall data
rate. Additionally, it is designed to be able to use Potassium as a second atomic species. In recent years, using both
apparatuses, novel interferometric schemes [597,614], large-momentum beam splitters [615] and 3D magnetic delta-
kick collimation techniques in microgravity were developed to reduce the kinetic energy of the atomic ensemble
down to 38 pK [616]. These developments have enabled the MAIUS and BECCAL missions, which are described in
Section 4.1.3.

The interested reader is referred to [569,617-623].

e PRIMUS (PRdzisionsinterferometrie mit Materiewellen Unter Schwerelosigkeit, English translation: Precision Interfer-
ometry with Matter Waves in Zero Gravity):

In addition to the magnetic trap based efforts of the QUANTUS project to utilize ultracold atom technologies in
microgravity, since 2009 the potential of optical traps is investigated in the PRIMUS project. This project initially
focused on a test of the weak equivalence principle, leading to outstanding ground-based results [26,29]. Lately,
PRIMUS widened its spectrum of interests to more general questions concerning cooling and phase transitions.
Within PRIMUS, a compact experimental setup was realized [624] to apply optical trapping in the drop tower
of Bremen. Further milestones where the implementation of a single beam optical dipole trap in microgravity,
successful evaporative cooling in weightlessness, and the advancement to a crossed beam configuration by actively
stabilizing the trapping beam’s pointing. In principle, the absence of gravity should increase the dimension of
evaporation since the trap is not tilted anymore [625]. Previous studies did not observe this effect for magnetically
tilted traps [626]. The nonexistence was confirmed in PRIMUS for evaporative cooling in microgravity and could be
explained by the anharmonicity of the traps [627].

The interested reader is referred to [26,29,624,627].

e I.C.E. (Interférometrie atomique a sources Cohérentes pour I'Espace, English translation: Coherent Source Atomic
Interferometry for Space) on ground:

Since 2018, the L.C.E. experiment is able to perform experiments in the laboratory thanks to the unique, purpose
made Einstein elevator on which the experimental apparatus is installed. This device allows to produce Bose-Einstein
condensates with forty thousand Rubidium-87 atoms at a temperature of 35 nK in weightlessness [628].

The interested reader is referred to [628] and Section 4.1.2.

e DESIRE (Dark Energy search by Interferometry in the Einstein Elevator) Based on pre-studies [155,172], in 2021 a
new NASA/JPL-DLR project started aiming for a significant increase in sensitivity for the search of dark energy, which
can be reached with atom interferometers using free-falling, compact, low-energy wave packets in interaction with
a test mass on macroscopic time scales of several seconds. To reach these time scales the apparatus will be operated
in the Einstein-Elevator in Hannover. The DESIRE project utilizes the BEC interferometer of the MAIUS-1 mission,
which will be modified for its use in the Einstein-Elevator.

The interested reader is referred to [3,155,172,629].

4.1.2. Air/marine-borne cold atoms projects

Another way to achieve weightlessness are parabolic flights in an aircraft by alternating upward and downward arcs
interspersed with level flight. In April 2015, Novespace began operating its third aircraft, the Airbus A310 Zero G to provide
a microgravity environment for scientists to conduct research without going into space.

Not directly benefiting from weightlessness, but still relevant for research on cold atoms in space, is the GIRAFE
project [630,631], where cold atom interferometers are operated during flight or on a ship. We thus include it below.

e |.C.E. (Interférometrie atomique a sources Cohérentes pour I'Espace, English translation: Coherent Source Atomic
Interferometry for Space):
The CNES-funded I.CE. operated an atom interferometer for inertial sensing in reduced gravity on board the
NOVESPACE Zero-G plane. During a 20 seconds-lasting ballistic parabolic flight residual acceleration on the order
of 10~2g are achieved. Within I.C.E., Ramsey fringes have been obtained in 2008 operating an atom interferometer
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using a series of two Raman transitions within cold Rubidium-87 atoms [632]. In 2011, the first airborne operation
of a horizontally measuring high-resolution cold-atom inertial sensor, both at 1 g and in reduced gravity has
been reported [54]. This measurement technique has been then advanced to a vertical mode and measurements
of the acceleration along the vertical and horizontal axis with one-shot sensitivities of 2.3 x 10~*g have been
achieved [633]. The measured loss of contrast was attributed to the high level of vibrations on-board the aircraft
and the large rotation rates during a parabolic flight. A first on-board operation of simultaneous Rubidium-87 and
Potassium-39 interferometers in the weightless environment was demonstrated in 2016. In this parabola campaign,
I.C.E. demonstrated its capability of operating a dual-quantum sensor and with this measured the E6tvos parameter
- see also discussion in Section 2 - with systematic-limited uncertainty of 3:0 x 10~ in reduced gravity [634]. This
constituted the first test of the equivalence principle in a free-falling vehicle with quantum sensors.
During the last years, [.C.E. was upgraded and is now operated at a 3-m high 0g-simulator built by the French
company Symétrie, which gives access to microgravity in the laboratory (see Section 4.1.1).
The interested reader is referred to [54,632,633,635].

e GIRAFE (Gravimétre Interférométrique de Recherche a Atomes Froids, Embarquable; English translation: Shipborne cold
atom research interferometric gravimeter):
In the scope of a funding program of the French DGA and CNES, since 2006 the company ONERA designed and
built an absolute marine gravimeter based on atom interferometry called GIRAFE. GIRAFE was tested multiple
times (in October 2015 and January 2016) at sea on an oceanographic survey vessel and demonstrated a superior
performance compared to classical technology [630]. Subsequently, the GIRAFE instrument was adapted for airborne
measurements for surveying areas where gravity is poorly resolved by ground or satellite measurements, as for
example in coastal and mountainous areas. In April 2017, in an airborne campaign above Iceland, GIRAFE was
compared with other conventional airborne gravimeter and inertial sensors and showed differences with a standard
deviation ranging from 3.3 to 6.2 mGal and a mean value ranging from —0.7 mGal to —1.9 mGal [631].
The interested reader is referred to [630,631].

4.1.3. Space-based cold atoms projects

Since 2017, cold atom experiments in space have been performed. Here, the microgravity platforms in use are parabolic
sounding rocket missions and the International Space Station (ISS). A next interesting platform under investigation for
cold atoms research is represented by CubeSats.

e MAIUS (MAteriewellen-Interferometer Unter Schwerelosigkeit, English translation: Matterwave Interferometry un-
der Microgravity):
The DLR funded MAIUS missions are the continuation of the aforementioned QUANTUS project. Their aim is to bridge
the gap between laboratory or drop tower systems and future orbital missions by implementing cold atoms, BECs,
and atom interferometry on sounding rockets. In total, three sounding rocket missions are planned with the first one
- MAIUS-1 - was successfully launched in 2017 [3]. This constitutes a major advancement over the aforementioned
projects in drop towers or airborne, as it is not only the first setup to undergo environmental qualification but also
operated autonomously in the harsh environment of an unmanned sub-orbital spacecraft.
During the maiden flight in 2017 the first BEC in space has been demonstrated and its collective dynamics were
analysed [3]. Additionally, important manipulation techniques, like internal state preparation, have been performed
and autonomously optimized during the parabolic flight. Finally, first atom interferometry experiments in space have
been conducted [629].
After MAIUS-1, the second generation rocket payload MAIUS-B is in its setup phase. It reached its critical design
review at the end of 2018 [636]. This apparatus features, additionally to Rubidium-87, also Potassium-41 atoms and
aims at performing sequential atom interferometry experiments and mixture studies with both species during the
second rocket mission MAIUS-2 currently scheduled for 2021. The launch of a third and final mission - MAIUS-3 - is
currently planned for 2022 and aims at demonstrating simultaneous atom interferometry in space, paving the path
for tests of the universality of free fall using atoms (cf. Section 2).
The interested reader is referred to [3,67,637-641].

e CAL (Cold Atom Laboratory):
The NASA-funded Cold Atom Laboratory (CAL) was developed by NASA’s Jet Propulsion Laboratory and utilizes a
compact atom chip-based system to create ultracold mixtures and degenerate samples of Rubidium-87, Potassium-
39, and Potassium-41 [70]. It was launched to the ISS in 2018 and operates as a multi-user facility to provide the
first persistent quantum gas platform in space for an international group of investigators with broad applications
in fundamental physics and inertial sensing. Up to date, experiments transferring Rubidium-87 BEC in ultra-shallow
traps are realized based on adiabatic decompression ramps. Fast and perturbation-free transport with a micrometre-
level control of the atomic positions is realized based on shortcut-to-adiabaticity protocols [642]. Moreover, a space
atom laser [643] and a radio frequency bubble experiment are conducted. Finally, delta-kick collimation drastically
reducing the free expansion rate of the atomic clouds has been performed on the ISS. At the beginning of 2020,
the new science module SM3 has been installed on the ISS, adding the possibility to perform atom interferometry
experiments with CAL.
The interested reader is referred to [644,645].
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e BECCAL (Bose-Einstein Condensate and Cold Atom Laboratory):
Built upon the heritage not only of the projects QUANTUS, MAIUS and CAL, but also of JOKARUS and KALEXUS (see
Section 4.2), the NASA- and DLR-funded BECCAL will serve as the next-generation multi-user and -purpose facility
aboard the ISS [71]. The apparatus is designed to operate with cold and condensed ensembles of different isotopes
of Rubidium and Potassium. Hence, BECCAL will enable the study of scalar and spinor degenerate gasses as well
as mixtures thereof. BECCAL supports atom interferometry for fundamental physics and studies for future quantum
sensors. Additionally, arbitrary shaped red- and blue-detuned potentials will be possible to implement, allowing
for versatile trapping and anti-trapping configurations. Throughout its lifetime, BECCAL will perform a variety of
experiments and serve as a pathfinder for future missions.
The interested reader is referred to [71].

e CASPA (Cold Atom Space PAyload):
In the Innovate UK and Engineering and Physical Sciences Research Council (EPSRC) funded project CASPA, a British
consortium led by the company Teledyne e2v is designing a system for autonomous cold atom experiments in space.
The project’s aim is the elevation of the Technology Readiness Level (TRL) of required subsystems and the tackling of
challenges in building compact cold atom interferometers for space use. After a careful analysis of the environment’s
impact on the cold atom system, a prototype 6U CubeSat that is capable of trapping Rubidium atoms was built,
qualified, and tested. CASPA has a weight of 4 kg, fits into four units of a CubeSat and consumes 12 W of electrical
power. It can cool down atoms to the order of 100 K. An actual cold atom sensor based on the heritage of CASPA
is planned to be built [646].
The interested reader is referred to [646].

4.2. Atom-based clocks

Another implementation of quantum technologies in space are atom-based clocks. These are atomic and optical clocks
which provide increased accuracy and precision as frequency and time references and are nowadays the reference in
modern time keeping systems. In conventional systems, primarily radio frequency based references have been employed.
For example, the current Galileo system is based on different such references. Optical systems, based on atomic transitions
or fixed lengths, promise higher accuracy and precision [647,648].

Atomic clocks with hot atoms are widespread and offer compact and robust setups. As the systems depend on the
width of atomic lines, their accuracy and precision can be improved by reducing internal and external temperatures.
Another improvement to atomic clocks is based on atom fountains, which increase the interrogation time for the atoms.
Optical clocks, which are atom-based clocks with transition energies at optical frequencies, promise even higher precision.
Hence, different concepts of generating a stable frequency reference exist [647,648]. Some optical systems exploit atomic,
see for example Ref. [649], or molecular transitions [650,651], while others rely on fixed distances [652].

Ground-based systems can make use of controlled environments, such as operating at cryogenic temperatures, or large
volumes to generate the desired frequency stability. In space-based systems budgets are limited and the system needs
to operate reliably without interference [650,651,653]. Consequently, several missions are deployed to test concepts.
While atomic-clocks might have more stringent demands in space, the microgravity environment can also improve
performances. In addition to dedicated scientific missions, commercial systems have been used to measure fundamental
principles. The next sections are dedicated to outline a couple of those missions.

4.2.1. Scientific experiments

Scientific missions revolve around measuring the gravitational redshift caused by Earth and Sun, and probing special
relativity. In addition, these systems aim at enabling next generation gravity missions and future global navigation satellite
systems (see also Section 2 and Section 3). Furthermore, clocks are necessary to perform high precision experiments
in space, such as the gravitational waves antenna LISA. These aims and goals are similar for all the scientific missions
surrounding optical frequency references, either ongoing or planned, and that are reported in the following [654].

Sounding rocket missions. A first step towards optical clock operation in space are sounding rocket missions. Here, three
of the major developments in recent years are listed:

e KALEXUS (Kalium Laser-Experimente unter Schwerelosigkeit; English translation: Potassium Laser Experiment under
Microgravity):
Within the KALEXUS mission, two extended cavity diode lasers alongside an optical preparation stage were launched
on a sounding rocket mission. With this mission, the technological readiness of the Potassium laser system, the
automatic frequency stabilization of the lasers, and the switching between redundant systems during flight was
demonstrated in 2016 [655].

e FOKUS (Faserlaserbasierter Optischer Kammgenerator unter Schwerelosigkeit; English translation: Optical Frequency
Comb metrology Under Microgravity):
Within FOKUS, the technological readiness of optical frequency combs for deployment in space was demonstrated.
For this purpose, a frequency comb alongside a diode laser and an optical preparation stage were mounted to a
sounding rocked and launched into space in 2015 [656].
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e JOKARUS (Jod-Kammresonator unter Schwerelosigkeit; English translation: Iodine, Comb, and Resonator Under
Microgravity)
Within the JOKARUS mission, an Iodine frequency reference, an optical frequency comb, and the optical and electrical
preparation stages were launched to space on board of a sounding rocket at the end of 2017. This campaign served
to demonstrate the miniaturization and deployment of key technologies in space [651,653]

Space-based platforms. A prominent example of using frequency references in orbit for fundamental research is the
experiment on the Galileo satellites executed in 2014:

e Galileo Satellites:
In August 2014, two Galileo [87] satellites were launched, and - due to an error during the launch - orbited
Earth on eccentric orbits. Such an eccentricity allowed for measurements of the gravitational redshift similar to
the measurements of Gravity Probe A [84], see also the related discussion in Section 2.

Following the success of measuring the weak equivalence principle with the MICROSCOPE mission [42] and the need
for more precise optical frequency references in space, different experiments and missions have been devised:

Flown missions.

e CACES (Cold Atomic Clock Experiment in Space):
This is a mission started in 2011 under the Chinese manned space program. It set out to test laser cooling and
manipulation of atoms in orbit. It is based on laser-cooled Rubidium-87 atoms in an atomic fountain for stabilization
of frequencies to a level of 2 x 107'® on ground. The system was launched into space aboard the Chinese space
laboratory Tiangong-2 in September 2016. It has proven long-term in-orbit operation of cold-atom clocks under
various environmental effects such as varying gravity levels, magnetic fields and radiation [657,658].

e DSAC (Deep Space Atomic Clock):
NASA founded DSAC is developed as a step towards independent spacecraft navigation in deep space as opposed
to relying on communication to the ground. It houses a Mercury ion atomic clock and it has been launched in June
2019 [659,660].

Currently prepared missions. In order to execute optical clocks in space, the following missions are currently prepared.
They are targeting both fundamental questions and technology development:

e ACES (Atomic Clock Ensemble in Space):
This is an ESA-coordinated mission that will prepare a system of two atomic clocks in the Columbus module
of the ISS. The two clocks are the laser-cooled Caesium atomic clock PHARAO (Projet d’Horloge Atomique par
Refroidissement d’Atomes en Orbite), developed by CNES, an active Hydrogen maser, the SHM (Space Hydrogen
Maser), developed by Spectratime and a precise time and frequency transfer system [89]. The clock ensemble is
expected to have a stability of 2 x 1076 in the short term. Currently, the launch for the ensemble is expected for
2021. The technical goal of this mission is testing the performance of a new generation of atomic clocks in space
and the scientific goals are to perform fundamental physics tests, as for example an improved measurements of
the gravitational redshift, the search for anisotropies of the speed of light, and for space-time variations of physical
constants. In addition, the two atomic clocks will allow mapping the Earth’s gravitational potential by measuring
the differential gravitational redshift [661]. The ACES mission will also allow comparing the time reference with
ground-based ones and the ultra-precise time-reference distribution [90].
o COMPASSO :

COMPASSO [662] is a DLR mission that aims at demonstrating necessary optical frequency and link technologies for
future missions, such as BOOST, LISA, Next Generation Gravity Mission, and GNSS. In particular, the mission will
be the first in-orbit verification of optical clocks. The payload consists of optical and radio frequency references,
and a bidirectional optical link to compare the in-orbit measurements to frequency references on ground. This
shall demonstrate the possibility to operate optical links to other space-based platforms and, in addition, will allow
investigating atmospheric effects in space-to-ground clock distribution. The latter especially includes the comparison
to a GNSS signal to demonstrate the readiness of optical technologies for GNSS applications. Currently, it is planned
that COMPASSO will be operated from the end of 2024 on the ISS aboard the Bartolomeo platform.

Proposed missions. Based on the current technology additional missions have been proposed, some of which are listed
below:

e BOOST (BOOst Symmetry Test):
This is a DLR mission to conduct a Kennedy Thorndike experiment in space [124], which aims at improving the
current boundaries set by ground based experiments [663] (see also Section 2). Two optical references based on two
different operational principles are compared. Here, an optical cavity is compared to an Iodine frequency reference.
The targeted stability is better than 10" at orbit time, which takes around 90 min.

35



A. Belenchia, M. Carlesso, O. Bayraktar et al. Physics Reports 951 (2022) 1-70

e IVORY (In-orbit Verification of stabilized Optical and microwave Reference sYstems):
The DLR and Airbus Defence and Space joint project IVORY aims at verification of optical technologies, as optical
clocks, frequency combs and space-to-ground laser communication, on the ISS aboard the Bartolomeo platform [664].
It includes a Rubidium clock and a microwave reference system.

e SOC (Space Optical Clocks):
The DLR and ESA funded project SOC aims at operating optical lattice clock systems on the ISS. The systems include
Ytterbium and Strontium optical clocks. With these atoms cooled and trapped in a magneto-optical trap, a frequency
stability of 107'° is targeted [665].

4.2.2. Commercial missions

Currently, the main commercial application of atomic clocks is in the Global Navigation Satellite Systems (GNSS).
Starting with the initially military American Global Positioning System (GPS) in 1978, four GNSS and several Regional
Navigation Satellite Systems have been established. The latest GNSS is the European Galileo system [666]. Each current
generation Galileo Satellite contains two passive Hydrogen maser atomic clocks and two secondary Rubidium atomic
clocks. The use of other atomic clocks on future Galileo generations is currently under evaluation. Nowadays, the precise
position and timing data provided by GNSS is indispensable for a modern economy and plays a key role for future
developments such as autonomous vehicles. Several future commercial applications of quantum technologies in space
are being studied. These include the use of atomic clocks as reference for deep space navigation [667] and as sensors for
the measurement of Earth’s gravitational field [668].

4.3. Photons

Transmission of quantum signals over long distances has been demonstrated through a series of satellite-based
experiments and feasibility studies. The first proposals to implement satellites for this application emerged in the
1990s [407]. Since this initial proposal, numerous feasibility studies and demonstrations of satellites QKD have been made.
They include free space QKD over high altitude ranges [669], feasibility of quantum communications in space [435,670],
and a record breaking inter-island key exchange over 144 km [415,671]. The feasibility of space links was realized through
experiments that exchanged single photons from a low Earth orbit (LEO) satellite to ground by exploiting retroreflectors
aboard the spacecraft [437,672]. These experiments recorded small quantum bit error rate, which provided a concrete
proof for satellite-based quantum communications. The transmission of quantum photonic signals has also been increased
through use of Medium Earth orbit (MEO) satellites or higher orbits, up to the current single-photon exchange limit of
20,000 km [673,674].

Recently, the QUESS experiment involving the Chinese LEO satellite Micius became the first space-based quantum
communication mission to be launched and has made further developments [5,6]. It has demonstrated entanglement
distribution to two ground stations separated by ~1200 km [6], ground-to-satellite quantum teleportation over distances
of up to 1400km [675], and the realization of a hybrid quantum communication network with a total quantum
communication distance of 4600 km [416].

Despite these demonstrations, establishing long term reliable ground and satellite links remains the principle challenge
in satellite QKD. A notable development in space systems is the rise of in-orbit demonstrations with small satellites and
CubeSats for rapid and less-costly space systems developments. This increase is partly driven by miniaturization and
increasing robustness of quantum components. In addition, constellations of small satellites offer the possibility of a cost
effective approach to improving coverage and ground-satellite link reliability compared to traditional satellites. CubeSat
missions in 2015 [676] and 2019 [677] have performed in-orbit demonstrations of miniaturized quantum photon pair
sources. We report a timeline of missions that have demonstrated key milestones or feasibility studies towards global
satellite-based QKD in Fig. 19 [405]. This includes recently proposed mission that aim to integrate space and terrestrial
segments to step closer to a globally quantum networking.

Given the recent and comprehensive review works on space quantum communication missions, here we do not further
elaborate on the subject and refer the interested reader to the dedicated reviews Refs. [405,423,455].

4.4. Optomechanics

Following the first motional ground state cooling of a clamped optomechanical resonator in 2010 [693], the techno-
logical advances in laser cooling and trapping have allowed larger objects to enter the quantum regime. Many clamped
systems have reached close to, or have entered, the quantum regime [694] as shown in Fig. 21. Examples include
a nano-drum [695], a silicon nanobeam [696] as shown in Fig. 20(A), a membrane [697], a whispering gallery mode
microresonators [698,699] as shown in Fig. 20(D), a membrane where both coherent light and squeezed microwave fields
are used for cooling [700], and a millimetre sized membrane that also acts as a photonic crystal [701].

Operating in the quantum regime with free or levitated particles allows the generation of macroscopic quantum
states that are less coupled to their environment than clamped systems, which greatly enhances the coherence time
of the quantum states [702]. A macroscopic quantum state is created by cooling the centre of mass (c.0.m.) motion of
the nanosphere at trapping frequency  provided by an optical tweezers, optomechanical cavity, ion trap or magnetic
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Fig. 20. Schematic representation of different optomechanical systems for quantum ground state preparation. (A) Optomechanical cooling of the
motion of a cantilever using radiation pressure. The mirror placed on the cantilever is akin to the end-mirror of a Fabry-Perot resonator. The motion
of the cantilever detunes the frequency of the resonator and thereby reduces the extent of the oscillator’s position deflection. (B) Cavity cooling

via coherent scattering of a levitated nanoparticle in an optical tweezer setup, as demonstrated

in [7]. The optical cavity is solely filled with the

scattered light of the nanoparticle. (C) Schematic setup showing an active feedback cooling scheme of a levitated nanosphere to its c.o.m. motional
groundstate via optimal control techniques. An electric field is modulated via the electrode using the signal returned by the Kalman filter and scaled
by the linear-quadratic regulator, as shown in [704]. This field acts on the charged nanoparticle. (D) Depiction of an optomechanical interaction
between a frequency detuned laser guided in a tapered fibre close-by a whispering gallery mode resonator to control and cool the mechanical

motion of the structure, as demonstrated in [705,706].
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Fig. 21. Experimental results for cooling of macroscopic systems over the years. Minimum phonon occupation number is plotted against the date
of publication. Blue data points represent experiments relying only on passive cavity cooling: JILA 2008 [709], Vienna 2009 [710], MPQ 2009 [699],
Cornell 2010 [693], MIT 2011 [711], EPFL 2011 [712], Caltech 2011 [696], Boulder 2011 [695], Florence 2019 [713] and EPFL 2020 [714]. Pink data
points are results using squeezed light to surpass the standard quantum limit imposed on cavity cooling: JILA 2016 [697] and Boulder 2017 [700].
Purple data points present results using a feedback cooling scheme: Copenhagen 2018 [701] and Delft 2019 [715]. Orange data points show recent
results of cooling levitated nanoparticles using coherent scattering in a cavity: ETH 2019 [716] and Vienna 2020 [7]. Green data points show recent
data of a nanoparticle feedback cooled in an optical tweezer using no cavity for cooling or read-out purposes: Southampton 2017 [717], ETH
2020 [707], Tokyo 20 [718], Vienna "20 [704] and ETH "21 [719].

field [703], where the ground state condition requires the average phonon occupancy to be less than one at this trapping
frequency. Typical c.o.m. oscillation frequencies of levitated nanoparticles range from 10-200 kHz while the mass varies
from 10~ kg to 10~ kg [7,702].

To understand the feasibility of performing measurements with a quantum nanoparticle, we consider its positional
spread. This grows approximately linearly in time when the particle is released from the levitating potential. Considering
typical parameters for a levitated nanoparticle of mass m = 1078kg and ,, = 2 x 10°rad/s, this yields zero point
displacement fluctuations on the order of 5 ~ 10" m, requiring hundreds of seconds of expansion until the quantum
position spread is as large as the particle with a radius of r = 35 nm, a reasonable definition of a macroscopic quantum
state.

In order to ascertain when the ground state condition has been reached, a narrow cavity resonance linewidth is
preferred as it enables to reach the resolved-sideband regime, assuming that the mechanical frequency , is larger
than . This allows read-out of energy transfer between the optical and mechanical modes in an anti-Stokes/Stokes
process'! [694]. The sideband asymmetry allows for measurement of the number of phonons and is considered a more
accurate method of thermometry than read-out of the mechanical mode’s power spectral density. Although a cavity is not
necessarily required to reach the ground state, it provides resonant enhancement in read-out and interaction strength,
thereby reducing the number of photons needed to interact with the mechanical oscillator and improving the signal to
noise ratio [707].

4.4.1. Ground based quantum state preparation

A range of passive and active cooling methods to achieve quantum ground state preparation of macroscopic objects
using the optomechanical coupling are described in multiple review papers [694,702], with many techniques such as
side-band resolved cooling derived from the cold atom community [708].

In 2020, the c.o.m. motion of a 143 nm diameter silica nanosphere levitated by an optical tweezers within an optical
cavity was cooled to its zero point energy, which corresponds to an average phonon occupancy smaller than one, using
the cavity optomechanical interaction together with a coherent scattering scheme [7]. This experimental set-up uses a
technique called coherent scattering [716,720] and is shown in Fig. 20(B). The tweezers reduces the chances of losing the
particle when reaching ultra high vacuum, as compared to direct trapping by the optical cavity field. The coupling strength
is at its highest when the particle is held at the cavity node. The optical cavity is not pumped separately, rather the trapping

11 Conversely, selectively pumping the anti-Stokes process enables cooling of the mechanical oscillator [694].
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