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Quantum technologies have matured to
the point that we can test fundamen-
tal quantum phenomena under extreme
conditions. Specifically, entanglement, a
cornerstone of modern quantum informa-
tion theory, can be robustly produced
and verified in various adverse environ-
ments. We take these tests further and
implement a high-quality Bell experiment
during a parabolic flight, transitioning
from microgravity to hypergravity of 1.8
g while continuously observing Bell viola-
tion, with Bell-CHSH parameters between
S = −2.6202 and −2.7323, an average of
S = −2.680, and average standard deviation
of ∆S = 0.014. This violation is unaffected
both by uniform and non-uniform acceler-
ation. This experiment demonstrates the
stability of current quantum communica-
tion platforms for space-based applications
and adds an important reference point for
testing the interplay of non-inertial motion
and quantum information.
Introduction. Entanglement was once seen as a
peculiar feature, relevant ‘only’ to foundational
questions that were considered difficult, if not im-
possible to conclusively test in experiments. And
indeed, first milestone experiments in the 70s,
80s, and 90s demonstrating the utility of entan-
glement for Bell-inequality violation [1–5] — a
task that is today considered to be a main prim-
itive of quantum-information processing — had
to overcome severe practical challenges. These
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efforts were recognized by the 2022 Nobel Prize
in Physics. Recent decades have seen steady
progress in building setups demonstrating entan-
glement, which culminated in closing all relevant
loopholes for local-realist explanations of the ob-
served correlations [6–8]. Nowadays, the genera-
tion and verification of entanglement under ideal-
ized laboratory conditions, even between multiple
parties [9–12] and in high dimensions [13–16], has
become routine for a variety of platforms [17].

A pertinent concern for the future exploration
of entanglement-based quantum-communication
technologies thus is the robustness of entangle-
ment and of its applications under non-ideal, real-
world conditions. On the one hand, experiments
in this direction are driven by the curiosity of de-
termining the practical limitations of this technol-
ogy. For instance, one may ask how much noise
and disturbance a setup can tolerate in principle
while still operating within desired specifications
(e.g., as in [18]). On the other hand, the exquisite
control over entanglement generating setups al-
lows us to precisely identify or ultimately to rule
out potentially detrimental effects and thus to
learn more about the physical environments in
which quantum-information processing protocols
are carried out. Here we present a test of entan-
glement that incorporates both of these aspects.

We report on an experiment to test the viola-
tion of the Clauser-Horne-Shimony-Holt (CHSH)
inequality [19] by polarization-entangled photon
pairs during a parabolic flight on a (modified)
commercial airliner. To this end, we built a com-
pact laboratory necessary for the generation and
measurement of entangled photons and installed
it into an Airbus A310 of the company Novespace
operating out of Bordeaux. In order to certify en-
tanglement, we measured the Bell-CHSH param-
eter S and the visibilities for accelerations in a
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range between 1.8 g and microgravity, and expose
the entangled system to continuous transitions
from hyper- to microgravity and back from micro-
to hypergravity, with uninterrupted phases of mi-
crogravity of about 20 s in between.

The results of this test show that the setup is
stable throughout the flight manoeuvres and ac-
companying environmental changes (such as air
pressure and temperature). In particular, the
statistics of the Bell-CHSH parameter do not al-
low us to distinguish between periods of micro-
and hypergravity, or the periods of changing ac-
celerations in between, and neither do similar
tests for the measured visibilities during steady
flight and microgravity. Our experiment thus
demonstrates the remarkable tolerance of state-
of-the-art sources of entangled photons to adverse
environmental conditions, and it confirms with
high precision that entanglement-based setups for
quantum communication operate reliably across
a range of gravitational regimes spanning three
orders of magnitude.

In the wake of recent robustness tests for
quantum-optical systems [20–23], our experi-
ment thus sets new standards for the durability
of quantum-communication setups and their
ability to generate and detect entanglement.
And even though the involved accelerations are
far away from regimes where one would expect
parametric amplification effects (e.g., the dy-
namical Casimir effect and related phenomena),
our results provide a reference point for future
studies of kinematic effects and non-uniform
motion in quantum information.

Experimental setup. We employ an ultra-
compact source for photon-pair generation em-
bedded in an aluminium box, sketched in Fig. 1.
A 10 mm long periodically poled type-II KTP
crystal is placed in the focus of a continuous-
wave 405 nm pump laser. Pump photons are con-
verted into orthogonally polarized spectrally de-
generate photon pairs at 810 nm via spontaneous
parametric down-conversion (SPDC). The bire-
fringence in the ppKTP crystal causes a relative
delay of the H and V photons, that we compen-
sate using two YVO4 plates and a polarization-
maintaining single-mode fiber (PMSMF). Before
the photon pair is coupled into the PMSMF, two
dichroic mirrors and an interference filter sep-
arate the SPDC photons from the pump pho-
tons. The PMSMF guides the photon pair to a

4-level rack [see Fig. 1 b)] made out of strut pro-
files that contains the detection module, a second
computer for the source control, and a Raspberry
Pi for GPS tracing. The GPS antenna is placed
at the window of the airplane. Fig. 1 a) shows
the second level of the rack containing the de-
tection module and the single-photon avalanche
diodes. In the detection module, the photons
are spatially separated by a 50:50 cube beam-
splitter. Post-selecting on those photon pairs
which take different paths yields a Bell state
|ψ+⟩ = 1√

2
(
|H⟩A |V ⟩B + |V ⟩A |H⟩B

)
directly after

the beamsplitter, whereH and V denote the hori-
zontal and vertical polarization, respectively, and
the subscripts A and B indicate the spatial modes
of the transmitted and reflected photons travel-
ling towards Alice’s and Bob’s polarization ana-
lyzer, respectively. A quarter-, half-, and quarter-
wave plate arrangement (QHQ) in the reflected
output enables tuning of the phase of the Bell
state, which we set such that we obtain the anti-
symmetric Bell state

|ψ−⟩ = 1√
2

(|H⟩A |V ⟩B − |V ⟩A |H⟩B) . (1)

Each polarization analyzer consists of a 50:50
beamsplitter with a half-wave plate (HWP) and
a polarizing beamsplitter (PBS) in each output.
A single-photon avalanche diode (SPAD) in each
PBS output detects the photons. A time-tagging
module (TTM) records the photon arrival times
in each detector. Finally, detection events at
the detectors of Alice and Bob recorded within
a time window of 2 ns are identified as coinci-
dences. The crystal is pumped with a power of
22.2 ± 0.1 mW. Our detectors measure different
single-photon count rates between ∼ 107k and
∼ 167k counts/s. The largest coincidence rate
measured for any detector pair was around 6600
coincidences/s. In addition, an accelerometer
measures the acceleration along the x, y, and z
direction. The optical components of the detec-
tion module are mounted in a rugged multicube
system. The opaque cube system prohibits
stray light from entering the photon-sensitive
system, thus reducing inadvertent background
counts. After alignment all optical components
are additionally fixed with locking screws in
order to prevent misalignment through forces
caused by high accelerations or vibrations. The
cubes are mechanically interconnected via steel
rods. The stiff cube assembly is fixed to a 7 mm
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Figure 1: Illustration of the setup for measuring polarization entanglement during a zero-g flight. a) Optical
setup for the generation and certification of polarization entanglement, made up of a photon-pair source and two
detection modules of Alice and Bob. In the source, the beam of a continuous-wave 405-nm pump laser diode
is focused into a periodically poled type-II KTiOPO4 (ppKTP) crystal. Through spontaneous parametric down-
conversion a pump photon is converted into two orthogonally polarized photons at 810 nm. Two dichroic mirrors
and an interference filter (IF) separate the down-converted photons from the laser beam, which are finally coupled
into a polarization-maintaining single-mode fiber (PMSMF). The PMSMF guides the entangled photons to a 50:50
beamsplitter (BS), where the photon pair is spatially separated. Four polarization analysis modules, each consisting
of a half-wave plate (HWP) and a polarizing beamsplitter (PBS) with two single-photon avalanche diodes (SPAD) at
the outputs, enable simultaneous polarization measurements of the four polarization angles α, α′, β and β′ necessary
for a CHSH-type Bell test (without having to change the settings in between). D1-D8 label the detector numbers
for the data analysis. A time-tagging module and a computer record the arrival times of the photons and identify
coincidences. An accelerometer measures the accelerations along the x, y, and z axes. We use a quarter-, half-, and
quarter-wave plate (QHQ) arrangement in one branch (Alice) to adjust the phase of the Bell state. b) An aluminium
box (600 mm × 400 mm × 250 mm) contains the photon-pair source, a rack (745 mm × 545 mm × 1230 mm) made
up of strut profiles and aluminium plates contains the detection modules of Alice and Bob and the measurement
devices. Rack and box are attached to the floor of the aircraft cabin. A photograph of the setup installed in the
aircraft cabin can be found in Fig. A.1 in the appendix.

thick aluminium plate, which is in turn placed
upon a cork pad in order to dampen aircraft
vibrations. The source box and the rack with
the detection module are attached to rails on
the floor of the Airbus A310, which itself has
been modified for parabolic flights. The aircraft
serves as a laboratory for experiments in micro-
and hypergravity with accelerations of up to
1.8 g, where the term hypergravity describes
accelerations above 1 g and microgravity refers
to the acceleration regime from 10−2 g to 10−6 g.
Our experiment took place during the 77th ESA
parabolic flight campaign from October 18th
to October 29th 2021, with three flights, one
each on the 26th, 27th, and 28th of October.

During a single flight the plane completes a
series of 31 parabolic flight manoeuvres, each
divided into three stages: at the beginning,
the aircraft experiences a hypergravity phase
(HG) reaching accelerations of up to 1.8 g along
the z direction. After about 22 seconds, the
aircraft enters into a parabolic trajectory, while
the aircraft experiences weightlessness. The
transition period from hyper- to microgravity
lasts around three seconds. However, due to air
turbulence, the acceleration fluctuates around
0 g, see the inset in Fig. 2 c). With microgravity
periods of about 22 s in each parabola, the total
time in microgravity during flight one amounts
to 653 s and during flight two to 687 s. Further
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Figure 2: Bell-inequality violation during a typical parabolic flight manoeuvre. a) the Bell-CHSH parameter
S, b) aircraft altitude above sea level (in meters), and c) accelerations along the x (dark magenta), y (pink), and
z axes (green, all in units of g= 9.81 ms−1) are shown as functions of the flight time (in seconds) for a 110 s
interval during a typical parabolic flight manoeuvre. For better overview the 5 phases of the total time interval with
(almost) uniform acceleration are shown with white background: steady flight (SF), hypergravity (HG), microgravity
(MG), and again hypergravity (HG) and steady flight (SF). The regions with gray background correspond to the
transitions between these 5 phases with non-uniform acceleration. The Bell-CHSH parameter S fluctuates around an
average value of −2.678 during all phases of the manoeuvre. The integration time for each data point is 1 s. For the
coincidences (without subtraction of accidentals) we assume Poissonian statistics and we calculate the uncertainties
∆S, the standard deviation of the mean of S, via Gaussian error propagation. Error bars correspond to three standard
deviations of the mean. We note that the time stamps of acceleration values and S-values have a fixed but unknown
relative shift of up to 1s. During the hypergravity phases, the acceleration reaches values of up to 1.8 g. The insets
in c) show magnifications of the accelerations along the x (green, top), y (pink, middle), and z axes (dark magenta,
bottom) during microgravity. The aircraft image has been used with permission of Novespace.

details on the experimental setup and the flight
can be found in Sec. A.I of the appendix.

Results. During the flight we recorded the coin-
cidence rates C(α, β) for all combinations of po-
larizer angles α = 0◦ and α′ = 45◦ of Alice’s
detectors and β = 22.5◦ and β′ = 67.5◦ of Bob’s
detectors to estimate the Bell-CHSH parameter

S =
∣∣E(α, β) − E(α, β′)

∣∣+∣∣E(α′, β) + E(α′, β′)
∣∣ ,

(2)
from the correlation functions E(α, β) given by

E(α, β) = C(α, β) + C(α, β) − C(α, β) − C(α, β)
C(α, β) + C(α, β) + C(α, β) + C(α, β)

,

(3)
where the overline indicates an orthogonal polar-
izer direction, e.g., α ⊥ α. For any local realistic
theory, the value of S is bounded by |S| ≤ 2,
while quantum mechanics predicts values up to a

maximum of 2
√

2. Our setup with two analyzer
modules each for Alice and Bob permits us to
measure all four correlation functions without
intermittent switching between different angles.

On the first flight, time-tagged data was
collected over the course of 30 parabolic flight
manoeuvres. Figure 2 a) shows the resulting
Bell-CHSH parameter S for a 110 s time window
covering one entire parabola (the first parabola
for which data was recorded during the flight on
26th October 2021), featuring accelerations of
up to 1.84 g and a microgravity phase lasting
21 s. For each data point St, the coincidence
measurements were integrated over 1 s. The
coincidences were assumed to have a Poissonian
distribution and the standard deviations for S
were calculated using error propagation. The
aircraft altitude and acceleration (in the x, y,
and z directions) are shown in Figs. 2 b) and c),
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respectively. The average Bell-CHSH parameter
S (1) = 1

111
∑t=170s

t=60s St (horizontal black line)
across the entire parabola (from t = 60 s to
170 s, with associated average standard devi-
ation of the mean ∆S (1) = 1

111
∑170s

t=60s ∆St) is
−2.678 ± 0.013, corresponding to an average dis-
tance of σ (1) = 1

111
∑170s

t=60s |St −(−2)|/∆St = 48.9
standard deviations from the local-realistic
bound of -2.

The collected data shows that the CHSH
inequality is (strongly) violated and entangle-
ment thus clearly preserved during all periods
of uniform and non-uniform acceleration, with
accelerations between -1.84 g and 0 g. We
observe this not just for the parabola for which
data is shown in Fig. 2, but also for all 29
subsequent parabolas: S only shows small
fluctuations around the average value of -2.680
over the whole flight, with a maximum value
Smax = −2.6202 and a minimum value Smin =
−2.7323 (see Fig. A.12 in the appendix). The
average standard deviation of the means across
all S values St is ∆S = 1

6843
∑

t ∆St = 0.0140.
We note that with decreasing integration time,
the fluctuations of the CHSH-parameter S, and
the standard deviation become bigger. Based on
the data collected during the flight, we estimate
a limit for the integration time of tint < 3.9 ms
below which the amplitude of the error bars with
3 standard deviations becomes bigger than the
difference |S − (−2)|.

In our data we do not observe any statistically
relevant influence of the different levels of accel-
eration on the Bell-inequality violation, including
the non-uniformly accelerated transitions from
hyper- to microgravity and back. An example
of such a transition with the corresponding
Bell-CHSH violations is shown in Fig. 3 a).
There, a linear fit provides an estimate for
the jerk, the change of acceleration in time, of
j = 0.5305 ± 0.0234 g/s (=̂ 5.204 ± 0.229 m/s3).
The value of S, here with an integration time
of 500 ms, fluctuates around the time-averaged
value of S = −2.678 without a significant change
due to the jerk compared to the values of S
during steady flight (with a gravitational pull
similar to that on the ground).

In order to statistically underpin the obser-
vation that the different levels and changes of
acceleration have no influence on the polar-

ization entanglement we compare our S-value
data from pairs of flight segments with different
levels of accelerations using the two-sample
Kolmogoroff-Smirnoff test (KST), which tests
the hypothesis that the two samples follow the
same underlying probability distribution (see
Appendix A.II for more details). Using these
tests we find no experimental indication (with
a 5 % significance level) for an influence of the
acceleration on the polarization entanglement
in our setup. In all performed KSTs the null
hypotheses, claiming that acceleration and a
change of acceleration have no influence on
polarization entanglement are confirmed except
for one case. In this specific case, we ascribe
the fact that the maximum distance between
the empirical cumulative distribution functions
of S values measured during microgravity and
S values measured during a phase of changing
accelerations is bigger than the critical value, to
a small sample size of 11.

During a further sequence of 31 parabolic flight
manoeuvres on 27th October 2021, the visibil-
ities in the H/V and D/A bases corresponding
to horizontal/vertical and diagonal/anti-diagonal
polarizer settings, 0◦/90◦ and 45◦/135◦, respec-
tively, were measured an additional figure of
merit. These visibilities can be used to detect
and in principle even quantify entanglement (via
lower bounds to the entanglement of formation,
see, e.g., [14, 17]). The visibilities can be obtained
from the respective coincidences of the detectors
of Alice and Bob via

VH/V = CHV + CVH − CHH − CVV
CHV + CVH + CHH + CVV

, (4)

and in complete analogy VD/A is obtained from
CDA, CAD, CDD, and CAA. Fig. 3 b) shows the
visibilities in both bases during a single parabola.
Each data point is the result of integration over
1 s. For the coincidences we again assume Pois-
sonian statistics and calculate error bars using
Gaussian error propagation. The time-averaged
visibilities (from t = 620 s to t = 740 s) are
VHV = 97.15 % and VDA = 94.73 % in the H/V
and D/A basis, respectively. These results show
in more detail that our setup for entanglement
generation and detection is insensitive against
aircraft vibrations (see also Fig. A.14 and A.15 in
the appendix) and accelerations with peak values
of up to 1.99 g (here our backup accelerometer
measured 2.090 ± 0.002 g while the accelerometer
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Figure 3: a) Bell-inequality violation during the transition from hyper- to microgravity. The Bell-CHSH
violation (red, vertical axis on the right-hand side) and acceleration along the z direction (green, vertical axis on the
left-hand side, in units of g) are shown as functions of time (in seconds). The data is that used for the generation of
Fig. 2, but reduced to the time interval from t = 90 s to t = 102 s and a shorter integration time (0.5 s instead of 1 s)
for the calculation of S. The black horizontal line shows the time-averaged value S = −2.678 for the interval from
t = 60 s to t = 170 s. The error bars correspond to three standard deviations of the mean. The straight dark green
line shows a linear fit to the acceleration data in the even narrower time window from t = 97.02 s to t = 99.34 s. The
slope of the linear fit indicates a jerk (time-derivative of the acceleration) in the z direction of j = 0.5305±0.0234 g/s
(=̂ 5.204 ± 0.229 m/s3). b) Visibilities in the H/V and D/A bases during a parabolic flight manoeuvre. The
visibilities in the H/V (0◦/90◦, magenta, top) and D/A (45◦/135◦, blue, bottom) bases, measured during another
parabola, fluctuate around average values of VHV = 97.15% and VDA = 94.73% (time-averaged from t = 620 s to
t = 740 s) respectively during different accelerations in the range between 1.8 g and microgravity. c) Accelerations
along the x (dark magenta), y (pink), and z (green) directions are shown for the selected time window. The intervals
with gray background indicate the phases of significant non-uniform acceleration as in Fig. 2.

of the aircraft measured 2.07 g, see Fig. A.3
in the appendix), at which the acceleration
sensor saturates. Our setup provides strongly
polarization-entangled photon pairs in this tough
ambience over 30 parabolas for 1.9 hours.

Effects of non-uniform motion and their tests.
To provide some context for our experiment
and its results, we will now briefly discuss
potential quantum effects connected to strong
accelerations and their tests. A fundamental
effect related to non-uniform is the dynamical
Casimir effect (for a recent review see, e.g, [24])
and related parametric amplification effects
caused by non-stationary boundary conditions
for quantum fields [25–28]. Such effects are
usually modelled as Gaussian transformations
of the field modes corresponding to squeezing
(pair creation to lowest order in the relevant
parameters) and shifts of excitations. However,
the required proper accelerations, or temporal
changes thereof, to make the predicted effects
visible in experiments are many orders of magni-
tude away from what can practically be achieved
with mechanical motion. Yet, the modulation of
microwave-field boundary conditions represented
by superconducting quantum interference devices

(SQUIDs) can be carried out much more rapidly,
which led to the landmark demonstration of the
dynamical Casimir effect in [29].

In the experiment we present here, the
(changes of) accelerations are far too small
to expect any effects akin to the dynamical
Casimir effect. Nevertheless, our setup provides
a testbed for demonstrating the robustness
of entanglement-detection experiments under
extreme but still reasonably well-controlled
conditions that allow ruling out any influence
that the non-uniform motion might have.

Previous work in this direction [20] has
reported measurements of the visibility of
polarization-entangled photon pairs for different
levels of uniform acceleration, ranging from
microgravity during free fall in a drop tower of
12 m height to uniform accelerations of up to
30 g generated by a centrifuge. The integration
time in the drop tower and thus the time in
which the photons experience microgravity is
only 1.56 s. For the purpose of a higher accuracy,
a longer integration time would be necessary,
which could be achieved in two ways in a drop
tower: increased tower height or a sufficient
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number of repetitions. Both options entail a
high risk of damaging components of the setup,
in particular the optical elements and electronic
devices.

Meanwhile, centrifuges allow one to create
strong centripetal forces but do not permit
tests of the setup during microgravity due to
the gravitational acceleration in the direction
parallel to the rotation axis. Nevertheless, setups
based on rotational motion have been suggested
as platforms for revealing and concealing entan-
glement by rotational motion [30], and have been
used to investigate the dependence of the indis-
tinguishability of single photons that gives rise
to Hong-Ou-Mandel interference on the angular
velocity of the rotating optical system [23]. Our
experiment goes beyond previous approaches
using drop towers and centrifuges in that it
allows for the uninterrupted observation of the
Bell-inequality violation over long integration
times during which the acceleration continuously
changes but is at any given time the same for all
components of the experiment.

Alternative platforms for microgravity ex-
periments are space stations like the ISS or
satellites. To the best of our knowledge no
experiments of the type discussed here have
been conducted aboard the ISS, but sources of
entangled photon pairs have been installed on
the satellite Micius [21, 22] and on a CubeSat
nano-satellite [31], both in low Earth orbit. By
using the source aboard Micius to distribute
photons to Earth via telescopes it has been
demonstrated that entanglement persists for
photons spatially separated by 1200 km. While
the photons are in this case generated in mi-
crogravity, the detection takes place on Earth
in 1 g [21], in contrast to our setup, where the
acceleration is the same for all components of
the experiment but varies with time. A further
experiment with the entangled-photon source on
Micius describes the distribution of two photons
where one photon is analyzed on the satellite
and the other one is sent to a receiving station
on Earth [22]. For the CubeSat source [31]
the violation of a Bell inequality was reported,
but no information was provided regarding the
satellite‘s motion.

Summary and conclusion. In summary, we built a
compact setup for the generation and detection of
polarization-entangled photon pairs and installed

it into a modified Airbus A310. During a se-
quence of parabolic flight manoeuvres of the 77th
ESA parabolic flight campaign, we demonstrated
that our optical setup is sufficiently robust
against aircraft vibrations and accelerations (be-
tween 0 and 1.99 g) to allow for the continuous
strong violation of a Bell inequality, indicating
that the strength of polarization entanglement
persists during these accelerations. Neither
the hypergravity phases with peak acceleration
values of up to approximately 1.99 g, nor the
microgravity phases (lasting around 20-22 s) had
a statistically relevant influence on the quantity
S. In a next sequence, the visibilities of the
polarization entangled photons in the H/V and
D/A bases were measured, which also showed
no dependence on the motion of the aircraft,
persisting in the phases of micro- and hyper-
gravity, and during the transitions between them.

Our results provide further evidence for the fea-
sibility of entanglement-based quantum commu-
nication and its applications outside temperature
stabilized and vibration-protected laboratories.
In addition, our experiment adds another impor-
tant reference point for tests of entanglement and
quantum-information processing under the influ-
ence of non-inertial and non-uniformly acceler-
ated motion for acceleration levels within the tol-
erance limits of human experimenters. For future
investigations of possible influences of stronger
(non-uniform) acceleration on entanglement, we
envisage experiments performed in centrifuges
whose angular velocities can be continuously ad-
justed in a larger range.
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Appendix: Supplemental Information
In this appendix we present additional details for our experiment and the data analysis. The appendix
is structured as follows: in Sec. A.I we present additional information about the setup and the zero-g
flight as well excerpts from the single-photon count rates and coincidence rates. In Sec. A.II we provide
a detailed description of the Kolmogoroff-Smirnoff test (KST) that we use to test the hypothesis that
the accelerations have no effect on the Bell-inequality violation. Finally, Sec. A.III shows the complete
results for all S-value measurements and visibility measurements over all 30 and 31 parabolas for the
first and second flight days, respectively.

A.I Setup and Flight Details
Figure A.1 shows a picture of our setup installed into the aircraft cabin. The setup features two
computers. One for the source control (PC1) and one for data acquisition (PC2). PC1 addi-
tionally records the temperature of the non-linear crystal and the laser current, and is equipped
with an accelerometer. PC2 records the time stamps of the single-photon detection, the accelera-
tion data of a second accelerometer, the cabin pressure, and the temperature in the 3rd level of the
rack (see Fig. 1 of the main text). The routes of both flights are depicted in the maps shown in Fig. A.2.

Figure A.1: Setup installed in the aircraft. In the centre of the image the rack (745 mm × 545 mm × 1230 mm)
containing the components for the measurements can be seen. Black panels cover the 2nd level of the rack which
contains the detection modules as shown in Fig. 1 of the main text. On the right-hand side of the rack the aluminium
box (600 mm × 400 mm × 250 mm) containing the source for photon-pair generation can be seen fixed to the
floor of the aircraft cabin. The red straps in the image are used to secure the experimenters during the microgravity
phases. Picture taken by Daniel Hinterramskogler.
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Figure A.2: Flight trajectories. The images show maps (Mercator projection) of the west coast of France and
the Atlantic Ocean (Bay of Biscay) with the flight trajectory of the first flight on 26th of October shown on the
left-hand side and that of the second flight on 27th of October on the right-hand side. The flights started from the
airport in Bordeaux Merignac and ended there. The parabolic flight manoeuvres started and ended at an altitude of
6300 ± 100 m. The measured apex of the parabolas was between 8684 m and 8961 m above sea level. This data
was provided by Novespace.
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A.I.1 Acceleration measurements
Both of our accelerometers are placed directly next to the detection module in the 2nd level of the
rack. Additionally, a third accelerometer installed in the aircraft itself provides us with additional
acceleration data. On the one hand, the second accelerometer acts as a backup device, and on the
other hand, its data is used to synchronize the measured data from PC1 with the measured data of
PC2. Figure A.3 shows the absolute values of the accelerations recorded by the three accelerometers
during the first parabola on the first flight.

In the following and in the main text we use the acceleration data of the accelerometer that is
connected with PC2. More details on the values of the accelerations during selected individual
parabolas can be seen in Fig. 2 and Fig. 3 of the main text, while the data for the vertical accelerations
over all parabolas of both days can be found in Sec. A.III.

Each of the parabolic flight maneuvers is then divided into 3 different phases according to the
measured accelerations: an initial hypergravity phase, then a microgravity phase, and again a
phase of hypergravity. In between these main phases there are transition phases with significant
changes in acceleration. During the initial hypergravity phases of the parabolic flight maneuvers, the
acceleration reaches values of 1.8 g and even up to 1.99 g (here our backup accelerometer measured
2.090 ± 0.002 g while the accelerometer of the aircraft measured 2.07 g, parabola 4, flight one), with
our sensor saturating at 1.99 g (accelerometer connected to PC2). The microgravity phases last
between 20.4 s and 23.7 s. For the first and second flight day we recorded average durations of
tmicrogravity = 21.78 ± 0.12 s and tmicrogravity = 22.15 ± 0.15 s, respectively, for the microgravity phases
of the individual parabolas. The total times spent in microgravity (in which we effectively measured)
on the first and second flight were recorded to be 653 s and 687 s, respectively. In comparison, the
average times spent in hypergravity during any of the parabolas of the first and second flight were
t = 51.06 ± 1.71 s and t = 49.50 ± 1.62 s, respectively.

The accelerometer of PC2 records the data of acceleration on average every 0.1049 s. The time
difference between each recorded value fluctuates. The minimum time difference is △tmin = 0.0999 s
and the maximum time difference is △tmax = 0.2040 s. The maximum jerk measurements are limited by
the minimum time difference of two consecutive acceleration data points and the maximum acceleration
values. Acceleration values are recorded in a range between -2 g and 2 g with a 14-bit resolution of
the sensor. With this data we calculate a maximum jerk that we can measure theoretically:

jmax,possible = △amax
△tmin

= 4g
0.0999s = 40.04g

s . (A.1)

The second accelerometer, connected to PC1, is made by a different manufacturer. It records the
data of acceleration on average every 0.1049 s. The minimum and maximum time difference are
tmin = 0.0070 s and tmax = 0.5610 s, respectively. Like the other acceleration sensor, with this sensor
we also measured in a range of ±2 g. The sensor has a resolution of 14 bit. The maximum jerk is:

jmax,possible = △amax
△tmin

= 4g
0.0070s = 571.43g

s . (A.2)

A.I.2 Pressure and temperature during the parabolas
During the flights, we measured the temperature of the non-linear crystal in the source, as well as the
air pressure and air temperature in the aircraft cabin, see Fig. A.4. During both flights, the crystal
temperature remained essentially constant, while the air temperature increased over time. During the
first and second flight the temperature sensor one (two) measured a difference between the maximum
and minimum air temperature of ∼ 4.00◦C (4.54◦C) on day one and ∼ 6.83◦C (7.79◦C) on day two,
respectively.
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Figure A.3: Acceleration during first parabola. The graphs show the absolute values of the accelerations measured
by the three different accelerometers during our experiment. Accelerometers 1 (red line) and 2 (backup accelerometer,
green line) are placed within the 2nd level of the rack next to the detection module. The blue line shows the measured
acceleration of the aircraft accelerometer (data from Novespace). In a) one can see the acceleration of the first
parabola on day one. b) shows a magnification of the accelerations in a) for the microgravity phase from t = 100 s
to t = 125 s. In the main text we used the data of accelerometer 1. Accelerometer 2 had an offset of −0.0559 g
along the y-axis which has been corrected in the data shown in this figure.
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Figure A.4: Temperature and pressure. a) and b) show the temperatures of the ppKTP crystal on the first and
second day, respectively. Before the parabolic flight maneuvers started, from t = 50 s to t = 127 s we adjusted the
crystal temperature, which only showed small fluctuations on both days. c) and d) show the pressures measured in
the 3rd level of the rack. e) and f) show the temperatures measured in the 3rd level of the rack, which increased
over time on both days.

A.I.3 Optomechanics used for optic experiments in tough environments

In the given dynamical parameter range the optomechanics show no detrimental effects on the
measurements of the CHSH-Bell parameter S and of the visibilities. Merely the single-photon count
rates in Fig. A.5 and the coincidence rates in Fig. A.6 show changes, which correlate with the change of
acceleration, but do not seem to affect the S-value measurement nor the measurement of the visibility.
We attribute this fact to the usage of mounts with additional locking screws. Thus, a misalignment
of optical components attached to springs or ball-bearings is prohibited. It would be interesting to
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know up to which accelerations and jerks the optomechanics show the same performance as in our
experiment. For this purpose, we suggest further experiments in centrifuges with accelerations above
30 g and with different jerks.

A.I.4 Single-photon count rates and coincidence count rates during different levels of acceleration
Although the S values and, in particular, the visibilities in the H/V and D/A bases are not constant
in time, they show no dependence on the acceleration (see Appendix A.III). However, for some of the
detectors, we observe correlations between the single-photon count rates and the accelerations, as well
as resulting correlations between the coincidence count rates and the accelerations. In Fig. A.5 these
are showcased using plots of 3-second moving averages of the single-photon count rates. The count
rates of detectors 4, 6 and 7 are compared with the acceleration as functions of time in Fig. A.5 b),
from which it is apparent that, in particular, detector 6 shows fluctuations that coincide with periods
of significant changes in the acceleration. However, this behaviour is not shared by all detectors. For
instance, the single-photon count rates of detector 4, also shown in Fig. A.5 b) for comparison, seem to
be largely unaffected by the acceleration. We attribute these changes in the single-photon count rates
to mechanical effects in the detection module. We also observe similar fluctuations correlated with
changes in the acceleration for some of the coincidence rates, see Fig. A.6, but the S values derived
from these coincidences are not affected by this effect.
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Figure A.5: Comparison of single-photon count rates and accelerations. a) The moving averages (with 3 s
sliding window) of single-photon count rates of detectors D1 to D8 are shown for the time interval corresponding
to parabolas 21 to 25 (first flight). b) The moving averages of the single-photon count rates (vertical axis on
left-hand side) of detectors D7 (blue, top), D6 (red, second from the top) and D4 (orange, bottom), are compared
with the acceleration (green, second from the bottom, vertical axis on right-hand side) measured at the same time.
Black arrows indicate time intervals at which the count rates of D6 (red, second from the top) show qualitative
correlations with low accelerations (microgravity). This effect is also visible, albeit more weakly, for D7 (blue, top).
For other detectors (D4 shown as an example) this effect was not observed. We attribute these correlations to a
mechanical effect within the detection module. Interestingly, while coincidences of certain detector pairs also show
these correlations, see Fig. A.6, the S values and visibilities do not.

A.II Kolmogoroff-Smirnoff Test
In order to statistically underpin the observation that the levels of acceleration (or changes thereof)
during our experiment had no influence on the entanglement of the produced photon pairs we use
the two-sample Kolmogoroff-Smirnoff test (KST). In this hypothesis test, the empirical cumulative
distribution functions (ECDFs) of two samples, e.g., taken during periods of steady flight and
microgravity, respectively (see Fig. A.7), are compared in order to estimate the likelihood that both
samples are drawn from the same underlying distribution, for a review see, e.g., [32]. Here, we use
this test for pairwise comparisons of the ECDFs for both the S values measured on the first day
and the visibilities measured on the second day for pairs of samples corresponding to time intervals
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Figure A.6: Coincidence rates. Moving average (with sliding window of 3 s) of the coincidence count rates for
detector combinations that are used for the calculation of the S value during parabolas 21 to 25 of the first flight. The
plots are shown for the same time window as in Fig. A.5. Black arrows indicate time intervals at which the coincidence
count rates of various detector pairs show qualitative correlations that with periods of significant acceleration changes.
As with the single-photon count rates of some detectors, the coincidence counts do not stay constant during the
flight, but on short and long time scales, yet they give rise to almost constant S values.

with different levels of acceleration. For these time intervals we selected periods of hypergravity
(HG), microgravity (MG), and steady flight (SF) during which acceleration levels showed only small
fluctuations (see Fig. A.8), as well as periods that we labelled "jerk" during which the acceleration
changes but can be well approximated by a straight line whose slope well approximates the time
derivative of the acceleration (the jerk), see Fig. A.9.

The null hypothesis H0 that the KSTs we perform aim to check is that the different levels and/or
changes of accelerations during the pairs of selected periods have no influence on the entanglement (as
measured by the distribution of S values and visibilities). For sufficiently large sample sizes n1 and
n2, the null hypothesis is rejected at significance level α if the maximal distance

dn1,n2 = sup
x

|Fn1(x) − Fn2(x)| (A.3)

between the ECDFs Fni(x) = 1
ni

∑ni
j=1 1xj≤x (the fraction of samples with values less than or equal to

x) with the indicator

1xj≤x =
{

1 if xj ≤ x

0 otherwise
(A.4)

is larger than a specific critical value Dc, that is, if

dn1,n2 > Dc(α;n1, n2) = Kα

√
n1 + n2
n1 n2

=
√

−1
2 ln

(
α
2

) √
n1 + n2
n1 n2

. (A.5)

In our case, we choose a significance level of 5 %, which corresponds to setting Kα=0.05 =
√

ln(40)/2 =
1.3581.

Figure A.7 shows the ECDFs FSF(S) and FMG(S) of S values calculated from data recorded
during 15 periods of steady flight (SF) and from the same number of periods of microgravity (MG),
respectively. The S values from the steady-flight periods are taken from time windows shortly
before or after the individual parabolic flight maneuvers. The sample sizes of both distributions are
n1 = n2 = 274. Since the steady-flight periods during parabolas 11 to 25 feature relatively large
fluctuations of the acceleration over time compared to the steady-flight periods between the other
parabolas, we only considered the S values of the parabolas 1 to 10 and 26 to 30 for this test. The
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Figure A.7: Empirical cumulative distribution functions (ECDFs) FSF(S) and FMG(S) for the S values during
steady flight (SF) and microgravity (MG) for a sample size of n1 = n2 = 274. The absolute values of the accelerations
along the three spatial axes during steady flight have a mean of 0.98 g and are in the range of 0.86 ± 0.012 g and
1.06 ± 0.012 g, for the microgravity phase the mean value of the absolute value of acceleration along all three spatial
directions is 0.023 g and the maximum and minimum accelerations are 0.085±0.012 g and 0.002±0.012 g, respectively.
A Kolmogoroff-Smirnoff test provides the maximum difference of the ECDFs of dmax = 0.08 at S = −2.693. With a
significance level of 5% the maximum difference is smaller than the critical value Dc = 0.12. Thus both samples of
S values, corresponding to SF and MG, respectively, are consistent with the same underlying distribution, thus ruling
out any influence of microgravity on the photonic entanglement in our setup with a 5 % significance level. For this
calculation and this plot we selected the microgravity S values of parabolas 1 through to 10 and 26 through to 30.

mean of the absolute values of acceleration during SF is 0.98 g and the maximum and minimum
accelerations are 1.06 g and 0.86 g, respectively. During microgravity, the mean of the absolute value
of acceleration amounts to 0.023 g. The largest measured (absolute value of) acceleration during
microgravity was 0.085 g and the smallest was 0.002 g. The maximum distance dmax = 0.08 of the
KST at S = −2.6931 lies below the critical value of Dc = 0.12 for a significance level of 5 %. Hence,
the null hypothesis (no influence of gravity/acceleration on entanglement) is confirmed at the 5 %
significance level.

We further perform pairwise comparisons of the ECDFs of S values during SF, MG, and HG, see
Fig. A.8 a). The S values corresponding to HG and MG are taken from parabola 21 and the SF S
values are taken from a time window before the parabolic flight maneuver with small fluctuations of
the acceleration. With a sample size of nSF = nMG = nHG = 15 the critical value is Dc = 0.47 in
all cases. The KST between the S values of HG and SF yields a maximum distance of dmax = 0.2
and for the S values of HG and MG yields dmax = 0.33. The null hypothesis is confirmed in both cases.

In this context it is also interesting to check whether the ECDFs of the S values corresponding
to the periods of MG and the periods of strongly changing accelerations (jerk) show a significant
difference. For this purpose, we consider S values from time periods in which the acceleration shows
an approximately linear change as in Fig. A.9. For the ECDFs in Fig. A.9 a), we take the S values
from an 8-second time window of strongly changing acceleration and a preceding MG phase (sample
size nMG = nJerk = 13), indicated in b) by the purple and red background colour, respectively. In this
case, the null hypothesis is once again confirmed, with a maximum distance of dmax = 0.38 below the
critical value of Dc = 0.46. In the time window from t = 2719 s to t = 2727 s we perform a linear fit
which yields a jerk of j = −0.1357 ± 0.0033 g/s.

For twelve further jerk periods we perform the KST in the same way. For eleven tests the null
hypothesis is confirmed. However, we found that in one case, the null hypothesis is not confirmed. If
we take the S values from t = 2322 s to 2329 s in migrogravity, and the S values during an almost
constant change of acceleration in the time window of t = 2360 s to t = 2367 s (for which a linear fit
provides a jerk of −0.1346 ± 0.0056 g/s) we find dmax = 0.64 while the critical value is Dc = 0.55. We
assume that this statistical outlier is caused by the small sample size n1 = n2 = 11.
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Figure A.8: a) Empirical cumulative distribution functions (ECDF) for 15 values of S during hypergravity
FHG(S), microgravity FMG(S), and steady flight FSF(S). b) The S values (red, bottom) and accelerations (orange,
top) before and during parabola 21 are shown, with selected intervals of steady flight (SF), hypergravity (HG), and
microgravity (MG) highlighted with blue, green, and red background colour, respectively. The maximum distance
between the ECDFs of the S values during HG and SF is dmax = 0.2 at S = −2.662, while the maximum distance
between HG and MG is dmax = 0.33 at S = −2.691. Both are below the critical value of Dc = 0.47 (for a significance
level of 5 %) and thus the S values of HG and SF, as well as those of HG and MG are confirmed to be consistent
with the same distribution.

Figure A.10 shows the results of the KSTs between the S value distributions in microgravity and
the S value distributions from the periods of approximately constant change of acceleration.

To perform KSTs for the visibilities measured on the 27th of October we proceed in the same way
as shown in Fig. A.7. Figure A.11 shows the ECDFs of the measured visibilities in the H/V and
D/A bases during SF and MG. For the ECDFs the maximum distance is dmax = 0.049 for both the
visibilities in the H/V basis as well as in the D/A basis. For the 5 % significance level the critical value
is Dc = 0.093. Thus the null hypothesis is confirmed also for the visibilities.
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Figure A.9: a) Empirical distribution functions (ECDF) FJerk(S) and FMG(S) for 13 values of S recorded
during periods of strongly changing acceleration (jerk periods) and microgravity (MG), respectively. For this KST,
S values were calculated with an integration time of 500 ms. b) The S values (red, bottom) and accelerations
(green, top) during parabola 13 (flight on 26th of October) are shown. In the time window between 2719 s and
2727 s the acceleration shows an almost linear change with time. A linear fit in this time window provides a jerk of
j = −0.1357 ± 0.0033 g/s. We perform a KST with S values from this time window (purple background) and S
values taken from the adjacent microgravity phase (red background). For a significance level of 5 % and a sample
size of 13 we get a critical value of Dc = 0.46. With a maximum distance of dmax = 0.38 between the ECDFs at
S = −2.68178 the critical value is not reached. Hence the S values from MG and the constant change of acceleration
are consistent with the same underlying distribution, which in turn confirms the null hypothesis that the measured
jerk has no influence on our entangled photon pairs.
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Figure A.10: Kolmogorov–Smirnov tests comparing steady flight and strongly changing acceleration. The
maximum distances (blue dots, bottom, except for the topmost on the left-hand side) and their corresponding
critical values Dc (red dots, top, except for the topmost on the left-hand side) for the KSTs between S values in
microgravity and S values during an approximately constant change of acceleration (Jerk). Black bars connect the
maximum distances with their corresponding critical values. Each red and blue dot pair is a single KST. The sample
sizes of the KSTs are between 6 and 20. Error bars correspond to the 95 % confidence interval of the linear fit on
the acceleration. The maximum distance is below the critical value for all KSTs in this plot except for one: for the
pair of ECDFs with a jerk of j = −0.1346 ± 0.0056 g/s the maximum distance lies above the critical value. The
sample size for this KST is 11.
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Figure A.11: Empirical cumulative distribution functions (ECDF) FSF(V ) and FMG(V ) of the visibilities in the
H/V basis (left-hand side) and the D/A basis (right-hand side) during steady flight (SF, blue) and during microgravity
(MG, red) (data from the 2nd flight on October 27th 2021). For a sample size of 431 and a significance level of
5 % the critical value for the KST is 0.093. For both the ECDFs of the visibility in H/V and in D/A the maximum
distance is dmax = 0.049 and thus below the aforementioned threshold of 0.093. Therefore, the visibility values of
the SF and MG periods are consistent with the same underlying distribution with a 5 % significance level. The mean
of the absolute values of the accelerations during steady flight is 0.98 g with a maximum of 1.11 g and a minimum
of 0.87 g. For the absolute values of the accelerations during microgravity the mean evaluates to 0.018 g, with a
minimum of 0 ± 0.012 g and a maximum of 0.059 ± 0.012 g.

Accepted in Quantum 2024-02-05, click title to verify. Published under CC-BY 4.0. 18



A.III Data for all Parabolas

In this final appendix, we present the entire data for all S values and accelerations measured during
the first flight (26th October 2021) in Figs. A.12 and A.13, as well as for all visibility measurements
and accelerations measured during the second flight (27th October 2021) in Figs. A.14 and A.15.
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Figure A.12: S values and accelerations during first flight. The plot shows all measured S values during 30
parabolas of the measurement of flight one (green dots). The gray area highlights the area of ±3 standard deviations
around the mean value of S = −2.680. The top plot shows a histogram of the measured S values over the whole
flight. The measurement over 30 parabolic flight maneuvers lasted around ∼ 1.9 h.
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Figure A.13: Overlay of S values and accelerations during first flight. The plot shows the measured S values
over 30 parabolas on flight one (green line) overlaid with the measured absolute values of acceleration (blue line).
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Figure A.14: Visibilities and accelerations during second flight. The plot shows the visibilities in the H/V basis
(magenta, left) and D/A basis (blue, middle) as well as the accelerations (green, right) measured during the 31
parabolas of flight two. During the flight, the visibility in the H/V basis slightly increased over time while the
visibility in the D/A basis drops twice to values around 92.33 % (t = 1813 s) and 92.44 % (t = 5398 s). We
found no correlation between these dips in visibility and any of the other measured parameters, in particular, the
crystal temperature, the cabin pressure, or the laser current (see Fig. A.4). Neither do these drops correlate with the
acceleration (nor with the change of the acceleration). Since we measure a temperature increase over all parabolas
of about ∼ 6.83◦C (∼ 7.79◦C) (see Fig. A.4) in the second level of the rack, we assume that the dips may be caused
by heating of optical components. There is also a dip in the visibility of the D/A basis before the parabolic flight
maneuvers start between 0 s and 200 s. During this period we adjusted the temperature of the crystal. The whole
measurement lasted around ∼ 2.1 h.
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Figure A.15: Overlay of visibilities and accelerations during second flight. The plot shows the measured
visibilities in the H/V (magenta) and D/A (blue) bases over 31 parabolas on flight two overlaid with the measured
absolute values of acceleration (blue line). The very first dip of the visibility in the D/A basis (between t = 50 s and
t = 127 s) is due to our temperature adjustment before the start of the parabolic flight maneuvers.
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