Imaging Bell-type nonlocal behavior

advances.sciencemag.org/content/5/7/eaaw2563

Paul-Antoine Moreau *, Ermes Toninelli, Thomas Gregory , Reuben S. Aspden , Peter A. Morris and Miles |
Padgett * School of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, UK. ¢ * Corresponding
author. Email: paul-antoine.moreau{at}glasgow.ac.uk (P.-A.M.); miles.padgett{at}glasgow.ac.uk (M J.P.)

The violation of a Bell inequality not only attests to the nonclassical nature of a system but also holds a very unique status within the quantum
world. The amount by which the inequality is violated often provides a good benchmark on how a quantum protocol will perform. Acquiring
images of such a fundamental quantum effect is a demonstration that images can capture and exploit the essence of the quantum world. Here,
we report an experiment demonstrating the violation of a Bell inequality within observed images. It is based on acquiring full-field coincidence
images of a phase object probed by photons from an entangled pair source. The image exhibits a violation of a Bell inequality with S = 2.44 + 0.04.
This result both opens the way to new quantum imaging schemes based on the violation of a Bell inequality and suggests promise for quantum
information schemes based on spatial variables.

INTRODUCTION

Quantum entanglement makes a key distinction between the classical and the quantum world. The debate over the interpretation of this
entanglement remained center stage for much of the 20th century. That an interpretation based on hidden variables could be ruled out on the
basis of experimental observation is the essence of the Bell inequality, and following the seminal works of Freedman and Clauser (1) and Aspect et
al. (2-4), many groups worldwide have used nonlocal correlations between pairs of photons to show the violation of this type of inequality.
Notably, recent improvements in the scheme design and component performance have allowed simultaneous closing of the various loopholes
present in earlier demonstrations (5-7).

The violation of a Bell inequality is a fundamental manifestation of a quantum system. Not only does it attest to the quantum spookiness of the
behavior of a system, but it also benchmarks the performance of these systems when involved in certain quantum protocols. For example, certain
quantum protocols require Bell-type nonlocal behaviors to be performed such as device-independent protocols (8-10). One quantum technology
that is currently of interest is quantum imaging that attempts to use the quantum behavior of light to perform new types of imaging that are
capable of surpassing the limits of classical methods. As such, acquiring images of one of the most fundamental quantum effects is a
demonstration that images can be exploited to access the full range of possibilities allowed in the quantum world.

The violation of Bell inequalities, ruling against hidden variable interpretations of quantum mechanics, has usually relied on the sequential
measurement of correlation rates as a function of analyzer settings (e.g., the relative angles of linear polarizers) acting on the two photons
separated in space from each other. A violation of the Bell inequality dictates that the correlation rate depends not on the angle of either polarizer
alone but on the combination of both. The nonlocal nature of this correlation gives rise to the term “spooky action at a distance.” Measuring
polarization is convenient, but tests of entanglement have been performed with other variables too (17-14), and although the original Bell
inequality was applied to variables within a two-dimensional Hilbert space, a similar logic can be followed to design tests in higher-dimensional
state spaces (15).

In understanding our present work, it is important to consider two of the other high-dimensional domains in which entanglement can be
explored. The first high-dimensional domain is that rather than analyzing the polarization and, hence, the spin angular momentum of the
photons, an alternative is to measure the orbital angular momentum (OAM) of the photons. The OAM of £h per photon arises from the helical
phase structure of the beam described as exp(i€$) (16, 17). Although early experiments on this OAM concentrated on observing its mechanical
manifestations (18), later work examined the correlations of OAM between photons produced by parametric down-conversion showing
entanglement (19) and, subsequently, a violation of a Bell-type inequality in two-dimensional (20) and higher-dimensional (27) OAM subspaces.
The second high-dimensional domain relates to Einstein et al. (22), who famously expressed their concerns on the completeness of quantum
mechanics through the EPR (Einstein-Podolsky-Rosen) paradox. This paradox concerns the correlations between the position and momentum
correlations that might be expected to occur between the two entangled particles. For photon pairs produced by parametric down-conversion,
both spatial correlations and momentum anticorrelations can be observed in the image plane and far-field of the source, respectively. These
correlations are the basis of quantum ghost imaging (23, 24), where one of the two down-converted beams is directed to the object, with a single
pixel (nonspatially resolving) detector, collecting the interacting light, and the other beam is directed to an imaging detector. The data from neither
detector alone give an image of the object, but a summation of the correlations between the nonimaging and imaging detectors does. If the object
and the spatially resolving detector are in the image planes of the source, then the image is upright with respect to the object; if the object and

the detector are in the far-field of the source, then the image is inverted with respect to the object. The upright or inverted nature of the image
arises from position correlation and momentum anticorrelation, respectively, and can be considered to be an image-based manifestation of the
EPR paradox (25). In a different context, the demonstration of an EPR paradox in imaging has been performed in a series of experiments (26, 27,
28, 29) where cameras were used to image the position and momentum of entangled pairs of photons. This eventually led to the demonstration of
an EPR paradox within single frames of a detector array (30). The question that this present work seeks to demonstrate is what kind of imaging
process could reveal a Bell inequality?

The key to measurements in the polarization experiments is to recognize that the orientation of the linear polarizer analyzer is actually a
measurement of the phase difference between a superposition of the right- and left-hand circular polarization states (i.e., the spin angular
momentum states). A superposition of right- and left-hand OAMs (£ = + 1) has a m-phase step across the diameter of the beam, where the phase
difference between the two OAM states sets the orientation of the step. One notes that a circle contains all possible edge orientations, and hence,
as an object, a circle is equivalent to a full rotation of the polarizer in the polarization case. This has been exploited in a previous demonstration
where the nonlocal detection of phase steps showed an edge enhancement dependent on the edge orientation that was indicative of a violation
of the Bell inequality (37). However, that realization did not rely on imaging because the data were acquired sequentially by scanning an object
within a spatially single-mode optical setup. The data from this ensemble of measurements were eventually recombined to be presented in the
form of an image. By contrast, in this present work, we use a full-field imaging configuration where a phase-edge filter was placed nonlocally with
respect to a circular phase object to give a ghost image, the intensity features of which reveal the anticipated violation of a Bell-type inequality for
OAM. This experiment requires no scanning of any kind, relying on the use of a quantum state that can exhibit correlations in the OAM space or in
110
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the direct Cartesian space. It illustrates that Bell-type nonlocal behavior can be demonstrated within a full-field quantum imaging protocol.
Because we do not close all the various loopholes, our demonstration cannot be interpreted as another absolute demonstration that the world is
behaving in a nonlocal way. However, these loopholes are not fundamentally associated with the experimental paradigm presented here and
could be, in principle, closed with technically more advanced detectors and phase-image displays. In addition, as we will discuss below, by making
only a few physically reasonable assumptions about the source involved in the demonstration, our results can be interpreted as the first
experimental demonstration that an imaging protocol can be used to reveal the Bell-type-violating behavior of a quantum system. Reciprocally,
our results do show that Bell-type nonlocal behavior can be harnessed to perform special types of imaging that could not be performed with a
conventional classical source.

RESULTS

Experimental setup and principle of the demonstration

Our experimental system, shown in Fig. 1, consists of a B-Barium Borate (BBO) crystal pumped by a quasi-continuous laser at 355 nm, thereby
generating spatially entangled pairs of photons at 710 nm through the process of spontaneous parametric down-conversion (SPDC). The two
photons are separated on a beam splitter and propagate into two distinct optical systems (arms). The first photon is reflected off a spatial light
modulator (SLM) placed in an image plane of the crystal and displaying a phase object before being collected inside a single-mode fiber (SMF) and
is subsequently detected by a single-photon avalanche diode (SPAD). The second photon, traveling through the other arm, is reflected off an SLM
placed in a Fourier plane of the crystal (equivalent to the Fourier plane of the object) and displays a spatial t-phase step filter. The photon then
propagates through a ~20-m-long, image preserving, delay line before being eventually detected by an intensified charge-coupled device (ICCD)
camera. The ICCD camera is triggered conditionally on the detection of a photon by the SPAD placed in the first arm. This delay line ensures that
the images obtained from the ICCD camera are coincidence images with respect to the SPAD detection. The presence of the delay line in the
second arm compensates for the trigger delays of the camera and ensures that the second photon is incident on the camera during the 4-ns gate
time of the image intensifier.
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Fig. 1 Imaging setup to perform a Bell inequality test in images.

A BBO crystal pumped by an ultraviolet laser is used as a source of entangled photon pairs. The two photons are separated on a beam splitter
(BS). An intensified camera triggered by a SPAD is used to acquire ghost images of a phase object placed on the path of the first photon and
nonlocally filtered by four different spatial filters that can be displayed on an SLM (SLM 2) placed in the other arm. By being triggered by the SPAD,
the camera acquires coincidence images that can be used to perform a Bell test.

We have used such a triggering mechanism to implement a quantum illumination protocol and acquire images with fewer than one photon per
pixel (32) and in the context of phase and amplitude imaging (33). We also used a similar setup to test the experimental limits of ghost imaging
and ghost diffraction (34, 35). In the presently reported work, our scheme uses phase imaging to give edge enhancement through spatial filtering.
Here, the object (a circular phase step) and the filter (a straight-edged phase step) are placed nonlocally within separated optical arms and are
probed by two spatially separated but entangled photons. The resulting edge-enhanced image of the circle is a result of the nonlocal interference
between the object and the spatial filter probed by the two-photon wave function. However, simply obtaining an edge-enhanced image in these
circumstances is not in itself a proof of the nonlocal character of the two photons’ behavior in that it can potentially be reproduced by classical
means as in the context of ghost imaging (24). One can nonetheless produce images that cannot be reproduced by classical means through the
demonstration of the violation of a Bell inequality.

An understanding that a Bell inequality can be violated by the implementation presented on Fig. 1 can be drawn from the realization that a -
phase step has both £ = 1 and € = -1 contributions when expressed in an OAM basis. A Ti-phase step can, in fact, be represented as the linear
superposition of £ = -1 and € = 1 and, thus, can be represented on a Bloch-Poincaré sphere (36) describing a two-dimensional OAM basis. In this
context, the phase difference 6 between the two modes € = -1 and £ = 1 determines the orientation angle 6 of the m-phase step in the two-
dimensional transverse plane. One can therefore use these phase steps as filters to perform measurements in this particular two-dimensional
OAM space (20). Projected purely into such a space, the two-photon wave functions can be written in the following

way|p) =|=1> 1]1> 2+|1> 1|=-1> 2(1)which is the result of the conservation of the total OAM from the pump photons (£ = 0) to the signal and
idler photons emitted by the SPDC process. Such a state will violate a Bell inequality of the form

(20)| S| <2(2)withS=E(61,62)-E(61',02)+E(©1,062')+E(©1',62")(3)andE(©1,62)=C(61,62)+C(61+12,62+12)-C(01+12,02)-C(01,02+12)C(61,62)+C(O1+T12,62+T2
(4)where C(B4, 87) is the recorded coincidence rate when the first photon is detected after a phase step with the orientation 8 and when the
second photon is measured after a phase step with the orientation 8,. The inequality (Eq. 2) is a Clauser-Horne-Shimony-Holt (CHSH) Bell
inequality (37). As in a demonstration using the polarization degree of freedom, the state (Eg. 1) will exhibit a maximal violation of the inequality
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(Eg. 2) when the settings are chosen in the following way: 81 = 22.5°, 81'=67.5°, 6, = 0°, and 62'=45°. In our implementation, all the orientations 61
in arm 1 necessary to perform the Bell test are obtained simply by using a two-dimensional circular phase step as the displayed object on SLM 1.
As may be seen in Fig. 1, one needs to have four different orientations for the spatial phase step filter in the second arm (0°, 45°, 90°, 135°).

In our implementation, to perform imaging of the Bell inequality, we used the reduced state (Eg. 1) in conjugation with the spatial correlations
exhibited by the EPR state generated through SPDC to acquire a spatially resolved image of the Bell behavior. We applied the phase filter in a
Fourier plane of the crystal and placed the object in an image plane to ensure that the filtering effect will be applied to all the edges within the
whole phase object plane, thus ensuring that simply taking a heralded ghost image of the object will give us access to many coincidence
measurements in parallel across the ICCD camera, i.e., for the full 0 to 21t range of 6, present in the object. Note that our intention here is not to
target a loophole-free test. The detector efficiencies (~10% for the ICCD camera and ~50% for the SPAD) do not allow the closing of the detection
loophole; moreover, the technical triggering process of the camera used here means that neither is the communication loophole closed in our
implementation because a classical trigger signal is actually conveyed from one detector to the other.

Last, our demonstration does not ensure the randomization of the analyzer settings for both photons, which leads again to a loophole. In our
experiment, that is based both on imaging and on a projection in the OAM basis, the random setting of the phase filter orientation does ensure a
randomization of the basis for the detection of the second photon. However, the use of a fixed image in the other arm means that it is the
different spatial positions in the image that correspond to the different orientations of the phase step. For this second process to be random, we
need to assume that the position of generation of the photon pairs is also random and, more subtly, that this position is not linked, by some
unknown process, to the OAM state of the light. Although both of these assumptions are reasonable in relation to our source of entangled
photons, it is noteworthy that any claim of genuine nonlocal behavior depends on these assumptions. This caveat is the same for all
demonstrations that are not loophole free, for example, a detection loophole requires a fair sampling assumption (38). However, it is also to be
noted that in our case, these caveats are imposed by technical limitations rather than by fundamental limitations. For example, the way the phase
object is displayed can be varied for each shot before being reconstructed to lead to a free choice of measurements performed on each side. A
possible approach to implement this and to break the link between the lateral position of the photon and the corresponding angle of the edge of
the phase circle is to apply a randomized scan of the lateral position of the phase circle and then, after measurement, to “de-scan” the associated
component of the detected image. In the last part of Results, we report a successful implementation of these changes to the object displayed in
arm 1. However, note that with the existing technology, such a scan cannot be made sufficiently fast to overcome the locality loophole.

Nevertheless, rather than targeting a fundamental loophole-free demonstration of nonlocality that has already been demonstrated (5-7), here we
aim to demonstrate that it is possible to use a full-field imaging system and quantum imaging tools and techniques to reveal the Bell-type-
violating behavior of a quantum system. This allows the Bell test to be performed in the context of high dimensionality and with a highly parallel
measurement acquisition method.

Bell inequality violation in four images

In the first implementation of this experiment, we acquired four separate images corresponding to coincidence images of the ghost object filtered
respectively by the four orientations, 6, = {0°, 45°, 90°, 135° }, of the Ti-phase filter. The images obtained directly by summing the thresholded
frames acquired by the ICCD camera are shown in Fig. 2A. As discussed before, these coincidence counting patterns are likely to include the
signature of Bell-type behavior, and we can use these images to test the Bell inequality (Eg. 2). For this purpose, one can define a ring-like region
of interest (ROI) along the edge of the phase circle object within each of these images, as shown in Fig. 2 (B to E). One can then unfold these ROIs
by defining angular and radius bins within them and representing the images in polar coordinates. After integrating along the different radii
within the ROIs, one obtains the graphs presented in Fig. 2 (B to E), which correspond respectively to the four orientations, 6, = {0°, 45°, 90°,
135°}, of the mi-phase filter. These graphs represent the coincidence counts as a function of the m-phase angle 81 along the phase circle. As can be
seen, the experimental data extracted from the images closely follow the expected sine-squared Malus-like behavior, and one can test the Bell
inequality (Eq. 2) by selecting particular values of 81 within these graphs. When selecting the angles such that 8, = 22.5°, 61'=67.5°, 82 = 0°, and
62'=45°, the Bell inequality is expected to be maximally violated.
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Fig. 2 Full-frame images recording the violation of a Bell inequality in four images.

(A) The four coincidence counting images are presented, which correspond to images of the phase circle acquired with the four phase filters with
different orientations, 6, = {0°, 45°, 90°, 135°}, necessary to perform the Bell test. Scale bars, 1 mm (in the plane of the object). ( B to E) The
coincidence counts graphs as a function of the orientation angle 61 of the phase step along the object are presented. As shown, these results are
obtained by unfolding the ROIs represented as red rings and are extracted from the images presented in (A). The blue dots in the graphs are the
coincidence counts per angular region within the ROIs, and the red curves correspond to the best fits of the experimental data by a cosine-
squared function. (B) to (E) correspond to phase filter orientations 8, of 0°, 45°, 90°, and 135°, respectively.
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By proceeding to such a Bell test, we findS=2.4626+0.0261(5)that is, results demonstrating a Bell-type nonlocal behavior of the two-photon state
and separated from a classical behavior (S < 2) by more than 17 SDs.

Despite exceeding the classical limit of S > 2, the nonperfect contrast obtained on the graphs presented in Fig. 2 (B to E) explains that the ultimate
two-dimensional 22 bound for S is not saturated. This imperfect contrast arises from several factors. First, the nonperfect spatial coherence of the
two-photon interference due to the finite size of the SMF core (39) can lead to lower contrast. Second, the camera technical noise together with
the presence of parasitic light can further reduce the contrast. Last, the imperfect filtering of the phase circle by the phase filter can lead to a
similar effect even for a perfectly coherent imaging scheme using an ideal detector. This latter effect has been evidenced by establishing some
simulations that are reported in the Supplementary Materials.

Last, it is noteworthy that the images presented in Fig. 2A are the results of the remote interferometric filtering of the phase circle present in arm
1 by the phase step filter present in arm 2. Therein, the type of imaging performed here is more complex than conventional ghost imaging
schemes. We see no easy way of qualitatively reproducing our imaging results using only classical correlations, let alone the quantitative violation
of a Bell inequality that we report here, which requires entanglement.

Bell inequality violation in a single image

In a second implementation of the experiment, we perform a demonstration of a violation of a Bell-type inequality within a single accumulated
image to demonstrate the capability of quantum imaging to access highly dimensional parallel measurements. To observe the single phase circle
object as filtered by the four different phase filters in a single image acquired by the camera, we add to the phase filters displayed on SLM 2 a
different blazed grating for each orientation 8, of the phase filters’ phase step. In this way, we deviate the beam in arm 2 in a different manner for
each filter and, therefore, acquire four concurrent images of the phase circle in different parts of the photosensitive array of the camera. During
the exposure time of each frame acquired by the camera, we randomly choose the phase mask displayed on SLM 2 to switch in between the four
different phase filters 8, = {0°, 45°, 90°, 135° } randomly and with equal probability. One can then accumulate the single image shown in Fig. 3A,
and through a similar treatment of the images as before, defining the four ROIs shown in Fig. 3B, one obtains the curves in Fig. 3C expressing the
coincidence counts as a function of 84 for the four different phase filter orientations 6.
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Fig. 3 Full-frame single image recording the violation of a Bell inequality.

(A) The coincidence counting single image acquired through our protocol is presented, which corresponds to an image of the same phase circle
acquired with the four phase filters with different orientations, 6, = {0°, 45°, 90°, 135°}, necessary to perform the Bell test. Scale bar, 1 mm (in the
plane of the object). (B) The correspondence between the phase filters used and the particular observation of the object acquired in the single
image are highlighted. The four ROIs used to treat the single image are also highlighted in (B). (C) The coincidence counts graphs as a function of
the orientation angle 81 of the phase step along the object for the four different orientations of the phase filters are presented. These graphs are
obtained solely by extracting the coincidence counts in the single image presented in (A).

Again, one can use these data extracted from the single image to perform a test of the Bell inequality ( Eq. 2). By using the following set of angles,
61=22.5° 01 =67.5° 6, =0° and 62'=45°, one findS=2.443+0.038(6)that is, demonstrating a Bell-type nonlocal behavior in the single image. The
results are, in that latter case, separated from classical behavior by more than 11 SDs.

Experimental realization with time-varying displacement of the phase object

To be able to close one of the existing loopholes in our demonstration, we can introduce a time-varying displacement of the phase circle displayed
on SLM 1 (in arm 1 of the setup) and apply a corresponding de-scan to the photon detection on the ICCD camera. To keep the moving circle within
the field of view in arm 1, we slightly reduced its size to a radius of 21 pixels. The circle is moved between four different possible positions around
the center of the beam. Taking the center of the beam as origin (0,0), the four possible positions in numbers of pixels are (10,10), (10,-10),
(-10,10), and (-10,-10). We then reproduce the same acquisition of single images as presented previously, with the difference now being that, for
each of the images, a position of the phase circle is chosen, and we keep track of this position. A raw sum of the images thus acquired is presented
in Fig. 4A. One can observe that we have still four different parts in the image, each corresponding to the different orientations of the phase filter
in arm 2, but the expected filtered phase circles do not appear anymore because of the scanning of the phase circle to different transverse
positions. However, one can then use the information of the position of the phase circle to de-scan each of the images and then again summing
all of the images together. The result is shown in Fig. 4B, where one can see once again the four distinctive filtered phase circles indicative of a test
of a Bell inequality. One can now use this image in the same way as described previously to perform an evaluation of the Bell parameter. We
findS=2.183+0.084(7)that is, demonstrating a Bell-type nonlocal behavior in the single image. The results, are in that latter case, separated from
classical behavior by more than 2.17 SDs.
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Fig. 4 Full-frame single image recording the violation of a Bell inequality and implementing the scanning of the phase circle.

(A) The raw sum of the coincidence counting single image acquired through our protocol is presented, which corresponds to an image of the same
phase circle acquired with the four phase filters with different orientations, 8, = {0°, 45°, 90°, 135° }, necessary to perform the Bell test. ( B) The
image obtained by de-scanning each of the images given the chosen position for the phase circle is presented. We can use this latter image to
perform an evaluation of the Bell parameter S and to demonstrate the nonlocal behavior.

DISCUSSION

In this work, we proposed and demonstrated the use of an imaging scheme to perform a demonstration of a Bell-type inequality. We tested the
Bell inequality here in two dimensions through a conventional CHSH inequality but exploited the high dimensionality of the transverse spatial
variables to obtain a test performed and apparent in a single accumulated image. Nevertheless, note that one could use a similar setup to attain
higher dimensions in which the Bell inequality is tested by using more complex holograms involving higher-order OAMs (21). A trade-off between
the resolution of the acquired images and the dimensionality in which a Bell inequality is tested is then expected to occur. As discussed, our
demonstration is not exempt of loopholes, but these loopholes could potentially be technically addressed and closed. Moreover, our
demonstration shows that one can detect the signature of a Bell-type behavior within a single image acquired by an imaging setup. By
demonstrating that quantum imaging can generate high-dimensional images illustrating the presence of Bell-type entanglement, we benchmark
quantum imaging techniques against the most fundamental test of quantum mechanics. Such a benchmark generally holds a unique status in that
it is a good way to assess whether and how well quantum protocols will perform within a given system. Our demonstration therefore suggests
that quantum imaging techniques can benefit from any advantages provided by the use of quantum illumination. In particular, this result both
opens the way to new quantum imaging schemes based on the violation of a Bell inequality and constitutes a demonstration that the transverse
spatial variables of light can be exploited to enable highly parallel acquisitions of fundamental quantum features, suggesting promise for quantum
information schemes based on spatial variables. We hope that the present work will inspire and generate a new class of quantum imaging
demonstrations and techniques relying on Bell-type entanglement to extract imaging advantages out of quantum-correlated sources that could
not be obtained classically.

MATERIALS AND METHODS

The four images shown in Fig. 3A and the single image shown in Fig. 2A were each obtained by acquiring 40,000 frames each of 1 s of exposure,
during which time the camera intensifier was triggered for every heralding detection by the SPAD. The ICCD sensor was air cooled to -30°C. The
images were thresholded to generate binary images that correspond to the detection of single photons. We calculated the threshold over which a
pixel was considered to correspond to a photo-detection and the noise probability per pixel by acquiring 5000 frames with the camera optical
input blocked. The dark count probability per pixel and per frame arising from the camera readout noise was then calculated to be around 5 x
107.

The images obtained correspond to photon correlation images, the intensity in the images corresponds to the number of coincidence counts
because the camera is triggered by the detection of the first photon by the SPAD, and the images are then analyzed to test the Bell inequality.
First, we located the center of each image circle, and we defined ring-like ROIs to follow the edges of each object. These rings are 17 pixels in width
with a mean radius of 26 pixels. The coincidence counting images within the ROIs were then converted into polar coordinates. We used 48 angular
bins from 0 to 2m, and we integrated over the 17-pixel width of the ROIs to obtain the coincidence as a function of the angle 81 corresponding to
the local orientation of the -phase step at a particular position on the camera. From these data points, one can read the coincidence rates
corresponding to the angles of interest to perform the Bell test.

Uncertainties on the mean value of S were obtained as SEs by splitting the set of 40,000 frames into 20 parts of 2000 frames and evaluating for
each of the 20 sets a value for S. With these 20 values of S, we then computed the means and the SEM. Note that a detailed schematic of the
experimental setup is available in the Supplementary Materials.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/content/full/5/7/eaaw2563/DC1
Section S1. Detailed experimental setup

Section S2. Classical simulations

Fig. S1. Detailed experimental setup.

Fig. S2. Simulated image for realistic parameters.
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