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Polarisation entanglement-enabled quantum holography
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(Dated: January 12, 2021)

Holography is a cornerstone characterisation and imaging technique that can be applied to the
full electromagnetic spectrum, from X-rays to radio waves or even particles such as neutrons. The
key property in all these holographic approaches is coherence that is required to extract the phase
information through interference with a reference beam – without this, holography is not possi-
ble. Here we introduce a holographic imaging approach that operates on intrinsically incoherent
and unpolarised beams, so that no phase information can be extracted from a classical interference
measurement. Instead, the holographic information is encoded in the second order coherence of
entangled states of light. Using spatial-polarisation hyper-entangled photons pairs, we remotely
reconstruct phase images of complex objects. Information is encoded into the polarisation degree of
the entangled state, allowing us to image through dynamic phase disorder and even in the presence
of strong classical noise, with enhanced spatial resolution compared to classical coherent holographic
systems. Beyond imaging, quantum holography quantifies hyper-entanglement distributed over 104

modes via a spatially-resolved Clauser-Horne-Shimony-Holt inequality measurement, with applica-
tions in quantum state characterisation.

Holography is an essential tool of modern optics [1],
at the origin of many applications for microscopic imag-
ing [2], optical security [3] and data storage [4]. In
this respect, holographic interferometry is a widely-
used technique that exploits optical interference to re-
trieve the phase component of a classical optical field
through intensity measurements. For example, phase-
shifting holography [5] uses four intensity images Iθ (θ P
t0, π{2, π, 3π{2u) of a reference optical field aeiθ interfer-
ing with an unknown field beiφ to reconstruct the phase
profile

φ “ arg
“

I0 ´ Iπ ` ipIπ{2 ´ I3π{2q
‰

. (1)

Maintaining optical coherence between interfering fields
is therefore essential in all holographic protocols. Me-
chanical instabilities, random phase disorder and the
presence of stray light are examples of phenomena that
degrade light coherence and hinder the phase reconstruc-
tion process.

Whilst holography is based on classical interference
of light waves, the quantum properties of light have
inspired a range of new imaging modalities [6] includ-
ing interaction-free [7, 8] and induced-coherence imag-
ing [9], as well as sensitivity-enhanced [10, 11] and super-
resolution schemes [12, 13]. Non-classical sources of light
can also produce holograms [14, 15], that were observed
with single-photons [16] and photon pairs [17].
Here, we introduce and experimentally demonstrate a
holographic imaging concept that relies on quantum en-
tanglement to carry the image information. Phase images
are encoded in the polarisation-entanglement of hyper-
entangled photons and retrieved through spatial inten-
sity correlation measurements (i.e. photon coincidence
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counting).This quantum holographic scheme has several
distinguishing features: (i) it is based on remote inter-
ferences between two distant photons, which removes the
need for path overlap between the reference and illumina-
tion beams; (ii) it uses a subspace for encoding/decoding
phase information that is robust against dephasing deco-
herence such as the presence of dynamic random phase
disorder on the imaging paths; (iii) the reliance on a
quantum illumination approach provides immunity to
classical noise e.g. stray light falling on the sensor dur-
ing measurement; (iv) entanglement enhances the spatial
resolution by a factor 1.84 compared to classical holog-
raphy.
Finally, we demonstrate the potential of quantum holog-
raphy beyond imaging, in particular for quantum state
characterisation, by performing a spatially-resolved mea-
surement of the Clauser-Horne-Shimony-Holt (CHSH)
inequality to quantify hyper-entanglement in the gener-
ated quantum states.

The conceptual arrangement of our quantum holo-
graphic scheme is illustrated in Fig. 1a. Photon pairs en-
tangled in space and polarisation [18] interact with two
spatial light modulators (‘Alice SLM’ and ‘Bob SLM’)
and are then detected by two single-photon imaging de-
vices, for example two distinct areas of an electron multi-
plied charge coupled device camera (‘Alice EMCCD’ and
‘Bob EMCCD’). The transverse momentum k of the pho-
tons is mapped onto separated pixels of the SLMs and
re-imaged onto the cameras. Alice and Bob shape and
detect photons with momentum of negative x-component
pkx ă 0q and positive x-component pkx ą 0q, respec-
tively. The quantum state of the photon pair after the
SLMs is thus

ÿ

k

”

|V yk|V y´k ` eiΨpkq|Hyk|Hy´k

ı

(2)

in which Ψ is a relative phase, |Hy and |V y represent
horizontal and vertical polarisation states of the photons.
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For a given momentum k pkx ą 0q, Ψpkq is the sum of
three phase terms Ψ0pkq, θAp´kq and θBpkq. Ψ0pkq is a
static phase distortion produced during the photon gen-
eration process [19] that is characterised beforehand (see
Methods). The phases θAp´kq and θBpkq are actively
controlled by Alice and Bob by programming pixels at
coordinates ´k and k of their SLMs. This is made pos-
sible by the use of parallel aligned nematic liquid-crystal
SLMs, that enable the manipulation of the horizontal
polarisation of incoming photons but leave the vertical
component unchanged.

Quantum holography: First, Alice encodes an im-
age θAp´kq in the phase component of entangled pho-
tons by programming her SLM with the corresponding
phase pattern. Figure 1b shows the pattern used in
our experiments, corresponding to the letters UofG. On
the other hand, Bob displays on his SLM a phase mask
θBpkq “ ´Ψ0pkq to compensate for the phase distortion
Ψ0 (Fig. 1e). This correcting phase remains superim-
posed to all phase masks that Bob programs throughout
the experiment. As a result, the phase of the quantum
state after the SLMs equals exactly the encoded image
Ψpkq “ θAp´kq. In the example shown in Fig. 1b, pixels
associated with the letters U and o are encoded as the
states |V V y ` |HHy (Ψ “ 0), while f and G are encoded
as |V V y ´ |HHy (Ψ “ π). After programming Alice’s
phase, we observe that the intensity images measured by
both Alice and Bob, shown in Figs. 1c and e, are ho-
mogeneous and do not reveal the phase-encoded image.
This observation remains valid when including polarisers
in front of the cameras, at any orientation.

In the holographic reconstruction step of the process,
Bob decodes the image by performing intensity correla-
tion measurements between pixels at k of his camera and
symmetric pixels at ´k on Alice’s camera [20], with the
two polarisers oriented at 45 degrees (see Methods). This
measurement is repeated four times for four different con-
stant phase shifts θ applied on Bob’s SLM, resulting in
intensity correlation image Rθpkq9 1`cospθApkq`θq (see
Methods). The phase image programmed on Alice’s SLM
must remain stationary during the full process, which
takes up to several hours. Figures 1f-i show four inten-
sity correlation images measured for θ P t0, π{2, π, 3π{2u
that partially reveal the hidden phase. Following a sim-
ilar approach to classical holography, Bob then recon-
structs the encoded image by using equation 1 after re-
placing Iθ by Rθ. As shown in Fig. 1j, the retrieved
image is 180 degrees rotated and is of high quality, with
a signal-to-noise ratio (SNR) over 19 and a normalised
mean square error (NMSE) of 5%. While the SNR mea-
sures the intrinsic quality of the image retrieved by Bob in
term of noise level, the NMSE quantifies its resemblance
to the original image encoded by Alice (see Methods).
Note that the combination of a highly multi-mode quan-
tum state with a camera-based multi-pixel coincidence
counting approach removes the need for operating raster-
scanning approaches, as used for example in NOON state
microscopy [12].

The photon pair spatial correlations provide the high-
dimensional image space [21] while polarisation entan-
glement carries the grey-scale information at each pixel.
The presence of polarisation entanglement is therefore
essential to this scheme. For example, Fig. 2 shows re-
sults of quantum holography performed with the same
encoded image as in Fig. 1a but using a source of photon
pairs that are entangled in space but not in polarisation
(see Methods). As in the previous case, intensity images
measured by Alice and Bob in Fig. 2b and c do not reveal
information about the encoded phase. However, Figs. 2f-i
show that the intensity correlation images acquired dur-
ing the phase-shifting process do not reveal any image
information either, and the phase image cannot be re-
trieved (NMSE=95%), as shown in Fig. 2d. Non-zero
values in intensity correlation images also confirm that
(classical) correlations between photon polarisations are
present without entanglement; the existence of a phase
Ψ is conditioned on the coherence between the two-qubit
terms |V V y and |HHy [22], and thus on the entanglement
in the state. However, this conclusion only concerns po-
larisation entanglement, because the presence of spatial
entanglement is itself not strictly required in our holo-
graphic protocol. Therefore, one may design an exper-
imental scheme using photons entangled in polarisation
but only classically correlated in space to achieve similar
results, even if this would be technically much more dif-
ficult than using hyper-entangled photons, with no real
additional benefits.
Robust subspaces and phase disorder: Here the

phase information is encoded and decoded from a sub-
space spanned by the two basis states |Hyk|Hy´k and
|V yk|V y´k. We verify that in our quantum holography
concept, the use of this subspace protects the encoded
phase information against dephasing decoherence gen-
erated by dynamic random phase disorders. Such ro-
bustness is linked to the notion of decoherence-free sub-

spaces (DFSs) that have been shown to protect quantum
states against decoherence by exploiting symmetries in
system-environment interactions [23]. Figure 3 describes
an experimental apparatus in which space-polarisation
entangled photons propagate through two thin diffusers
(figure inset) positioned on a motorised translation stage
in the image plane of both SLMs and cameras. In this
configuration, the polarisation qubits at spatial mode
k undergo the transformations |V yk Ñ eiΦpkq|V yk and
|Hyk Ñ eiΦpkq|Hyk, where Φpkq “ ΦHpkq “ ΦV pkq are
the identical (i.e. phase disorder is non polarisation-
sensitive) time varying random phase shifts in spatial
mode k added on horizontal and vertical polarisations.
The dynamic phase term Φ therefore factorises out and
leaves the encoded phase Ψ intact

ÿ

k

eirΦpkq`Φp´kqs
”

|V yk|V y´k ` eiΨpkq|Hyk|Hy´k

ı

. (3)

Figure 4 shows the experimental reconstruction of a
phase image through the dynamic phase disorders. In-
tensity images measured by Alice and Bob are shown in
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Figs. 4.b and c, respectively, and the image encoded by
Alice (Fig. 4a) is very accurately reconstructed by Bob in
Fig. 4d (SNR“ 21 and NMSE“ 2%). Phase reconstruc-
tion is also achieved through a static phase disorder (see
SI), confirming that such robustness does not originate
from an averaging effect. Note that all entangled polari-
sation basis sets are robust in the presence of the generic
random phase disorder considered here. The equivalent
classical states encoded in the basis set t|Hyk, |V y´ku
would totally decohere under the same conditions. One
may also show that our state is robust against other forms
of decoherence with different symmetries, such as collec-
tive dephasing decoherence [24], but that are less realis-
tic in our experimental arrangement. These results show
that the use of specific subspaces to encode information,
as previously shown with DFSs for implementing robust
quantum information processing protocols [25–28], can
also be useful in the context of imaging for reconstructing
polarisation-sensitive phase objects through optical dis-
order. While certain classical common-path interferom-
eters may achieve similar robustness, we underline that
this is impossible in any classical non common-path in-
terferometers because the presence of uncorrelated phase
disorders in different arms would completely erase the
classical phase information. Instead here, the coherence
between the two interferometer arms, and thus the en-
coded phase, is preserved thanks to the presence of po-
larisation entanglement.

Quantum illumination and dynamic stray light:
We have shown (e.g. Fig. 1) that phase information is re-
constructed from a quantum illumination (QI) approach
that relies on 4 intensity correlation images obtained by
coincidence counting [29, 30]. QI protocols use spatial
correlation between photons to achieve enhanced imag-
ing in the presence of noise, as recently demonstrated
for amplitude objects illuminated by entangled pairs cor-
rupted by static stray light [31, 32]. Here we exploit this
robustness to image polarisation-sensitive phase objects
in the presence of dynamic stray light falling on both
Alice and Bob sensors. Seen from the context of the
QI proposal by S.Lloyd [29], the photon from the entan-
gled pair detected by Bob plays the role of the ’ancilla’
while its twin detected by Alice probes the object. As
illustrated in Fig. 3, a time-varying speckle pattern is su-
perimposed onto Alice and Bob sensors. This addition
of classical light is clearly visible in the intensity images
Figs. 4f and g. Because photons emitted by the classical
source are not spatially correlated, they are not detected
by intensity correlation measurements used for quantum
phase reconstruction. Therefore, a phase image encoded
by Alice (Fig. 4e) is accurately retrieved by Bob in the
presence of dynamic classical stray light (Fig. 4h), with
only a lower SNR compared to the case without stray
light. Importantly, the SNR reduction does not indi-
cate a permanent loss of image information content and
can always be compensated by acquiring more frames
(see SI for a quantitative analysis of SNR variation with
quantum-classical intensity ratio and number of frames).

Entanglement and spatial resolution: Resolution
enhancement using entangled photon pairs has been the-
orised [33] and exploited in scanning-based imaging ap-
proaches [34, 35]. This effect lies in the foundations of op-
tical coherence, precisely reflecting the difference between
its first and second order degrees [36]. We demonstrate
it here in the context of full-field quantum holographic
imaging, using a classical coherent holographic imaging
system for comparison (details in Methods). We insert
an aperture in the Fourier plane of the SLMs (Fig. 3) to
control the transmitted spatial frequencies and we then
image this plane onto the camera by replacing the lens
f5 by a lens of half-focal length (i.e. single-lens imag-
ing). Phase grating objects with different periods are
then programmed onto Alice SLM. When using classical
holography, we observe in Fig. 5a that the intensity of the
first-order diffraction peak vanishes for grating periods
below 17.5 ˘ 0.5 pixels. Conversely, using our quantum
holographic system, the first-order diffraction peak of in-
tensity correlation diffraction pattern only disappears for
a shorter period of 9.5 ˘ 0.5 pixels (see Methods and SI).
The difference in frequency cut-off between the two sys-
tems corresponds to an enhancement of the spatial reso-
lution by a factor 1.84 ˘ 0.05 [37], close to the maximum
theoretical value of 2 [33]. The resolution enhancement
effect is also observed using the imaging configuration
(i.e. with lens f5): a 16-pixels-period phase grating can
be near-perfectly resolved using our quantum holographic
approach (Fig. 5c) while a significant degradation is ob-
served when using classical holography (Fig. 5d).

Hyper-entanglement characterisation in high
dimensions: By harnessing the fundamental link be-
tween quantum state tomography and second-order op-
tical coherence holography, the quantum holography
scheme enables characterisation of hyper-entanglement in
high dimensions. Indeed, the measurements performed
by Bob in the phase-stepping holographic process cor-
respond to projections in the diagonal (θB P t0, πu)
and circular (θB P tπ{2, 3π{2u) polarisation basis (Fig-
ure 6a). Similarly, Alice can use her SLM to per-
form measurements in the corresponding rotated ba-
sis θA P tπ{4, 3π{4, 5π{4, 7π{4u. During this process,
the use of a compensation phase mask programmed on
Bob SLM (Figure 1.e) is important to ensure an opti-
mal orientation of the measurement bases. As shown in
Fig. 5b, these measurement settings provide spatially-
resolved measurements CHSH inequality across 10789
pairs of pixels. Taking into account the finite momentum
correlation width of the photons σk “ r1.326˘0.001sˆ103

rad.m´1 („ 1.1 pixel), one may conclude that Alice and
Bob share up to 8900 polarisation-entangled states in
parallel.Furthermore, an additional measurement in the
position-space of the photons enables to measure their
position correlation width σr “ 10.85 ˘ 0.06 µm [38, 39].
One can then also verify the presence of spatial en-
tanglement in the quantum state through an Einstein-
Podolsky-Rosen (EPR) type inequality [21], which in our
case results in σrσk “ r1.44˘0.01sˆ10´2 ă 1

2
(see Meth-
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ods).

Application potential: Our quantum holography
concept can be applied also to the imaging of real-world
objects, aside from the phase patterns imprinted on the
SLM shown so far. As an example, in the SI we show
phase images obtained by removing the SLM and there-
fore passing the entangled photons through bird feath-
ers and adhesive tape. In biology, our scheme can be
useful for measuring small variations of birefringence in
biological structures for investigating cell pathophysiol-
ogy [40], tissue damage [41] and for ophthalmologic pre-
clinical diagnosis [42, 43], typical situations in which clas-
sical holographic techniques can be limited by the pres-
ence of specimen-induced phase distortions (i.e. phase
disorder) and stray light that cannot be blocked. Fur-
thermore, combining our approach with concepts from
Differential Interference Contrast imaging [44] enables
to extend its range of applications to non polarisation-
sensitive phase objects, with the potential for large field-
of-view imaging microscopy [45]. An illustration of such
an extended setup is shown in Figure O of the SI, together
with experimental results of quantum phase imaging of
non-birefringent silicone oil droplets. Beyond the optical
domain, our approach could also be extended to other
imaging methods such as electron-based techniques [46]
with potential for investigating complex biological sys-
tems at low radiation and further enhanced resolution.
Quantum states entangled in high dimensions and mul-
tiple degrees of freedom are also promising for moving
beyond the limitations of current quantum communi-
cation and information processing technologies [47–50].
One of the central challenges is ascertaining the pres-
ence of entanglement in a given quantum state, how-
ever complex and large it may be. In this respect, our
quantum holography concept can be used for character-
ising entanglement in both space and polarisation dis-
tributed across up to 104 modes, a task that would be
prohibitively time consuming (if not impossible) using
raster-scanning and single-outcome projective measure-
ment techniques [51, 52].

Conclusions. In summary, we have shown that it is
possible to perform holography without (first order) co-
herence, a concept that is not possible in classical physics
and broadens the remit of what is achievable with holog-
raphy. Holographic imaging is enabled by quantum en-
tanglement that indeed does not rely on classical optical
coherence. Information about the image is encoded in the
relative phases between the polarisation entangled two-
photon qubits states (i.e. phase Ψ in |V V y ` eiΨ|HHy)
and is distributed over the transverse spatial dimension
through the high-dimensional structure of spatial entan-
glement. By harnessing the physical concepts linked to
the notion of entanglement, including QI and DFS, it
is possible to achieve resolution-enhanced measurement
of polarisation-sensitive phase objects through random
phase disorder and stray light, with practical advantages
over classical holography. Furthermore, there is a fun-
damental correspondence between quantum holography

and quantum tomography, that extends the concept to
quantum state characterisation, including the analysis of
hyper-entangled states in high-dimensions. One current
practical limitation of our quantum holographic protocol
is its long acquisition time (i.e. on the order of sev-
eral hours) resulting from the low frame rate of EM-
CCD cameras. However, thanks to the rapid develop-
ment of faster and cheaper sensors for imaging quan-
tum correlations [53, 54], we expect quantum hologra-
phy to move towards practical applications for biological
imaging and sensing, but also for characterising complex
high-dimensional quantum states, that are likely to be at
the heart of tomorrow’s quantum optical communications
and information processing technologies.
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Figure 1. Schematic of the quantum holographic reconstruction. a, Space-polarisation hyperentangled photon pairs
propagate through two spatial light modulators (Alice SLM and Bob SLM) and are detected by two electron multiplied charge
couple device cameras (Alice EMCCD and Bob EMCCD). Transverse momentums k of photons with negative x-component
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pixels on Bob’s SLM and camera. Parallel aligned nematic liquid-crystal SLMs allow Alice and Bob to modulate at any pixel
the horizontal polarisation of incoming photons with spatial phases θA and θB . Two polarisers oriented at 45 degrees are
inserted between SLMs and cameras. b, Phase image θAp´kq displayed on Alice SLM. c and d, Intensity images measured
by Alice and Bob on their cameras, respectively. e, SLM pattern displayed on Bob SLM to compensate for the static phase
distortion Ψ0. f-i, Intensity correlation images measured by Bob for different constant phase shift programmed on his SLM: `0
(f), `π{2 (g), `π (h) and `3π{2 (i). Each image is obtained by measuring intensity correlations between Bob camera pixels
k and their symmetric on Alice camera ´k. j, Phase image reconstructed by Bob, with a signal-to-noise ratio (SNR) over 19
and a normalised mean square error (NMSE) of 5%. A total of 2.5 ˆ 106 frames was acquired to retrieve the phase at a frame
rate of 40fps, which corresponds to 17 hours of acquisition. Intensity and intensity correlation values are in arbitrary units and
the same scales are used in all the figures of the manuscript.
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different pairs of pixels of Alice’s and Bob’s sensors within two half-disks containing 14129 pairs of pixel. The two half-disks
correspond to areas where the direct intensity is non-null and homogeneous. Images are calculated from intensity correlation
measured for 16 combinations of angles θA and θB (shown in Figure B of the SI). CHSH inequality is violated (S ą 2) in 10789
pairs of pixels over the total of 14129. An average value xSy “ 2.20 ˘ 0.003 ą 2 is obtained by averaging S values over the full
two half-disks areas. See also Methods for further details.
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METHODS

Experimental layout. A paired set of BBO crystals
have dimensions of 0.5 ˆ 5 ˆ 5 mm each and are
cut for type I SPDC at 405 nm. They are optically
contacted with one crystal rotated by 90 degrees about
the axis normal to the incidence face. Both crystals are
slightly rotated around horizontal and vertical axis to
ensure near-collinear phase matching of photons at the
output (i.e. rings collapsed into disks). The pump is a
continuous-wave laser at 405 nm (Coherent OBIS-LX)
with an output power of approximately 200 mW and
a beam diameter of 0.8 ˘ 0.1 mm. A 650 nm-cut-off
long-pass filter is used to block pump photons after
the crystals, together with a band-pass filter centred
at 810 ˘ 5 nm. The SLM is a phase only modulator
(Holoeye Pluto-2-NIR-015) with 1920 ˆ 1080 pixels and
a 8 µm pixel pitch. The camera is an EMCCD (Andor
Ixon Ultra 897) that operates at ´60˝C, with a horizon-
tal pixel shift readout rate of 17 MHz, a vertical pixel
shift every 0.3 µs, a vertical clock amplitude voltage
of `4V above the factory setting and an amplification
gain set to 1000. It has a 16µm pixel pitch. Exposure
time is set to 3 ms. The camera speed is about 40
frame per second when considering a region of interest
of 200 ˆ 200 pixels, allowing to retrieved a phase image
with SNR„ 20 in about 17 hours (i.e. 2.5.106 frames
in total). The characterisation of our system shows
that the camera detects approximately 0.1 pairs per
spatial mode per second. The detection efficiency of
the entire setup is approximately 0.48. The classical
source is a superluminescent diode laser (Qphotonics)
with a spectrum of 810 ˘ 15 nm that is filtered using
a band-pass filter at 810 ˘ 5 nm to match the photon
pair’s spectrum. The lens f1 is composed by a series of
three lenses of focal lengths 45 mm - 125mm - 150 mm
positioned into a Fourier imaging configuration i.e.the
distance between each pair of lenses equals the sum of
the focal lengths of each lens. The whole system can
be seen as an lens f1 of effective focal length f1 “ 54
mm. Focal lengths of the other lenses are f2 “ 150 mm,
f3 “ f4 “ 75 mm, f5 “ 100 mm and f6 “ 175 mm.
Distances: crystal plane - lens f1 “ 54mm ; lens f1 -
SLMs “ 54mm ; SLMs - lens f2 “ 150mm ; lens f2 -
aperture “ 150mm ; aperture - lens f3 “ 75mm ; lens
f3 - phase disorder “ 75mm ; phase disorder “ 75mm -
lens f4 “ 75mm ; lens f4 - beam splitter “ 75mm ; beam
splitter - lens f5 “ 100mm ; lens f5 - camera “ 100mm.
The magnification factor from the SLM plane to the
camera plane is 0.7. The diffuser is a plastic sleeve layer
of thickness ă 100 µm, roughness of 46 µm and has a
decorrelation time of 183 ms. See the SI section 6 and
9 for further details on the diffuser properties and the
quantum source.

Intensity correlation images. The camera sensor is
split in two identical regions of interest composed of 201ˆ
101 pixels associated with Alice and Bob. To measure

intensity correlations, the camera first acquires a set of
N images. Then, values of intensity correlation Rpkq
between pixel at k on Bob’s side and the symmetric at ´k
on Alice’s side are calculated by subtracting the product
of intensity values measured in the same frame by the
product of intensity values measured in successive frames,
and averaging over all the frames:

Rpkq “ 1

N

N
ÿ

l“1

rIlpkqIlp´kq ´ IlpkqIl`1p´kqs . (4)

in which Il denotes the lth frame [20]. See the SI section
1 for further details on the intensity correlation measure-
ment.
Quantum holography. Intensity correlation measure-
ment performed between pixels k and ´k with two po-
larisers oriented at 45 degrees positioned in front of the
cameras can be associated with the following measure-
ment operator:

1

2

“

|HyxH| ` |V yxV | ` |HyxV | ` |V yxH|
‰

k

b
“

|HyxH| ` |V yxV | ` |HyxV | ` |V yxH|
‰

´k
(5)

For a given pair of pixels (´k,k), the expectation value
of this operator in the state described by equation 2 is

Rpkq “ 1

2
r1 ` cospΨpkqqs (6)

During the holographic process, Alice encodes a phase
θAp´kq and Bob applies a phase shift θ superim-
posed over the phase compensation pattern ´Ψ0pkq.
As a result, intensity correlation measurements per-
formed by Bob for a given θ are given by Rθpkq “
1
2

r1 ` cospθApkq ` θqs. As in classical holography
(equation 1), Bob then reconstructs the phase im-
age θApkq image using four successive measurements:
θApkq “ arg

“

R0pkq ´ Rπpkq ` i
`

Rπ{2pkq ´ R3π{2pkq
˘‰

.
Note that, to take into account a more general case, the
state in equation 2 can be re-written as:

ÿ

k

”

eiΨpkq|Hyk|Hy´k ` α|V yk|V y´k

ı

(7)

with α Ps0, 1s. In this case, the expectation value of the
operator in equation 5 changes into 1

2

“

1 ` α2 cospΨpkqq
‰

,
but θApkq is still retrieved using equation 1 (albeit with
visibility equal to α2).

Characterisation of spatial entanglement. Spatial
entanglement in the photon source is characterised
by performing intensity correlation measurements
between positions and momentum of photons, using
the method described in [38, 39]. Correlation width
measurements return values of σr “ 10.85 ˘ 0.06 µm
for position and σk “ r1.326 ˘ 0.001s ˆ 103rad.m´1 for
momentum. These values show violation of EPR criteria
σrσk “ r1.44 ˘ 0.01s ˆ 10´2 ă 1

2
[21]. See the SI section
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2 for further details, including the correlations images
in position and momentum spaces used to estimate the
correlation widths.

Phase distortion characterisation. The phase
distortion Ψ0pkq originates from the birefringence of
the paired BBO crystals used to generate photon
pairs [19]. Ψ0pkq is measured beforehand by perform-
ing a holographic measurement between a flat phase
pattern programmed on Alice SLM and successive
phase shifts displayed on Bob SLM. This characterisa-
tion process results in a phase distortion of the form
Ψ0pkx, kyq “ 4.69k2x ` 5.04k2y ` 0.02. In our experiment,
a correcting phase mask is directly programmed on Bob
SLM to compensate for the phase distortion (Fig. 1.e).
For holographic imaging of phase objects, we note that
in principle it would be possible to replace Bob SLM
by a rotating polariser positioned in front of the camera
and compensate for the phase distortion afterwards in a
post-processing step on a computer. However, the use
of a correcting pattern directly implemented on Bob’s
SLM is important for performing the spatially resolved
CHSH measurement (Fig. 6) because it ensures an
optimal orientation of the measurement bases.. See the
SI section 4 for further details on the phase distortion
characterisation.

Signal-to-noise, normalised mean square error
and spatial resolution. Signal-to-noise ratio (SNR) is
obtained by calculating an averaged value of the phase in
a region of the retrieved image where it is constant, and
then dividing it by the standard deviation of the noise
in the same region. To have a common reference, SNR
values are calculated using areas where the phase is con-
stant and equals π. For a fixed exposure time and pump
power, the SNR varies as

?
N , where N is the number

of images used to reconstruct the intensity correlation
images [55]. In the presence of stray light, the SNR de-
creases as 1{xIcly, where xIcly is the average intensity of
classical light falling on the sensor [31, 32]. Quantitative
analysis of the SNR variation with the number of frames
and the intensity of stray light are provided in sections 3
and 7 of the SI.
The normalised mean square error (NMSE) [56] quanti-
fies the resemblance between an image reconstructed by
Bob and the ground truth image encoded by Alice. The
NMSE is calculated using the formula:

NMSE “ M0

M8
(8)

where M0 is the mean square error (MSE) measured
between the ground truth and the retrieved image and
M8 is an average value of MSE measured between the
ground truth and a set of images composed of phase
values randomly distributed between 0 and 2π. The
MSE between two images composed of P pixels with
values denoted respectively txiuiPrr1,P ss and tyjujPrr1,P ss

is defined as M “ 1{P řP

i“1 |xi ´ yi|2. Values of NMSE

range between 1 (retrieved image is a random phase
image) and 0 (retrieved image is exactly the ground
truth). Spatial resolution in the retrieved image is
determined by the spatial correlation width of entangled
photons. In our experiment, its value is estimated to
d “ 45 ˘ 3 µm, which corresponds to approximately 3
camera pixels. See the SI section 3 for further details on
the spatial resolution characterisation.

Photons without polarisation entanglement. Re-
sults shown in Fig. 2 are obtained using a quantum state
defined by the following density operator:

1

2

ÿ

k

“

|Hyk|Hy´kxH|
k

xH|´k
` |V yk|V y´kxV |

k
xV |´k

‰

(9)
Experimentally, it is produced by switching the polari-
sation of the pump laser between vertical and horizontal
polarisations, which is equivalent of using a unpolarised
pump. Because entanglement originates fundamentally
from a transfer of coherence properties between the
pump and the down-converted fields in SPDC [57–59],
the lack of coherence in the pump polarisation induces
the absence of polarisation entanglement in the pro-
duced two-photon state, while spatial and temporal
entanglement are maintained [22]. See the SI section 5
for further details on state entangled in space but not in
polarisation.

Reference classical holographic system. Experi-
mental results shown in Figure 5 were obtained using
a holographic system that is a classical version of our
quantum protocol, namely a polarisation phase-shifting
common-path holographic interferometer [60]. In this
classical system, a collimated laser beam (810nm)
polarised at 45 degrees illuminates Alice SLM on which
a phase object is programmed (Bob SLM is not used).
Alice SLM is imaged onto a single EMCCD camera
using the same imaging system as the one described
in Figure 3. Phase-shifting holography is then per-
formed by superimposing four constant phase patterns
(0, π{2, π, 3π{2) on top of the programmed phase object
and measuring the four corresponding intensity images
on the camera. Finally, the phase object is reconstructed
using equation 1. See the SI section 8 for more details.

Resolution enhancement measurement. A compar-
ison of spatial resolution between quantum and classical
holographic systems is performed by measuring their re-
spective frequency cut-off [37]. Results shown in Figs. 5
are obtained by replacing the lens f5 in Fig. 3 by a lens
with half-focal length (f5{2 “ 50mm) to directly image
the Fourier plane of the SLM onto the EMCCD camera.
The aperture is also placed in this Fourier plane. In the
classical case, measurements are performed by illuminat-
ing Alice SLM with a 45-degrees collimated laser beam
(see previous Methods section). When programming a
phase grating on the SLM, intensity images measured by
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the EMCCD shows a diffraction pattern with three main
components: a central zero-order peak and two symmet-
rically positioned plus-or-minus first-order peaks. Red
circles in Fig. 5.a correspond to the intensity of the (plus)
first-order peak measured for different grating periods.
Because of the aperture, a sharp cut-off is observed at
period of 17.5 ˘ 0.5 pixels. In the quantum case, diffrac-
tion patterns are revealed by measuring intensity corre-
lations with the EMCCD camera (i.e. second-order co-
herence) [15, 17]. More precisely, an complete intensity
correlation matrix Rpr1, r2q is measured for each phase
grating using a generalised version of equation 4 [20]:

Rpr1, r2q “ 1

N

N
ÿ

l“1

rIlpr1qIlpr2q ´ Ilpr1qIl`1pr2qs (10)

where N is the number of acquired frames, r1 and r2
are spatial positions in the Fourier plane (i.e. camera
pixel positions). Then, the intensity correlation matrix
is projected along the minus-coordinate axis δr “ r1 ´r2
using the formula:

P pδrq “
ÿ

r

Rpr, r ´ δrq. (11)

where the summation is performed over all illuminated
pixels r. The use of such projection to reveal diffraction
patterns under quantum illumination was demonstrated
in [17, 61]. Similarly to the classical case, three peaks
of intensity correlations are observed when visualizing
intensity correlation in the minus-coordinate basis
(diffraction patterns are shown in Figure K of the SI).
Blue crosses in Fig. 5.a correspond to the intensity of
the (plus) first-order peak measured for different grating
periods. In this case, a cut-off is observed at period
of 9.5 ˘ 0.5 pixels, which corresponds to a resolution
enhancement of 17.5{9.5 “ 1.84 ˘ 0.05. See the SI
section 8 for further details on the resolution char-
acterisation, including detailed experimental schemes
and images of classical and quantum diffraction patterns.

Clauser-Horne-Shimony-Holt (CHSH) measure-
ment. A set of 16 intensity correlations images RθA,θB is
first measured using all combinations of uniform phases
θA P tπ{4, 3π{4, 5π{4, 7π{4u and θB P t0, π{2, π, 3π{2u
programmed on Alice and Bob SLMs. Then, a correla-
tion image EθA,θB is calculated using the following for-
mula [62]:

EθA,θB “ RθA,θB ´ RθA,θB`π ´ RθA`π,θB ` RθA`π,θB`π

RθA,θB ` RθA,θB`π ` RθA`π,θB ` RθA`π,θB`π

(12)
Finally, the image of S values shown in Fig. 6.b is ob-
tained using the following equation:

S “ |Eπ{2,π{4 ´ Eπ{2,5π{4| ` |E0,π{4 ` E0,5π{4| (13)

As shown in Fig. 6, 10789 pairs of S values measured
between Alice and Bob correlated pixels show violation

of CHSH inequality S ą 2, over the total of 14129
pair of pixels forming the two half disks. A spatial
averaged value of xSy “ 2.20 ˘ 0.003 ą 2 is estimated by
calculating the mean and variance of S values over these
14129 pairs of pixels. See the SI section 2 for further
details on the CHSH measurement, including Figure B
showing all 16 measured correlation images RθA,θB .
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Supplementary

information

I. DETAILS ON INTENSITY CORRELATION
MEASUREMENT

This section provides more details about the intensity
correlation measurement performed by the EMCCD cam-
era. Further theoretical details can be found in [20].

An EMCCD camera can be used to reconstruct the
spatial (a) intensity distribution Ipkq and (b) intensity
correlation distribution Γpk1,k2q of photon pairs, where
k, k1 and k2 correspond to positions of camera pixels.
To do that, the camera first acquires a set of N frames
tIlulPrr1,Nss using a fixed exposure time. Then:

(a) The intensity distribution is reconstructed by aver-
aging over all the frames:

Ipkq “ 1

N

N
ÿ

l“1

Ilpkq (14)

(b) The intensity correlation distribution is recon-
structed by performing the following substation:

Γpk1,k2q “ 1

N

N
ÿ

l“1

Ilpk1qIlpk2q´ 1

N ´ 1

N´1
ÿ

l“1

Ilpk1qIl`1pk2q

(15)
Under illumination by the photon pairs, intensity
correlations in the left term of the subtraction origi-
nate from detections of both real coincidences (two
photons from the same entangled pair) and acci-
dental coincidences (two photons from two different
entangled pairs), while intensity correlations in the
second term originate only from photons from dif-
ferent entangled pairs (accidental coincidence) be-
cause there is zero probability for two photons from
the same entangled pair to be detected in two succe-
sive images. A subtraction between these two terms
leaves only genuine coincidences, that are propor-
tional to the spatial joint probability distribution
of the pairs.

In our work, we use this technique for measuring cor-
relation between pairs of symmetric pixels k and ´k to
reconstruct intensity correlation images Rpkq. These im-
ages correspond exactly to the anti-diagonal component
of the complete intensity correlation distribution Rpkq “
Γpk,´kq. Fig. 7 illustrates these different types of mea-
surements in the case of the experiment described in Fig.1
of the manuscript when Bob displays a phase shift `π on
his SLM. Fig. 7.a and b show respectively intensity im-
ages measured by Alice (pixels k “ pkx ă 0, kyq) and Bob
(pixels k “ pkx ą 0, kyq). These images do not provide
any information about the correlation between photon
pairs. Fig. 7.c is the conditional image Γpk,k1q that rep-
resents the probability of measuring a photon from a pair

at pixel k in Alice side conditioned by the detection of its
twin photon at pixel k1 in Bob side. We observe a strong
peak of correlation centred around the symmetric pixel
´k1 due to the strong anti-correlation between momen-
tum of the pairs (zoom in inset). Similarly, Fig. 7.d is
the conditional image Γpk,k2q relative to position k2. In
this last case, the peak of correlation is very weak (zoom
in inset). Finally, Fig. 7.e shows the intensity correlation
image Rpkq “ Γpk,´kq. In this last image, the value at
pixel k1 corresponds to the value of the peak of corre-
lation at ´k1 shown in Fig. 7.c and the value at pixel
k2 corresponds to the value of the peak of correlation at
´k2 in Fig. 7.d.

II. DETAILS ON SPATIAL AND
POLARISATION ENTANGLEMENT OF THE

SOURCE

As described in Fig.3 of the manuscript, entangled pho-
ton pairs are generated by type I SPDC using a pair of
BBO crystals. These pairs are entangled in both their
polarisation and spatial degree of freedom [18].

A. Spatial entanglement

Spatial entanglement between photons is characterised
by performing intensity correlation measurement be-
tween (a) positions and (b) momentum of photons [21,
38, 63]. Fig. 9 describes the corresponding experimental
apparatus:

(a) Positions r of photons are mapped onto pixels of
the camera using a two-lens imaging configuration
f1 ´ f2. After measuring the intensity correla-
tion distribution Γpr1, r2q, its projection along the
minus-coordinate axis r1 ´ r2 is shown in Fig. 9.b.
The peak of correlation at its center is a signa-
ture of strong correlations between positions of
photons. The position correlation width in the

camera plane σ
pcq
r “ 26.20 ˘ 0.02µm « 1.6 pixel

is estimated by fitting the minus-coordinate pro-
jection by a Gaussian model [64] of the form

a expp´|k1 ` k2|2{p2σpcq2

k q. To obtain a better es-
timate of the correlation width taking into account
the approximation made by using the Gaussian
model, a correction factor β “

a

α{pα ` α´1q with
α “ 0.455 [65, 66] is applied to the measured width

resulting into σr “ βσ
pcq
r “ 10.85 ˘ 0.06 µm. Note

that the use of such correction procedure is not cru-
cial in our work because an overestimated value of
the product σkσ

pcq
r “ r3.71 ˘ 0.01s.10´2 ă 1

2
still

violates significantly the EPR-type inequality [21].

(b) Momentum k of photons are mapped onto pixels
of the camera by replacing the lens f2 by a lens
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Figure 7. Intensity and intensity correlation measurements between photon pairs with an EMCCD camera. a
and b, Intensity images measured respectively by Alice and Bob. Two pixels k1 and k2 are arbitrarily selected in Bob side. c,
Conditional image relative to position k1. d, Conditional image relative to position k2. Zooms of areas centred around pixels
´k1 and ´k2 are shown in inset. e, Intensity correlation image reconstructed by Bob. Values at k1 and k2 correspond to
intensity correlation values measured at ´k1 and ´k2 in images c and d.

with twice its focal length. After measuring the in-
tensity correlation distribution Γpk1,k2q, its pro-
jection along the sum-coordinate axis k1 ` k2 is
shown in Fig. 9.c. The peak of correlation at its
center is a signature of strong anti-correlations be-
tween momentum of photons. The momentum cor-

relation width in the camera plane σ
pcq
k “ 17 ˘

0.01µm « 1.1 pixel is estimated by fitting the sum-
coordinate projection by a Gaussian model [64] of

the form a expp´|k1 ` k2|2{p2σpcq2

k q. The corre-
sponding value in the momentum space σk is then

calculated using the formula σk “ 2πσ
pcq
k {pλf2q “

r1.326 ˘ 0.001s ˆ 103 rad.m´1 where f2 “ 100mm
and λ “ 810nm.

The presence of spatial entanglement between photons
is certified by violating an EPR-type inequality: σrσk “
r1.44 ˘ 0.01s ˆ 10´2 ă 1

2
[21].

B. Polarisation entanglement

The presence of polarisation entanglement between
photons can be demonstrated by violating the Clauser-
Horne-Shimony-Holt (CHSH) inequality [62]. A simpli-
fied version of the experimental apparatus used to per-
form this measurement is shown in Fig. 9.d. In this case,
the combination of Alice and Bob SLMs with a 45 de-
grees polariser positioned in front of the cameras play
the role of the rotating polarisers used in a conventional
CHSH violation experiment [67]. When a constant phase
θB (θA) is programmed onto Bob SLM (Alice SLM), each
pixel of Bob camera (Alice) performs a measurement that

corresponds to an operator of the form:

B̂θB “ 1

2

“

|HyxH| ` |V yxV | ` eiθB |HyxV | ` e´iθB |V yxH|
‰

(16)
In the first step of this experiment, Alice and Bob mea-
sure intensity correlation images RθA,θB for 16 combi-
nations of phase values θA and θB programmed on their
SLMs. On the one hand, Bob uses the same set as the one
used in the holographic process θB “ t0, π{2, π, 3π{2u,
where θB “ 0 and θB “ π correspond to measurements
performed in the diagonal polarisation basis B̂˘

0{π “
p|V y ˘ |HyqpxV | ˘ xH|q and values θB “ π{2 and θB “
3π{2 correspond to measurements performed in the circu-

lar polarisation basis B̂˘
π
2

{ 3π
2

“ p|V y ˘ i|HyqpxV | ¯ ixH|q.
On the other hand, Alice programs phase values θA “
tπ{4, 3π{4, 5π{4, 7π{4u of her SLM to perform measure-
ments in diagonal and circular basis rotated by π{4:

Â˘
π
4

{ 5π
4

“ p|V y ˘ 1?
2

|HyqpxV | ˘ 1?
2

xH|q and Â˘
3π
4

{ 7π
4

“
p|V y ˘ i?

2
|HyqpxV | ¯ i?

2
xH|q. Coincidence images asso-

ciated with these 4 ˆ 4 “ 16 measurement combinations
are shown in Figure 8. In the second step, Alice and Bob
combine these 16 intensity correlation images to compute
EθA,θB using the following formula [62]:

EθA,θB “ RθA,θB ´ RθA,θB`π ´ RθA`π,θB ` RθA`π,θB`π

RθA,θB ` RθA,θB`π ` RθA`π,θB ` RθA`π,θB`π

(17)
Finally, an image of S values is obtained using the fol-
lowing equation:

S “ |Eπ{2,π{4 ´ Eπ{2,5π{4| ` |E0,π{4 ` E0,5π{4| (18)

This image is shown in Fig.5.b of the manuscript and in
Fig. 9.e. We observe that 10789 values of S measured be-
tween in Alice and Bob correlated pixels show violation
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of the CHSH inequality S ą 2, over the total of 14129
within the two half-disks. A spatial averaged value of
xSy “ 2.20 ˘ 0.003 ą 2 is estimated by calculating the
mean of S values over the two half-disks areas, and the
error on xSy is calculated from their variance. Violation
of CHSH inequality demonstrates the presence of polar-
isation entanglement between photon pairs.

III. DETAILS ON SIGNAL-TO-NOISE AND
SPATIAL RESOLUTION

This section provides more details about the signal-
to-noise ratio (SNR) and spatial resolution of the phase
image retrieved by quantum holography.

A. Signal-to-noise ratio.

In our work, we define the SNR as the ratio between
π and the standard deviation of the noise measured in
a region of the image in which phase values equal π. It
is for example the case for the area within the letters
U and o in the phase image shown in Fig.1.b. For a
constant source intensity and a fixed exposure time, the
factor that most influences the SNR is the total num-
ber of images N acquired to measure the four intensity
correlation images used to reconstruct the phase image.
Each phase image shown in the manuscript has been re-
trieved using N “ 2.5ˆ106 images and show SNR values
ranging between 19 and 21. Fig.10.a shows SNR values
measured for different values of N (black crosses). As
predicted by the theory [20] and demonstrated by fitting

the data (blue dashed curve), the SNR evolves as
?
N .

Fig.10.b-c show three images of the retrieved phase for
respectively N “ 2.5 ˆ 104 images, N “ 2.5 ˆ 105 and
N “ 2.5 ˆ 107 images.

B. Spatial resolution.

To measure the spatial resolution in the retrieved phase
image, a radial resolution target (Siemens star with 16
branches) is programmed by Alice Fig. 10.e. Fig. 10.f
shows the retrieved image. When comparing this re-
trieved image (Fig. 10.f) to the ground truth (Fig. 10.e),
the area of the resolution target that is not spatially
resolved is approximately a disk of diameter 29 pixels,
which corresponds to a perimeter of 91 pixels. The spa-
tial resolution is then estimated by dividing the perimeter
by twice the number of branches 91{p2 ˚ 16q « 2.8 pix-
els, which results to a spatial resolution of d “ 45 ˘ 3
µm. We observe that this value of the spatial resolution
is larger than this of the momentum correlation width
(σk “ 18µm on the camera, see Fig. 9) which in theory
should be the resolution limit of our system. The origin
of this difference is that the SLM on which phase objects

are programmed is not perfectly positioned into an im-
age plane of the system, which is a misalignment that
can be expected when using an SLM acting in reflection
and tilted. This misalignment causes a small blurring of
the phase object programmed on the SLM and thus lead
to an overestimation of the measured value of the spatial
resolution width.

IV. DETAILS ON PHASE DISTORTION
CHARACTERISATION

This section provides more details about the charac-
terisation of the phase distortion Ψ0.

Phase distortion Ψpkq originates from the SPDC pro-
cess used to produce pairs of photons [19, 68]. To charac-
terise it, Alice and Bob perform a quantum holographic
experiment using the scheme described in Fig.1.a. In
this case, Alice programs a flat phase pattern θA “ 0
(Fig. 11.a) and Bob programs successive phase shifts pat-
terns with values `0 (Fig. 11.b), `π{2 (Fig. 11.b), `π
(Fig. 11.b) and `3π{2 (Fig. 11.b), without any correc-
tion phase mask superimposed on them. Fig. 11.f-i show
intensity correlations images measured for each of the
four SLM patterns displayed by Bob. Therefore, the re-
sulting reconstructed phase image corresponds exactly
to the phase distortion Ψ0pkq (Fig. 11.j). The phase im-
age is then fitted by a quadratic function of the form
Ψ0pkx, kyq “ 4.69k2x `5.04k2y `0.02 (Fig. 11.k). Result of
the fit is then used to construct and program the phase
compensation pattern on Bob SLM (Fig. 11.l).

V. DETAILS ON QUANTUM HOLOGRAPHY
WITHOUT POLARISATION ENTANGLEMENT

This section provides more details about quantum
holography performed with photons entangled in space
but not in polarisation.

Fig.2 of the manuscript shows results of quantum holo-
graphic experiment performed with photons that are en-
tangled in space but not in polarisation. In this experi-
ment, the state generated at the output of the crystals is
defined by the density operators:

1

2

ÿ

k

“

|Hyk|Hy´kxH|
k

xH|´k
` |V yk|V y´kxV |

k
xV |´k

‰

(19)
This state is composed of a balanced statistical mixture
of two pure states:

ř

k
|Hyk|Hy´k and

ř

k
|V yk|V y´k.

As shown in Fig. 12.a, this state is produced by alter-
nating the polarisation of the pump laser between verti-
cal and horizontal polarisations. Frames acquired by the
camera in each configuration are then summed together
(Fig. 12.b). Then, the intensity and intensity correla-
tion images shown in Fig.2 of the manuscript are recon-
structed using the set of summed frames. This experi-
ment is equivalent of generating the photons with a pump
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Figure 8. Intensity correlation images measured by Alice and Bob for 16 combinations of phase values θA
and θB. Intensity correlation images are shown by pair, with a red outline for Alice and a blue outline for Bob. Each row
corresponds to a measurement setting on Alice SLM θA “ tπ{4, 3π{4, 5π{4, 7π{4u and each column to a measurement setting
of Bob SLM θB “ t0, π{2, π, 3π{2u.

that is coherent in space and time but not in polarisa-
tion (i.e. unpolarised). Due to the fundamental trans-
fer of coherence that occurs between the pump and the
down-converted two-photon field in SPDC [57–59], the
produced state is entangled in space and time, but not
in polarisation.

Note that, even if entanglement is absent, we still ob-
serve some small spatial inhomogeneities in the recon-
structed phase in the Figure.2.d of the manuscript. These
inhomogeneities originate from the small spatial varia-
tions observed in the corresponding intensity correlation
images (Figs.2.f-i of the manuscript), that themselves

originate from the small and not desired intensity modu-
lations performed by the SLM during the phase shifting
process. This effect is also present in the measurements
performed with polarisation entanglement, but it is not
visible in the reconstructed phase (Fig.1.j) because the
corresponding spatial variations in intensity correlations
images (Figs.1.f-i) are negligible compared to those cre-
ated by the object.
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Figure 9. Spatial and polarisation entanglement characterisation. a, Experimental setup used for spatial entanglement
characterisation. f1 “ 75mm and f2 “ 100mm form a two-lenses imaging system. b, Minus-coordinate projection of the
intensity correlation distribution measured between positions of photons. Zoom of the central area is in inset. The width

of the peak σ
pcq
r “ 26.20 ˘ 0.02µm is measured using a Gaussian model of the form a expp´|x1 ´ x2|{p2σpcq2

r qq. c, Sum-
coordinate projection of the intensity correlation distribution measured between momentum of photons. In this case, the lens
f2 is replaced by a lens of twice smaller focal length f 1

2 “ 50mm to map momentum of photons onto pixels of the camera.

Zoom of the central area is in inset. The width of the peak σ
pcq
k “ 17.00 ˘ 0.01µm is measured using a Gaussian model of the

form a expp´|k1 ` k2|{p2σpcq2

r qq. d, Experimental setup used for polarisation entanglement characterisation. f1 “ 54mm is
positioned in a Fourier imaging configuration and f2 “ 150 and f3 “ 100mm for a two-lenses imaging configuration. e, Image
of measured Clausen-Horne-Shimony-Holt (CHSH) inequality values, denoted S.

VI. DETAILS ON THE CHARACTERISATION
OF THE DYNAMIC PHASE DISORDER

This section provides more details about the dynamic
phase disorder and its characterisation.

Fig. 13.a shows the experimental setup used to charac-
terise properties of the phase disorder introduce by the
presence of the diffuser, that is a plastic sleeve layer of
thickness ă 100 µm. Without diffuser, a sine-shaped
phase image programmed on the SLM (Fig. 13.b) gen-
erates a very specific diffraction pattern on the camera
(Fig. 13.c). After introducing the static diffuser, the
diffraction pattern becomes a speckle pattern (Fig. 13.c).
The presence of the diffuser erases all information about
the phase image, that cannot be retrieved by classical
holographic techniques such as phase retrieval [69] and
phase-stepping holography [5]. When the diffuser is mov-
ing, the speckle pattern takes the form of a diffuse halo
if the exposure time of the camera is larger (0.5s) than
the typical decorrelation time of the speckle. The halo
width is estimated to 1.3mm by Gaussian fitting which
corresponds approximately to a diffusing angle of 1 de-
gree and a surface roughness of 46 µm. Moreover, the

dynamic properties of the disorder are estimated by mea-
suring the speckle decorrelation time. Speckle correla-
tion coefficients are calculated by acquiring a series of
speckle patterns using short exposure times (3ms) and
correlating them with a reference speckle image. Fig. 13
shows the decrease of speckle correlation with time (black
crosses). A typical decorrelation time of 183ms is mea-
sured by fitting data with an exponential model (dashed
blue curve).

VII. DETAILS ABOUT THE QUANTUM
HOLOGRAPHIC MEASUREMENTS

PERFORMED IN THE PRESENCE OF STATIC
AND DYNAMIC STRAY LIGHT

This section provides more details about the quantum
holographic measurements performed in the presence of
stray light.

Figure 14 and 15 show experimental results of quantum
holographic measurements performed with dynamic and
static stray light falling on the sensor, respectively. Fig-
ures 14.a,c,d and g are respectively the same images than
those shown in Figure 4.e-h of the manuscript. In addi-



19

kx (pixel)

0 1000 100 0 100

0

-100

100

k
y
 (

p
ix

e
l)

N (Number of images)

S
N

R
 (

lo
g
. 

s
c
a
le

)

a

b e

0 100

Experiment

Theory

N=2.5e4 N=2.5e5 N=2.5e7

x107

c d

2
9
 p

ix
e
ls

f

0 100

Figure 10. Signal-to-noise and spatial resolution. a, Values of single-to-noise ratio (SNR) in the retrieved phase
image measured for different total number of images acquired N (black crosses) together with a theoretical fit of the form:
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?
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Resulting spatial resolution is d “ 45 ˘ 3 µm, which corresponds to approximately to 2.8 pixels

tion, Figure 14.e and f show intensity images acquired by
Alice and Bob in the presence of the same stray light but
maintained static on purpose to show the complex spatial
shape of the time-varying speckle pattern. Figure 14.b
show the phase image reconstructed without stray light
(SNR=12 and NMSE=6%) and Figures 14.h shows the
phase image reconstructed in the presence of dynamic
stray light with intensity ratio quantum/classical of 1.2.
Furthermore, Figures 15.i-m show the four intensity cor-
relation images used for reconstructing the phase image
in the case of the presence of dynamic stray light with
ratio 0.5. No traces of classical stray light appear on any
the intensity correlation images [31], while they are well
visible on the direct intensity images (Figs. 14.c.d). For
comparison, Fig. 14i shows a very degraded phase im-

age (NMSE=82%) retrieved using an equivalent classical
holographic system (see Figure 17.b), under the same
dynamic stray light conditions with intensity ratio of 0.5
(see Methods). To confirm that the absence of classical
traces is not due to a spatial averaging effect by the time-
varying speckle, we performed the same experiment with
static stray light. Figure 15a shows a scheme of the ex-
perimental setup including the static stray light i.e. two
cat-shaped objects illuminated by a classical laser. Fig-
ures 15.b-e show the reconstruction of a phase image in
the presence of two cat-shaped images superimposed on
Alice and Bob sensors. Figures 15.f-i confirm the absence
of classical traces on the intensity correlation images used
to reconstruct the phase. This additional experiment
confirms that our quantum holographic protocol is in-
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Figure 11. Phase distortion characterisation. a, Flat phase pattern programmed on Alice SLM. b-e, Phase-shifted
patterns programmed on Bob SLM: `0 (b), `π{2 (c), `π (d) and `3π{2 (e). f-i, Intensity correlation images measured for
each phase mask displayed on Bob SLM. j, Phase image retrieved by Bob. k, Fit of the phase image by a quadratic function
of the form: Ψ0pkx, kyq “ 4.69k2

x ` 5.04k2

y ` 0.02. l, Correction phase pattern resulting from the fitting process.

sensitive to the dynamics of stray light.

We characterise the SNR variation in function of the
average intensity of classical light falling on the sensor
using a similar approach reported elsewhere [31]. We
use the experimental setup described in Fig.3 of the
manuscript without the random phase disorder and with
no phase object programmed on the SLM. Intensity cor-
relation measurements are then performed for different
classical stray light average intensity values xIcly, with
a constant quantum illumination intensity xIquy. These
intensity correlation measurements are visualized by pro-
jecting them onto the sum-coordinate axis [38, 63]. For

example, Fig. 16.d and e show images of intensity corre-
lation measurements in the sum-coordinate basis in the
presence of classical stray light with an average intensity
ratios of xIcly{xIquy “ 0 and xIcly{xIquy “ 5.4, respec-
tively. The bright peaks at the center of the images are
signatures of the strong momentum anti-correlation be-
tween the pairs. The peak value is proportional to the
mean value of an intensity correlation image measured in
the same conditons (i.e.signal of the SNR). The standard
deviation of noise in the pixels surrounding the peak is
proportional to the standard deviation of the noise in an
intensity correlation image acquired in the same condi-
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Figure 12. Generation of a mixed state without polarisation entanglement. a, Experimental configurations used
to generate the mixed state:

ř

k

“

|Hyk|Hy´kxH|
k

xH|´k
` |V yk|V y´kxV |

k
xV |´k

‰

. Polarisation of pump laser is alternated
between vertical and horizontal. b, Frames acquired in each configuration are summed. Intensity images shown in Fig.2.b.c of
the manuscript and intensity correlation images shown in Fig.2.e-f of the manuscript are reconstructed from the set of summed
frames.

tions (i.e. noise of the SNR). The SNR values shown in
Fig 16.a are calculated by dividing peak values by stan-
dard deviations for different values of xIcly{xIquy. Fitting
these experimental results with a theoretical model de-
scribed in [55] shows that the SNR varies as 1{xIcly.

VIII. DETAILS ON THE RESOLUTION
ENHANCEMENT CHARACTERISATION

This section provides more details about the compar-
ison of spatial resolution between classical and quantum
holographic systems.

Various criteria can be used to compare spatial res-
olution of two imaging systems [37]. In our work, we
chose to compare their spatial frequency cut-off. Fig-
ure 17 shows the experimental apparatus used to per-
form such analysis with the quantum holographic proto-
col (Figure 17.a) and its classical version (Figure 17.b).
In these configurations, the Fourier plane of the SLM,

that is also the plane of the aperture, is imaged onto the
EMCCD camera. This is done by substituting the lens
f5 in the initial experimental setup described in Figure
3 of the manuscript by a lens of half focal length f5{2.
In the classical case, when a 26 pixel period phase grat-
ing (Fig. 17.c) is programmed on the SLM (i.e. on Alice
SLM in the quantum case), the intensity image shows a
diffraction pattern with three main components: a cen-
tral zero-order peak and two symmetrically positioned
plus-or-minus first-order peaks (Fig. 17.d). In the quan-
tum case, intensity image does not reveal any specific
diffraction pattern (Fig. 17.e). To reveal the frequency
content of the phase object under the quantum illumi-
nation, we perform intensity correlation measurements
between all pair of pixels of the EMCCD camera and
visualise these data by projecting them along the minus-
coordinate axis r1 ´ r2 [17, 61]. Similarly to the classi-
cal case, we observe three peaks of intensity correlations
in Fig. 17.e. When the same experiment is reproduced
with a 16 pixels period grating (Fig. 17.g), the first-order
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Figure 13. Characterisation of the dynamic phase disorder. a, A classical laser (810nm ; beam diameter 0.8mm)
illuminates an SLM that is imaged onto a the diffuser by two lenses f1 “ 150mm and f2 “ 75mm. Lens f3 “ 75mm Fourier-
images the diffuser onto the camera. b, Sine-shaped phase pattern programmed on the SLM. c, Intensity image measured on
the camera without diffuser. d, Intensity image measured on the camera with the diffuser maintained static. e, Intensity image
measured on the camera with the moving diffuser using an exposure time of 0.5s. Width of the diffuse halo is estimated to
1.3mm by fitting with a Gaussian function. f, Measurement of speckle correlation values with time (black crosses) together

with a theoretical fit of the form 1 ´ 0.77p1 ´ e´t{0.183q (blue dashed line). Typical decorrelation time equals to 183ms.

diffraction peak is blocked by the aperture in the classical
case (Fig. 17.h), while it remains present under quantum
illumination (Fig. 17.j). In Fig.5.b of the manuscript,
red circles and blue crosses are values of (plus) first-order
peak intensities measured for different grating periods in
the classical and quantum case, respectively.

The use of spatially entangled photon pairs to enhance
the resolution of an imaging system compared to its clas-
sical coherent version was previously demonstrated [34].
This effect can be understood using a simple theoretical
model [70]. First, we assume that the crystal is very thin
and the pump beam diameter is infinite. In this case,
the spatial component of the two-photon wavefunction
can be written as:

φpr1, r2q “ δpr1 ´ r2q (20)

where r1 and r2 are positions in the crystal plane. Then,
we consider an object tpkq positioned into one half of the
Fourier plane of the crystal (i.e. illuminated by only one
photon of the pair). The object is imaged onto another
imaging plane through an imaging system with a coher-
ent point spread function denoted hpkq. The intensity
correlation image Rpkq obtained at the output can be
written as:

Rpkq “
ˇ

ˇt ˚ h2
ˇ

ˇ

2 pkq (21)

where ˚ is the convolution product. In the classical case,
the intensity image Ipkq obtained at the output is:

Ipkq “ |t ˚ h|2 pkq (22)

Because the convolution kernel in the quantum case is
squared compared to classical coherent light, the spatial
resolution is enhanced by a factor 2. In the Fourier do-
main, this resolution enhancement corresponds a broad-
ening of the optical transfer function and therefore an in-
crease of the corresponding spatial frequency cut-off [37].
Note that, because the crystal has in practice a finite
thickness and the pump beam diameter is not infinite, the
spatial resolution enhancement measured is lower than 2
(but higher than 1).

IX. DETAILS ON THE PHOTON PAIR
SOURCE, DETECTION EFFICIENCY OF THE

EXPERIMENTAL SETUP AND ALLAN
VARIANCE PLOT

This section provides more details about the rate of
generation of SPDC pairs, the detection efficiency of the
setup and reports an Allan variance plot.
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Figure 14. Phase reconstruction through dynamic stray light. a, Phase image programmed by Alice. b, Phase image
reconstructed by Bob without stray light (SNR=12 and NMSE=6%). c and d, Intensity images measured by Alice and Bob in
the presence of dynamic stray light, respectively. e and f, Intensity images measured by Alice and Bob in the presence of the
same stray light but maintained static on purpose to show the complex spatial structure of the time-varying speckle pattern.
g and h, Phase images retrieved by Bob with dynamic stray light of average intensity 0.5 that of quantum light (SNR=9 and
NMSE=17%) and dynamic stray light with intensity 1.2 that of quantum light (SNR=3 and NMSE=43%), respectively. i, Phase
image reconstructed using an equivalent classical holographic system under similar dynamic stray illumination conditions with
0.5 average intensity ratio (NMSE=82%) (see Figure 17.b) j-m, Intensity correlation images measured for each phase shifting
mask displayed on Bob SLM, with no traces of classical stray light (intensity ratio 0.5). All images were reconstructed from
5 ˆ 106 frames.

Rate of pair generation. To characterise the photon
pair rate of the source, a threshold is applied on the EM-
CCD camera: in each acquired images, all grey values
bellow 210 are set to 0 and all values above are set to 1.
As detailed in [55], this approach turns the EMCCD into
a multi-pixel photon counter with an effective quantum
efficiency of 0.61. By acquiring a total of 7000 frames
with an exposure time of 3ms (no pattern on the SLM
and after removing the polarisers), we measure an aver-
age photon rate of 304 photons per second per pixel and
an average number of pairs of 0.1 pairs per pixel per sec-
ond (spatial mode = 1.1 pixels, as shown in Fig.9). The
same experiment reproduced with the shutter closed re-
turns 4.1 photons per pixel per second and 5.10´4 pairs
per spatial mode per second, showing that the noise is
negligible.

Detection efficiency of the experimental setup.
Detection efficiency of the entire setup is estimated by
multiplying the efficiency of each optical components.
The SLM is an Holoeye Pluto NIR-II with a reflection
efficiency of approximately 0.64 at 800nm. Lenses are all
coated for 800nm, therefore their losses are negligible. Fi-

nally, the Andor Ixon Ultra EMCCD camera sensor has
approximately 0.75 quantum efficiency (data sheet pro-
vided by Andor). The total detection efficient is therefore
about 0.75 ˚ 0.64 “ 0.48.

Allan deviation. Figure 18 shows an Allan deviation
plot [71]. It is constructed from the successive measure-
ment of N “ 50000 intensity correlation images (flat
SLM pattern), each measured from 622 frames, that is
the size of the internal buffer of the camera. In our exper-
iment, the ’time’ domain signal denoted Rptq is composed
of the spatial averaged values (over an area of 100 ˆ 100
pixels) of each intensity correlation image taken at an
acquisition number t P r1, 50000s (i.e. the ’time’ corre-
sponds to the ’image set number’). To calculate the Allan
deviation σpτq from Rptq, where τ is the averaging time,
we used the method detailed in [72]. Figure 18 shows
that the slope at small τ equals ´1{2, meaning that our
measurements are not shot-noise-limited (i.e.slope ´1).
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Figure 15. Phase reconstruction through static stray light. Experimental setup including the source of static stray
light i.e. two cat-shaped objects illuminated by a classical laser. b, Phase image encoded by Alice. c and d, Intensity
images measured by Alice and Bob with well visible cat-shaped images. e, Phase image retrieved by Bob with SNR“ 20 and
NMSE=5%. f-i, Intensity correlation images measured for each phase mask displayed on Bob SLM, with no traces of cat-shaped
classical images. The phase image was reconstructed from 5.106 frames.

X. QUANTUM HOLOGRAPHIC IMAGING OF
REAL OBJECTS

Figure 19 shows results of quantum holographic imag-
ing performed on two real objects, a piece of scotch tape
and a bird feather. The objects are positioned on a mi-
croscope slide in place of Alice SLM. Spatial phase vari-
ations due to the stress-induced (scotch tape) and struc-

tural (bird feather) birefringence are clearly visible in the
phase images reconstructed by Bob in Figs. 19.c and g.
Furthermore, we show that Bob can also retrieve the ob-
ject amplitudes (Figs. 19.d and h) from the same set of
intensity correlation measurements by simply replacing
the argument in equation (1) of the main manuscript with
an absolute value. These results show that our quantum
holographic approach can be used as a practical tool for
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phase and amplitude measurements of complex objects,
including biological samples.

Figure 20 shows photos of the microscope slides con-
taining the bird feather and the piece of scotch tape.

Our quantum holographic scheme is currently limited
to image the phase of polarisation-sensitive objects. To
extend its range of application, Figure 21.a shows a modi-
fied version of our experimental setup that can be used to
achieve quantum holography with non-polarisation sen-
sitive object. This configuration harnesses concepts from
Differential Interference Contrast microscopy [44]. In

this new configuration, Alice SLM is not used anymore
(i.e. flat phase mask shown in Figure 21.b) and is re-
placed by a non-birefringent sample located in a conju-
gated image plane positioned between lenses f3 and f4.
Furthermore, two Savart plates are positioned just be-
fore and after the sample: the first plate separates the
incident beam into two parallel beams and the second
plate recombine them. In our experiments, the Savart
plates are made of two layers of quartz of 3 mm thick-
ness, with optical axes tilted at 45 degrees with respect
to the surface normal. Each SP produces a shear of ap-
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proximately 25 µm. As detailed in [45], such arrangement
produces a polarisation-sensitive phase pattern at its out-
put that is directly proportional to the spatial phase of
the non-birefringent sample inserted between the plates.
Figures 21.c-h show preliminary results of phase mea-
surement of a random phase layer fabricated by spraying
some silicone adhesive onto a microscopic slide. When
using our conventional experimental (without the Savart
plates), we clearly observe that the sample is not polar-
isation dependent because no phase variation are visible
in the reconstructed phase in Figure 21.e. In contrary,
the phase measured using the new experimental config-
uration in Figure 21.g shows random spatial variations
of the phase, confirming that our quantum holographic
scheme is now sensitive to non-polarisation sensitive ob-
jects.

XI. PHASE IMAGING THROUGH STATIC
PHASE DISORDER

Figure 21.e shows a phase image reconstructed using
the conventional quantum imaging setup (i.e. setup in
Figure 21.a without the Savart plates) of a flat phase ob-
ject programmed on Alice SLM (Figure 21.b) in the pres-
ence of a static random non-birefringent phase disorder
on the optical path. The absence of any phase variations
in Figure 21.e shows that our holographic protocol is also
insensitive to the presence of static phase disorder, thus
confirming that the dynamics of the disorder has no in-
fluence (e.g. as an averaging effect) on the robustness of
the phase disorder advantage demonstrated in Figure 3
in the manuscript.
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XII. DETAILS ON DECOHERENCE FREE
SUBSPACE AND COLLECTIVE DEPHASING

By definition, a decoherence free subspace (DFS) is a
subspace of the Hilbert space of a quantum system that
is invariant to non-unitary dynamics e.g. dynamic de-
phasing. In our experiment, the subspace spanned by
the states |HHy and |V V y is invariant to a dynamic de-
phasing process, that is a non-unitary evolution operator,
and is then by definition a DFS [23].

The notion of DFS is strongly linked to the properties
of the decoherence effect. The decoherence effect consid-
ered in our work is a type of collective dephasing process.
A general dephasing process corresponds to a qubit state
|P yk (where P and k are the polarisation and spatial
mode of a photon, respectively) that undergoes a random
phase shift φP,k varying over time: |P yk Ñ eiφP,k |P yk.
Such process is called collective if they are some correla-
tions between the random phases applied to the different
qubits that persist over time. For example, in many pre-
vious works on DFS [22, 28], these correlations are spa-
tial: two different qubits t|P1yk1

, |P2yk2
u undergo random

phase shifts φP1,k1
and φP2,k2

that vary over time but re-
main correlated in space at any time i.e. φP,k1

“ φP,k2
,

where P denotes indifferently P1 or P2. While this form
of decoherence is relevant in quantum information pro-
cessing and communication applications, it is less realistic
in our imaging configuration. In our case, the presence
of two non-correlated non-birefringent dynamic random
phase disorder on two different optical paths produces
another form of collective decoherence in which the ran-
dom phases are not correlated in space but in polarisation

i.e. φP1,k “ φP2,k, where k can be indifferently k1 or k2.

XIII. DETAILS ON IMAGING IN THE
PRESENCE OF CLASSICAL STRAY LIGHT
USING QUANTUM ILLUMINATION (QI)

The QI protocol was introduced by S.Lloyd [29] and
extended to Gaussian states by Tan et al [30], in which a
practical version of the protocol is proposed. In imaging,
the protocol has been suggested for detecting the pres-
ence of an object embedded within a noisy background,
even in the presence of environmental perturbations and
losses [73, 74]. In 2013, Lopaeva et al. [75] performed
the first experimental demonstration of the QI protocol
to determine the presence an object by exploiting inten-
sity correlations between photons produced by paramet-
ric down conversion. Very recently, spatial correlations
between downconverted photon pairs have been used to
implement full-field QI protocols [31, 32], where am-
plitude objects were reconstructed through coincidence
measurements performed by a camera in the presence of
static stray light. In our work, the QI protocol is based
on similar arrangements than those used in [32] i.e. one
photon of an entangled pair illuminates an object while
the other is used as an ’ancilla’, and both photons are
detected in coincidence using a camera in the presence
of classical light. However, our QI protocol goes beyond
these previous works because it operates for phase objects
(that are completely invisible on the intensity images, as
shown for example in Figure I where only the cat-shaped
objects are visible) and also works in the presence of dy-
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Figure 19. Quantum holographic imaging of real objects. a, Intensity images measured by Alice showing a piece
of transparent scotch tape. b, Intensity image measured by Bob. c, Phase image reconstructed by Bob with SNR“ 14. d,
Amplitude image reconstructed by Bob from the same set of intensity correlation images by replacing the argument in equation
(1) of the manuscript with an absolute value. e, Intensity image measured by Alice showing parts of a bird feather. f, Intensity
image measured by Bob. g, Phase image reconstructed by Bob with SNR“ 13. h, Amplitude image reconstructed by Bob. 107

frames were acquired in total for each case. The white scale bar corresponds to 1mm. Phase and amplitude images retrieved
by Bob are rotated by 180 degrees for convenience.

namic stray light i.e. a time-varying complex speckle
pattern superimposed on the sensor. Note also that an-
other difference is that our experiment employs a source
of photon pairs entangled not only in space but also po-

larisation, in which the spatial entanglement is certainly
at the base of the QI advantage, but where polarisation
entanglement is still required for the holographic process.
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