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Optimization approaches are ubiquitous in physics. In optics, they are key to manipulating light through complex
media, enabling applications ranging from imaging to photonic simulators. In most demonstrations, however, the opti-
mization process is implemented using classical coherent light, leading to a purely classical solution. Here, we introduce
the concept of optical non-classical optimization in complex media. We experimentally demonstrate the control and
refocusing of non-classical light—namely, entangled photon pairs—through a scattering medium by directly optimiz-
ing the output coincidence rate. Importantly, these optimal solutions cannot be obtained with classical light and do not
result in a focus for classical light; this is a result of entanglement in the input state. This genuinely non-classical opti-
mization method promises advances in quantum imaging, communication, and optical simulations with non-classical

light.
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1. INTRODUCTION

In 2007, Vellekoop and Mosk demonstrated the focusing of clas-
sical coherent light through opaque scattering media [1]. They
developed an optimization process that tailors the wavefront of
a coherent beam incident on the medium using a spatial light
modulator (SLM), based on a speckle intensity feedback measured
by a camera behind it [Figs. 1(a)-1(d)]. Two decades later, this
breakthrough has led to numerous applications in deep-tissue
imaging [2,3], light transport in multimode fibers [4], optical
trappings [5], and complex problems simulation [6,7]. In recent
years, it was also extended to quantum optics [8]. Pioneering stud-
ies have, for example, reported the focusing of single photons and
photon pairs through thick scattering media [9-11] and multi-
mode fibers [12,13]. These approaches have subsequently been
applied to more practical scenarios, such as programming quantum
circuits [14-16], imaging through optical aberrations [17], and
restoring entanglement after transmitting photons through fibers
[18], scattering layers [19-22], and turbulentatmosphere [23-25].

Although all these studies involve non-classical optical states,
they still rely on classical wavefront shaping. Indeed, in most of
them, wavefront optimization is performed first using a classical
light source—a laser aligned in the same direction as the quantum
state, sharing similar spectral and polarization properties—before
applying the optimal solution to the quantum signal. This method
benefits from an intense signal for optimization, which is par-
ticularly useful in high-loss scenarios (e.g., multiple scattering)
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and dynamic conditions (e.g., turbulence) [1,26,27]. However, it
completely ignores the non-classical features of the quantum state
involved, making the process purely classical.

Ignoring the quantum state’s specifics in the shaping process has
its limits. Practically, ensuring perfect mode matching between a
classical and a non-classical source is often challenging. For exam-
ple, in the context of high-dimensional entangled states, such as
spatially entangled photon pairs [28], scattering has only been cor-
rected either simultaneously for a small subset of modes [20,21,29]
or sequentially by addressing each mode individually [15,18].
More importantly, it fundamentally restricts the efficiency and
range of the control achieved. Purely non-classical phenomena,
such as complex quantum interference [16,30] and entanglement
scrambling [18,21], for example, are not taken into account when
using classical optimization.

Here, we present an optimization-based wavefront shaping
method with direct feedback from a non-classical feature of a
quantum state, leading to solutions unattainable through classical
optimization—a method we refer to as “non-classical optimiza-
tion.” Our experimental implementation involves an entangled
two-photon state propagating through a scattering medium.
Contrary to previous works, the feedback signal is derived directly
from photon coincidence measurements across spatial modes
at the output, which are specific to the non-classical source. To
better understand this behavior, we investigate the two-photon
interference processes occurring in the scattering medium and
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develop an analytical model for the spatial correlation modulation.
We demonstrate that the optimization converges towards unique
solutions, which do not refocus classical light. Crucially, we show
that these non-classical solutions exist and are accessible only if
entanglement is present between the photons. Finally, we discuss
the potential of this non-classical optimization approach beyond
imaging and communication such as in solving complex spin-glass
optimization problems.

2. CONCEPT

Figure 1 conceptually compares classical and non-classical opti-
mization. A non-classical state propagates through a complex
medium and is measured at the output by a detector sensitive
to its quantum properties such as a single-photon or homodyne
detector. A feedback mechanism is then implemented, linking this
measurement to a programmable device that shapes the properties
of the state incident on the medium. An iterative algorithm adjusts
the input (usually the spatial phase pattern) toward a configuration
that optimizes the targeted non-classical property.

In our work, non-classical optimization is demonstrated using
a spatially entangled two-photon state propagating through a
scattering layer and detected by a single-photon avalanche diode
(SPAD) camera. At the input, the state has strong multimode
spatial correlations: when a photon is detected in any transverse
spatial mode k, its twin has a high probability of being detected
precisely in the symmetric mode —k [28]. At the output, the SPAD
camera detects photons across all spatial modes in parallel, enabling
measurement of both the intensity image (single counts) and the
spatially resolved second-order correlation function I' (coinci-
dence counts) [31]. After propagation, the intensity remains
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uniform, but a speckle pattern appears in the sum-coordinate
projection of T, noted ' [Fig. 1(f)]. This speckle results from
complex two-photon interference [32] and indicates a degradation
of the inidal strong spatial correlation between the photons. The
correlation value between any arbitrary pair of pixels is chosen as
the optimization target, and a feedback loop is implemented with
an SLM that modulates the wavefront of the input state. If the
optimization is successful, a peak emergesin 't [Fig. 1(g)].

3. OPTIMIZATION

When a pure two-photon state propagates through a linear scatter-
ing medium, the coincidence rate I'j; between two output modes £
and / can be expressed as

17
F/el = Z t/emtlnwmnel B I (1)
m,n

where v,,, is the input two-photon field decomposed over the
input modes 7 and #, #,, is a scattering matrix coefficient linking
input mode 7 to output mode &, and 6, are adjustable phase
terms. In our study, we consider only spatial modes (photons have
the same frequency and polarization), though the problem can be
generalized to all degrees of freedom. It is clear that a maximum
value of I'y;is reached when all the termsin Eq. (1) are in phase, i.e.,
when all 6,,,, are carefully adjusted to cancel the phase of #,,, Y-
This problem is analogous to the classical optimization problem
detailed in Ref. [1], which is well known to have a unique solution
(up to a global phase) with only a global maximum and no local
minima, as shown in Fig. 1(d) and demonstrated in Section 1 of
Supplement 1. See the Methods section also for details on Eq. (1).
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Fig. 1. Classical and non-classical optimizations. (a) Refocusing classical coherent light through a complex medium is achieved by optimization-based

wavefront shaping, as described in Ref. [1]. A feedback loop is established between the intensity of the output speckle pattern, measured by a camera,
and a spatial light modulator (SLM) that shapes the wavefront of the incident beam. This iterative optimization increases intensity at the target spatial
mode, effectively correcting distortions introduced by the medium. (b) and (c) Intensity images measured before and after optimization, respectively.
(d) Optimization landscape showing a unique maximum, where 6; and 6, represent the phases of two SLM pixels. (e) In non-classical optimization, a
feedback loop is established between a non-classical property of the quantum state measured at the output and a shaping device at the input. This loop
iteratively adjusts the input shaping to enhance the targeted non-classical property. In our experiment, non-classical optimization is implemented using
spatially entangled photon pairs propagating through a scattering medium and detected in coincidence using a single-photon avalanche diode (SPAD)
camera. Photons are strongly correlated in their momentum, i.e., between k and —k. (f) Before optimization, the sum-coordinate projection of ", noted
I'", exhibits a speckle pattern, while the intensity is uniform (inset). (g) If the optimization is successful, a peak emerges in I'*, confirming the restoration
of strong spatial correlations between the photons, while the intensity remains uniform (inset). (h) Optimization landscape showing multiple local maxima
(up to four; see Section 3 of Supplement 1), where 6 and 0, represent the phases of two SLM pixels.
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Fig.2. Optimization results. Four two-photon interference paths occur between two input modes (SLM pixels) and two output modes (SPAD pixels):
(a) and (b) Two photons originating from a single input mode 7 or 7 and detected at each ouptut modes 4 and /. (c) Two photons originating from two
input modes 2 and 7 detected at output modes £ and /, and (d) vice versa. (¢) Experimental measurement of I'y; between two arbitrary output modes £ and
/ as a function of the phase 6 between the active and reference areas of the SLM. Ten points are measured (black crosses) and fitting the data (blue curve)
enables to determine the coefficients A= 2.21- 107 Hz, B=2.0- 107> Hz, C=3.87 - 107> Hz,0, = 0.03 rad, §3 = —0.14 rad R? = 0.93) and an opti-
mal phase value of approximately 0.03 rad. (f) A collimated diode laser (405 nm) illuminates S-barium borate (BBO) crystal with a thickness of 0.5 mm
to produce spatially entangled pairs of photons by type-I spontaneous parametric down-conversion (SPDC). A long-pass (LPF) positioned after the crystal
remove pump photons. Lenses f; — f; image the crystal surface onto a spatial light modulator (SLM), which is itself imaged by lenses f3 — f4 onto an opti-
cal plane where a scattering medium is positioned. The distance between two successive lenses equals the sum of their focal lengths. At the output, alens f5
and a single-photon avalanche diode (SPAD) camera positioned in its focal plane collect the photons. A band-pass filter 810 £ 5 nm is positioned in front
of the camera (not represented). (g) Optimization curve showing the evolution of the correlation value at the target point as a function of the number of
steps taken in the optimization procedure. The enhancement factor is approximately 5. The optimization was performed over 200 steps, corresponding to
approximately 120 h. (h)—(j) ' and SLM phase patterns (insets) at three different steps of the process. More details on the experimental setup can be found

in Section 4 of Supplement 1.

For coincidence optimization, unlike the classical case, a single
SLM plane does not have enough degrees of freedom to independ-
ently control all the 8,,,, and perfectly align all the terms in Eq. (1).
For instance, considering only two spatial input modes (SLM
pixels 72 and 7) and two spatial output modes (camera pixels # and
/), three terms corresponding to four two-photon paths must be
put in phase: 4,2, Ve > [Fig. 2(2)], th,te, Ve [Fig. 2(b)],
and (Euti + Bemtin) Ynne' @07 [Figs. 2(c) and 2(d)], where 6,,
and 6, are phase shifts applied to modes 7 and 7. When consider-
ing V> 2 input modes, the optimization problem thus becomes
finding a set of phases {6,}, # € [1, V], that optimally adjusts
the V? phases 6,,,, to maximize the coincidence rate between the
target output modes. This optimization problem is significantly
more complex than its classical counterpart. For instance, simple
simulations shown in Fig. 1(h) and in Section 2 of Supplement 1
demonstrate the presence of local maxima and clearly indicate that
the optimal solution is not always unique.

To tackle this problem, we have adapted an iterative optimiza-
tion approach derived from the random partition algorithm [33].
At each step, a subset of SLM pixels is selected and shifted (active
SLM area) relative to another part that remains flat (reference
SLM area). The two-photon speckle fields interfere at the output,

causing the target coincidence rate I'y; to vary as

I'wy(@)=Acos(20 +6,4) + B cos(0 +6p) + C, 2)

where A, B, C, 64, and 63 are amplitude and phase coefficients
that depend on the input two-photon state and scattering matrix,
0 is the relative global phase between the active and reference
SLM areas, k and / are two arbitrarily chosen output spatial modes
with transverse positions (x4, y;) and (x;, y,). In Eq. (2), the 260
oscillation arises from the two-photon paths linking one input to
two outputs [Figs. 2(a) and 2(b)], while the 8 oscillation originates
from paths linking two inputs to two outputs [Figs. 2(c)-2(d)].
Figure 2(e) shows an example of I'y; function of & measured exper-
imentally using the setup described later in Fig. 2(f). The value of
0 maximizing I'y; is determined by phase-shifting digital holog-
raphy or by fitting the data with Eq. (2), and is then applied to the
pixels in the active area. The algorithm proceeds by selecting and
shifting a new subset of pixels at each step, repeating this process
until the optimization target no longer evolves. The derivation of
Eq. (2) and the search for its optimal phase are detailed in Section 7
(Methods) and Section 3 of Supplement 1.

4. EXPERIMENTAL SETUP

This algorithm is implemented using the experimental setup
described in Fig. 2(f). Pairs of photons at 810 nm with the same
polarization are generated via type-I spontaneous parametric
down-conversion (SPDC) in a thin B-barium borate (BBO) crystal
illuminated by a collimated continuous-wave 405 nm laser. The
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Focusing results. (a) Sum-coordinate projection acquired without the scattering medium. (b) SLM phase mask and (c) sum-coordinate projec-

tion obtained after refocusing spatial correlations through the scattering medium using non-classical optimization with a two-photon entangled state at
the input. The output intensity image is shown in the inset. (d) Speckle intensity observed at the output after replacing the two-photon state with classical
coherent light. (¢) SLM phase mask obtained through classical optimization. (g) In this case, classical light is first refocused in the output intensity. (f) After
replacing the classical source with entangled photon pairs, refocusing is then also observed in the sum-coordinate projection. The output intensity image is

shown in the inset.

resulting two-photon state is entangled in high spatial dimen-
sions [28]. The crystal output surface is imaged onto an SLM using
a4 f telescope, which is itself imaged onto an optical plane near
where a thin scattering medium (layer of parafilm) is placed. In
the SLM plane (input plane), the two-photon wavefunction ¥ is
characterized experimentally and modeled as a double Gaussian
distribution [34,35], with position and momentum correlation
widths of 0, =2.9 x 107> m and 0}, = 8.0 x 10> m~!, respec-
tively. At the output, the photons are collected by a lens and a
SPAD camera. The optical elements are arranged so that, in the
absence of a medium, a Fourier plane of the crystal is imaged onto
the SPAD. In this configuration, photons are thus detected in the
momentum basis, where they exhibit strong anti-correlations. This
is evidenced by the sharp correlation peak in the sum-coordinate
projection measured without the medium, shown in Fig. 3(a).
Further details on the experimental setup and input state charac-
terization are provided in Section 7 (Methods) and Sections 4 and
5 of Supplement 1.

Figure 2(g) shows an optimization curve obtained by modu-
lating the incident wavefront while monitoring a coincidence
target over 200 steps. At the input, the SLM is divided into 8 x 8
macro-pixels, each 37 x 37 SLM pixels. At the output, T is mea-
sured and projected along the sum-coordinate axis to obtain I't
(see Methods). The optimization target is the coincidence value
at an arbitrary pixel 7 of ['*. From the SPAD camera perspective,
the value I'}: corresponds to the sum of coincidence rates between
all symmetric pixel pairs around a pixel at position (x7, y7), i.e.,
rt= Z,ﬁil U744 17— where T — k [resp. T+ k] corresponds
to a pixel at (x7 — x4, y7 — y4) [resp. (x7+ xz, y7+ y2)], and
M is the total number of pixels. In our experimental configu-
ration, maximizing F}' instead of T'; for a given pair of spatial
modes 4 and / has the practical advantage of yielding to stronger
signal-to-noise ratio (SNR), while preserving the modulation
shape established in Eq. (2), as shown in Section 7 (Methods) and
Section 6 of Supplement 1. Simulations shown in Section 9 of

Supplement 1 of the paper also present non-classical optimizations
performed with I/ as the target.

At each optimization step, half of the macropixels are ran-
domly chosen and shifted using 6 or 9 phase increments between
0 and 27, respectively, for holography or fitting (see Section 7
(Methods) and Section 3 of Supplement 1). Each datapoint in
Fig. 2(e) corresponds to a five minute acquisition. Values of F;
for different phases € are then fitted using the model in Eq. (2) to
determine the optimal phase shift, which is then applied to the
SLM active area. Figures 2(h)-2(j) show the images I'" at various
steps, illustrating the emergence of a peak at the target position,
which confirms successful refocusing of photon-pair correlations
after the scattering medium. Note that the presented results were
obtained by controlling only 8 x 8 = 64 input modes, offering a
good experimental trade-off between enhancement and acquisi-
tion time. As detailed in Ref. [36] and confirmed experimentally
in Section 7 of Supplement 1, increasing the number of modes
leads to a linear improvement in the enhancement ratio of the
final correlation image. However, it also increases the number of
steps required for convergence, and thus the total acquisition time.
This limitation could be easily mitigated in future implemen-
tations by using faster and more efficient coincidence counting
cameras, such as the Tpxcam sensor [37,38], as shown in Section 8
of Supplement 1, and advanced optimization algorithms such as
geneticapproaches [39].

Ultimately, the optimization converges toward the phase mask
shown in Fig. 3(b). The focusing peak shown in Fig. 3(c) is approx-
imately five times more intense than the average two-photon
speckle surrounding it, while the direct intensity image remains
homogeneous (inset). Interestingly, when replacing the photon-
pair source with a laser of the same polarization and frequency, we
do not observe any refocusing of the classical light in the output
intensity image in Fig. 3(d). Instead, a speckled pattern appears.
This phase mask thus mitigates scattering for entangled photons
but not for classical light.
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This result is surprising, in particular when it is compared to
the outcome obtained using a classical optimization approach.
In this case, the intensity at the center of the output CCD camera
is first maximized with the laser at the input using the method of
Ref. [1], resulting in an intense peak visible in Fig. 3(g). Then,
the classical source is replaced by photon pairs while maintain-
ing the same phase mask on the SLM [Fig. 3(¢)]. A peak appears
in the sum-coordinate projection in Fig. 3(f), with a value similar
to that obtained using the non-classical optimization approach.
Non-classical optimization thus converges to phase masks distinct
from the classical solution, yet still refocuses entangled photons at
the medium output. Additional simulations shown in Sections 9
and 10 of Supplement 1 confirm that these results are reproducible
in a range of parameters, including for thicker scattering media
(e.g., multiple layers of parafilm stacked together).

5. ROLE OF ENTANGLEMENT

The existence of these “non-classical” solutions, i.e., phase masks
that refocus entangled photons without refocusing classical light,
is intrinsically linked to the presence of entanglement in the
input state. To support this claim, we compare our optimization
results with those obtained using non-entangled states. To ensure
a meaningful comparison, these separable states are chosen to
produce, in the absence of the scattering medium, similar spatial
correlations in the camera plane as those observed experimentally
with the entangled state. They are described by a density matrix
p= Zj ?; [7) (7|, where |/7) are separable two-photon states

of factorizable wavefunction ¥/ = (]55,' err‘” and p; its probability.
After propagation through the medium, one can show that Eq. (1)
simplifiesinto

2

2
Tu=Y_p; D ttie™ ] D tmxie®™ . )
J n m

In this case, maximizing the correlations between output modes
k and / is equivalent to maximizing the sum of output intensity
products measured at modes # and / when an ensemble of coherent
classical fields, ¢/ and x/, is propagated through the scattering
medium. As detailed in Section 7 (Methods) and Section 11 of
Supplement 1, we construct two examples of such separable states
that reproduce the same sum-coordinate projection as that of the
entangled state shown in Fig. 3(a). As detailed in Section 13 and
Fig. S13 of Supplement 1, classical-light experiments and simu-
lations show that non-classical optimization can be implemented
with these separable states, restoring a correlation peak at the out-
put. Unlike the entangled case, however, a focus also appears at
the center of the output classical intensity image, indicating that
the optimization consistently converges to the classical solution.
Thus, with a non-entangled state, non-classical optimization is
equivalent to classical optimization.

However, it is important to note that while entanglement is a
necessary condition for reaching a non-classical solution, it is not
sufficient. Figure 4 presents simulation results of non-classical
optimizations performed with entangled two-photon input states
of varying degrees of entanglement. These simulations use the
same optical system as described in Fig. 2(f). The degree of entan-
glement, quantified by the Schmidt number K, is controlled by
varying the spatial correlation width o, in the SLM plane, while
keeping oy fixed (see Section 7). In this configuration, all input
states produce identical sum-coordinate projections in the absence
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Fig. 4. Non-classical optimizations using entangled states with

different degrees of entanglement. Simulation results of non-classical
optimization using two-photon states with varying degrees of entangle-
ment. The x-axis indicates the spatial correlation width o, in the SLM
plane, and the y-axis shows the image similarity (computed using the
corr?2 function in MATLAB) between the classical intensity pattern
obtained after each non-classical optimization and that of the classical
solution. A similarity value close to 1 indicates convergence toward the
classical solution, while a significantly lower value indicates a non-classical
outcome. For each value of 0,, the optimization is repeated five times, and
the error bars represent the standard deviation of the resulting similarity
values. The two red datapoints correspond to the experimental cases
shown in Figs. 3(b)-3(d) (high-dimensional entangled state, K = 465)
and Figs. S13 of Supplement 1 (pure separable state, K = 1). Selected
Schmidt numbers K are indicated above the corresponding points. A
transition between convergence to classical and non-classical solutions
appears when o, exceeds approximately 296, um, which corresponds
to the size of one controlled mode on the SLM (i.e., a macropixel). See
Section 7 (Methods) for additional details on the simulations.

of scattering, allowing for a consistent basis for comparison.
Figure 4 shows the similarity between each classical intensity pat-
tern obtained after non-classical optimization and the one resulting
from a direct classical optimization, i.e., a similarity value close to
one indicates convergence toward the same solution in both cases.
Interestingly, we observe that for values of ¢, > 240 um, corre-
sponding to entangled states with 1 < K < 3, the non-classical
optimization converges primarily to the classical solution. This
result shows that entanglement alone does not determine the
emergence of non-classical solutions.

In our experiment, the convergence—or not—toward non-
classical solutions, particularly the transition observed around
0, =240 um in Fig. 4, can be qualitatively understood as a com-
petition between first- and second-order coherence of the SPDC
light at the input. As discussed in Ref. [40], when the degree of
entanglement increases (for a fixed SPDC beam width, set here
by o1.), the first-order spatial coherence of the beam decreases. In
the high-Schmidt-number regime, first-order coherence is negli-
gible, and the SLM primarily modulates second-order coherence,
thereby acting on two-photon interference—the key mechanism
responsible for producing non-classical solutions. However, as
the Schmidt number decreases, the first-order spatial coherence
becomes sufficient for the SLM to influence single-photon inter-
ference, steering the optimization toward classical solutions. In
Fig. 4, we observe that the transition occurs approximately when
o, becomes comparable to the SLM macropixel size (i.e., the size of
an input mode), approximately 296 pm, which is thus consistent
with our interpretation. The ratio between the SLM mode size and
the spatial correlation width o, at the input plane appears to be a
critical parameter governing whether the optimization converges
to a classical or non-classical solution. However, while this ratio
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plays a major role, other factors such as the specific optimization
algorithm or the initial phase mask likely influence the convergence
path and the resulting solution type, and would therefore require
further investigation to be fully characterized. See Section 14 of
Supplement 1 for more details.

6. DISCUSSION

In this work, we implement a non-classical optimization approach
using an entangled two-photon state propagating through a
scattering medium, using as feedback for the SLM pattern the
photon coincidence signal from a SPAD camera. We demonstrate
the existence of specific “non-classical” solutions that enable the
refocusing of entangled photon pairs without refocusing classical
light. Remarkably, these solutions cannot be reached using classical
optimization algorithms and have never been observed in previous
studies.

We show that the existence of these non-classical solutions
is directly linked to the presence of entanglement. Intuitively,
this link stems from the ability of entangled states to maintain
correlations across multiple measurement bases [41]. During non-
classical optimization, the SLM and scattering medium—forming
a linear optical system—reconfigure to implement a spatial basis
transformation that maximizes correlations. Classically, only a
basis that approximates the identity transformation allows refo-
cusing at the output of the medium, as the system effectively tries
to make the scattering medium transparent. For entangled states,
however, multiple bases become accessible, allowing the system to
converge toward one of them, which does not necessarily corre-
spond to the identity. This multiplicity of bases can be interpreted
as distinct maxima within a complex optimization landscape. The
optimization process may converge to a local maximum when
its value is comparable to that of the maximum associated with
the classical solution. However, this scenario arises only when the
degree of entanglement is sufficiently high, ensuring the existence
of multiple alternative bases beyond the identity, i.e., multiple non-
classical maxima. In our experimental configuration, our results
suggest that a critical parameter governing convergence toward
non-classical solutions is the ratio between the size of a controlled
SLM input mode and the correlation width o, in the SLM plane.

In terms of applications, non-classical optimization is primarily
a tool that helps mitigate external disturbances to a quantum state,
a major challenge in quantum technologies. In optics, this issue
arises in various practical scenarios, such as quantum imaging
systems affected by optical aberrations [17,42], quantum commu-
nication through turbulent atmospheres and fibers [18,23,43], and
even quantum computation algorithms where error correction is
needed [44]. Beyond that, our approach may also serve as a pow-
erful tool for advancing optical simulation. Recent studies have
demonstrated that classical optical optimization techniques can be
used to find the ground states of complex physical systems, such as
those described by Ising model Hamiltonians [6,45,46]. Solving
such problems is known to be computationally hard at a large scale.
However, these optical simulators have so far been limited to rela-
tively simple Hamiltonians involving only spin-spin interactions.
In contrast, as we show in Section 7 (Methods) and Section 12
of Supplement 1, our system can simulate more complex models
described by Hamiltonians that include higher-order multi-spin
(more than two) interactions. In this context, non-classical opti-
mization enables the minimization of the system energy to identify
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its ground state. For example, this is demonstrated experimentally
in Fig. $12 of Supplement 1, where we simulate a 64-spin system
governed by a Hamiltonian containing two-spin, three-spin,
and four-spin interactions, a level of complexity not accessible to
classical optical Ising machines. With further developments in pro-
grammability and improved convergence speed, our non-classical
optimization framework can also become a new tool for solving
new classes of computationally hard problems.

7. METHODS
A. Details on Equation (1)

Considering photons degenerate in frequency and polarization, a
pure two-photon state is expressed as

)= [ [ wieimya el dndealon, 0

where 4], is the photon creation operator in the spatial mode ry,
and ¥ (r1, rz) represents the spatial two-photon wavefunction.
After propagation through a linear optical system characterized
by a coherent point spread function #(r’, r), where r and t’ denote
transverse positions in the input and output planes, respectively,
the output two-photon wavefunction, noted ', becomes [47]

1//'(r'1,r/2)=/ Y (r1, )t (ry, r)2(r, 1)drdra. ()

The spatial second-order correlation function I' is defined as
the squared absolute value of the corresponding two-photon
wavefunction, i.e., I'(ry, r2) = [ (r1, r2)|?. Equation (1) is thus
derived by discretizing Eq. (5). Specifically, in the discretized repre-
sentation, the function #(r, r) corresponds to the scattering matrix
#41, where / labels an input pixel on the spatial light modulator
(SLM) and £ labels an output pixel on the camera.

B. Details on Equation (2)

Considering two output modes # and / and two SLM areas,
denoted M and N (active and reference areas), the coincidence
rate I'y; results from the coherent sum of complex terms asso-
ciated with the two-photon interference processes shown in
Figs. 2(a)-2(d):

- - - 2
[y= |€210M S./\/l +€216NSN+EZ(GM+6N)SM,N| , (6)

where 6x¢ and 65 are the phases of the active and reference
areasand

SM = Z t/emt/mllfmm’ (7)
meM

SN = Z t/entlnllfnnv (8)
neN

S/\/LN = Z [tkntlm + t/emtln]wmn- (9)
meM,neN

Expanding Eq. (6) leads to
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o= ISpml” + 1w P + 1San?
X OMN) G §¥ o2 OMEN) g% G
P OMIN G S5 T OMTINI G S
4 e"“’N‘eM)SNS}"wN + e—i("N—OM)SjvSM,N. (10)

By identifying the coefficients of Eq. (10) with those of Eq. (2),
we find

0 =0 — O, (11)
A=2|Sm Sk, (12)

04 =arg(SmSi), (13)
B=2[SmSkn + SnSianls (14)
05 = arg(Sm S + SN S (15)
C=1Sml* +1Sn 1 + [Spmnl. (16)

C. Determination of the Optimal Phase

Determining the value of 6 that maximizes I' at each optimiza-
tion step is done in two stages. First, the coefficients 4, B, C,
04, and Op are determined by measuring I" for six phase values
{0, w/4, /2, m, 3 /2, 57 /4} as follows:

reo)—-rer) +Z,F(3rr/2) —I'(/2)
2 2

Be' = , (17)

C

_TO+I@+IGr/2) +T(x/2)

7 (18)

L)+ —2C | F@r/4)+TGr/4) —2C
7 .
2

Aef4 =

(19)

To reduce uncertainty due to measurement noise, one can also
measure more than six points and fit them to the model of Eq. (2)
by minimizing the sum of squared errors. Once the coefficients
are known, the optimal value of 6 is determined analytically by
solving a fourth-degree polynomial equation or using a numerical
approach. More details can be found in Section 3 of Supplement 1.

D. Modeling and Characterization of the Two-Photon
Entangled State

In the SLM plane, the two-photon wavefunction ¥ is modeled by a
double Gaussian distribution [34,35]:
|ty —l‘2|2 _|I'1+1'2|20'|f
4o? 4 '
(20)

1p(rls 1‘2) =4 exp {_

where A is a normalization factor, r; and r; are the idler and signal
photons’ transverse positions in the SLM plane, and o, and oy are
the position and momentum correlation widths, respectively. To
determine their values, the SPAD camera was replaced by an elec-
tron multiplied charge coupled device camera (EMCCD) to have
a better pixel resolution, and the method detailed in Refs. [48,49]
was used. The values o, =2.9 x 107> mand o, = 8.0 x 10> m™!
were found. See Section 5 of Supplement 1 for more details.

E. Measurement of I' and Sum-Coordinate
Projection I't

The spatially resolved second-order correlation function I'y;, where
k and [ are two pixels of the SPAD camera centered at transverse
positions (xt, y¢) and (x;, y;), is measured by acquiring a set of
P + 1 frames {[(P)}Pe[[l’p+1]] using a fixed exposure time and
processing them using the formula [31,50]:

P
1
Cu=— 2 [ 4717 - 17 . 21)
r=1

Because the SPAD camera does not resolve the number of photons,
photon coincidences at the same pixel (i.e., coefficients I'y;) cannot
be measured, and are therefore set to zero. Additionally, correlation
values between neighboring pixels suffer from cross-talk and must
be corrected, as detailed in Ref. [21]. The sum-coordinate projec-
tion of " is then calculated using the following formula:

M
ry=>Y Tr (22)
P

where 7 — & denotes camera pixels of transverse position
(x7— x4, y7— y&). Using a continuous-variable formalism,
this definition becomes

't (rr) =/ I'(ryr —r, r)dr, (23)

whererr = (x7, y7) is the transverse position of the target.

F. Optimization Target

In our experiment, we chose to use I'T- as the optimization target
instead of I'y; directly. This choice was motivated by practical
considerations: the SNR is higher for T’ ; than for I'y. Indeed,
Eq. (22) shows that I'}: results from a sum of many I'; terms. If
each term is noisy (i.e., 'y + €4, with independent noise €y),
then the variance of the resulting noise on F'; is proportional to
the number of nonzero terms in the sum. Since the signal values
add directly, the overall SNR is higher on average by the square-
root of the number of terms. Furthermore, it is important to note
that the form of Eq. (2), originally derived for I'y, is preserved
under summation. The resulting function F; can thus also be
expressed as A cos(20 +04) + B cos(6 +0p) + C, where the
different parameters are combinations of those associated with
the individual terms in the sum. This choice of target and experi-
mental configuration makes the experiment feasible with current
detection technologies while maintaining the general applicability
of our approach. Additional details are provided in Section 6 of
Supplement 1.
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G. Construction of the Non-Entangled States

We describe here the two non-entangled states used to compare
with the entangled-state non-classical optimization. The first
non-entangled state chosen is a pure separable state, defined
by its wavefunction ¥ (r1, r2) =@ (r1)x(r2). To reproduce
the same sum-coordinate projection I'*" as that of the entan-
gled state measured on the camera without the scattering
medium, i.e., a Gaussian with width proportional to oy shown
in Fig. 3(a), the individual wavefunctions in the SLM plane are
chosen as

, Irl*o
¢(r)=x(r)=AeXp{— . } (24)

where A is a normalization constant.

The second non-entangled state chosen is a mixed separable
state, denoted p. In this case, one can choose the weights p; and
the wavefunctions ¢/ and x/ to exactly reproduce the full second-
order correlation function I' measured in the camera plane for
the entangled state without the medium—and consequently also
[*. For that, p is defined using continuous-variable formalism as

p =[] pql¥®)(¥3dq, where

2 2

@(r;) = exp _|r1|—ak e—iqn’ (25)
4(1+o2o})

x4(r) =192, (26)

pq=D, (27)

where ¥(r;) x4(rz) is the (factorizable) two-photon function
of the state |¢9), and D is a constant chosen to ensure proper
normalization of the state. More details about these states and the
non-classical optimization performed with them are provided in
Sections 11 and 13 of Supplement 1.

H. Details on the Simulations

The simulations presented in Fig. 4 of this paper and Figs. S13(e)—
S13(h) of Supplement 1 were performed by propagating the
two-photon state through the optical system using matrix multi-
plication in MATLAB. In Figs. S13(e)-13(h) of Supplement 1,
the scattering matrix was generated from a random phase mask
followed by a Fourier transform, producing a disordered medium
with statistical properties similar to those observed experimen-
tally. The state p was generated according to the model defined
in Egs. (25), (26), and (27), using the experimentally measured
values of oy and oy to closely match the characteristics of the
entangled state and the optical setup. In contrast, for Fig. 4, the
scattering matrix was measured experimentally using the method
described in Ref. [26]. The spatial correlation width in the SLM
plane, o,, was varied from 1.6 pm to 1250 pm, while oy was held
constant. The Schmidt number K was then calculated using the
expression K = 1(0,0k + (0,01)~")? [34,35]. Further details
on the simulation methods are provided in Sections 2 and 9 of
Supplement 1.

I. Energy Minimization of a Multi-Spin Hamiltonian

To use our system as an optical simulator, we associate each input
mode 7 of the SLM (macropixel) with a spin variable o,. The
value of this spin, either +1 or —1, is defined by the square of the
phase shift applied to the input mode, which can therefore take
physical values of 0 or /2. After propagation through the scat-
tering medium, the correlation value I'}. depends on the phase
values applied by all the macropixels on the SLM. This value is then
identified with the energy of a multi-spin interaction Hamiltonian
of the following form:

1 1
H(G) = _5 Z];Z;;ganam - E Z AZmlanamG/

nml

1 T 1 T
-3 Z Qonp0nOm0I0 ) — 3 Z K)o,  (28)

nmlp n

where the coefficients K nT R

nfn, A”Tml, and Q”Tmlp depend on the
transmission matrix elements, the input two-photon wavefunc-
tion, the macropixel size of the SLM, and the optimization target
T. Notably, this Hamiltonian includes three-spin and four-spin
interaction terms. To find its ground state, we perform a non-
classical optimization on l";, constrained to phase values of 0 or
7/2 on the SLM macropixels. Figure S12 of Supplement 1 shows
an example of such an optimization implemented with 8 x 8 = 64
spins, which converges toward a minimum energy configuration.
The resulting SLM pattern—i.e., the set of 8 x 8 spin values—
represents the ground state of the system, found with an estimated
accuracy of 25% due to noise limitations. Further details on this
optical simulation, including the derivation of Eq. (28) and the
full expressions of the parameters K/, /7' AT ~and QT IRELS

nm’ nm.

provided in Section 12 of Supplement 1.
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