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Programmable and reconfigurable photonic simulator for classical XY models
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In this work, we proposed and experimentally demonstrated a photonic simulator for XY models, which
is a typical kind of classical spin model. By encoding the XY spins on the phase term of the input light
field, the corresponding XY Hamiltonian could be performed on the output light intensities. The simulator
is mainly based on a programmable and reconfigurable optical vector-matrix multiplication system, which
can map arbitrary XY models within the dimensionality limit. Here, we demonstrated the Berezinskii-
Kosterlitz-Thouless transition in a two-dimensional XY model, in which the values of some observables
are calculated and consistent with the theory. Besides, we performed the ground-state search of two
25-spin XY models with different spin connections and coupling strengths. Our proposal paves the way

to investigate the XY spin system.
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Simulating the dynamics of classical spin models is an
issue in both physics and computer science [1]. The clas-
sical spin model consists of spins arranged in a lattice, in
which the spin at site i is denoted with a unit-length vector
S;. Given the spin-interaction matrix J = (J;;), the Hamil-
tonian of the spin system is H = _Z(i,/) JiiSi - S;. If the
spins are planar rotors with S; = (cos 6;, sin 6;), such mod-
els are known as XY models [2]. The XY model can be
employed in directional statistics [3], or associated with
some physical phenomena, including broken-symmetry
transitions [2,4], superfluid thin films [5], superconduc-
tors [6], etc. Besides, searching the ground state of the
XY model can be related to finding the optimal solution
of the continuous complex constant modulus quadratic
optimization problem, which is generally NP-hard and
computationally intractable [2,7,8]. Recently, some physi-
cal platforms have been proposed to simulate XY models,
including those based on optical parametric oscillators
(OPOs) [3], polaritons [2,8,9], laser networks [7], and
on-chip optical phased arrays [10]. However, it is still
challenging to implement arbitrary interactions among XY
spins. For instance, the spin modulation is time multi-
plexed and the couplings are introduced with the optical
delay line in the XY simulator based on OPOs [3], in
which implementing the all-to-all spin connections is diffi-
cult. In polariton simulators [2,8,9], the spin interactions
mainly depend on the separation distances among the
polaritons. For the laser-network approach, the aperture
and lens are employed to achieve the weak and strong spin
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couplings, respectively [7]. Thus, it is hard for the polariton
simulators and the laser networks to perform an XY model
with arbitrary interactions. Additionally, in the on-chip
optical phased array [10], the amount of tunable micror-
ing resonators cannot support the ability to map arbitrary
XY models. As shown by the simulators mentioned above,
there is still no programmable XY simulator that can
perform arbitrary XY models and various tasks. In this
work, we experimentally implemented a programmable
and reconfigurable photonic simulator to demonstrate XY
models with arbitrary coupling strengths and connections,
which is an extension of our previously proposed phase-
encoding and intensity-detection Ising annealer (PEIDIA)
[11]. In the photonic simulator, XY spins are encoded on
the phase term of the light field, which is similar to the
spatial photonic Ising machines [11—13]. However, the
method of mapping spin interactions is adjusted from the
PEIDIA [11] to be suitable for XY models. Our proposed
simulator is based on the optical vector-matrix multipli-
cation (OVMM) platform and electronic feedback with
heuristic algorithms. In each iteration, the light field encod-
ing the spins is transformed by the OVMM, and then a
photodetector measures the intensity. An electronic pro-
cessor is utilized to compute the Hamiltonian from the
optical intensity. Subsequently, it generates and updates
the next spin configuration according to the employed
heuristic algorithm for the next iteration. The OVMM is
based on the beam-splitting and recombining architecture
[11,14,15], which can perform arbitrary complex matrix
transformations. Meanwhile, different algorithms can be
flexibly applied in the electronic processor, thus various
tasks can be performed with our proposed programmable
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and reconfigurable photonic simulator. In the experiments,
we observed the phenomena of the Berezinskii-Kosterlitz-
Thouless (BKT) transition [16] in the two-dimensional
(2D) XY model with 400 spins. Besides, the ground-
state search of two 25-spin XY models with different spin
connections and coupling strengths was presented. Our
method would provide a flexible and fast photonic system
to simulate classical XY models.

Figure 1(a) shows a 2D XY model, where the spins are
arranged in a square lattice. The spin at site r;, which is the
translation vector of the spin i, possesses the azimuth angle
0; € [0,2m) relative to the unit vector X, and can be denoted
by the magnetization vector S; = (cos 6;, sin6;). The cor-
responding Hamiltonian can be obtained by summing all
spin interactions [2,17]:

1
H==>"J;S"$ =—;0'"e, (1)
@)

where (i,j) denotes a pair of spins at site r; and r; with
interaction strength Jj;, and the superscript H denotes
the conjugate transpose. Equation (1) indicates that the
Hamiltonian can also be expressed with the complex
quadratic form with the spin configuration vector @ =
[exp(iﬁl),exp(iez),...]T (the superscript T denotes the
transpose). To simulate such models, a photonic system is
employed to encode the spin configuration on the light field
and perform the spin interactions. As shown in Fig. 1(b),
our proposed photonic XY simulator consists of three
modules. The first is the beam-generation module that
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FIG. 1. Principle of the photonic simulator. (a) A two-
dimensional XY model. (b) Experimental setup of the photonic
simulator. The detailed principle of the OVMM is provided
within the Supplemental Material [18]. Laser: ORION 1550-nm
Laser Module. SLM: Holoeye PLUTO-2.1-TELCO-013. Detec-
tor: Hamamatsu InGaAs Camera C12741-03.

comprises a laser, a collimator, and a spatial light mod-
ulator (SLM). The SLM [SLMO in Fig. 1(b)] splits the
beam from the collimator into M beams, each of which
will encode a spin. The second is the OVMM module with
two SLMs [SLM1 and SLM2 in Fig. 1(b)], a pinhole, and a
lens. SLM1 appends the phase delay 6; to beam i, thus the
input vector ® is encoded on the complex amplitude of the
light field. Besides, SLM1 and SLM2 conduct the matrix
transformation A by properly splitting and recombining
the beams [11]. Then the pinhole filters out the beams
with unwanted directions, and a lens aligns the beams to
the optical axis. The last is the detection module, where
a detector measures the optical intensities of the OVMM,
I=(A®)" © (A®) (O denotes the element-wise produc-
tion). The detailed setup is provided within the Supplemen-
tal Material [18] (see also Refs. [11,15,17,19-21] therein).
We noticed that the Hamiltonian in Eq. (1) can be directly
calculated from I by configuring the transformation matrix
A satisfying AMA = J + Jp [18]:

H(©) = —3 (A®)(A®) + Hy = — 3" I+ Hi, (2)

where Jp is a diagonal matrix, and Hy is a constant. As our
primary concern is the relative Hamiltonian, the constant
term H, is neglected in the following discussion.

In the operation process of the simulator, the OVMM
module is first configured according to the transformation
matrix A, which is unchanged during the following pro-
cess. A spin state ® is generated and encoded as the input
vector. Then an electronic processor is employed to cal-
culate the Hamiltonian from the output intensities with
Eq. (2), and decide whether to accept the current spin state
or not. The above procedure from generating a spin state to
the acceptance of such a state is regarded as one sampling.
The sampling should be conducted iteratively to collect
enough statistics according to the specific objectives.

Due to the full programmability of the OVMM, our sim-
ulator can demonstrate XY models with arbitrary connec-
tions and coupling strengths. Besides, the reconfigurability
of our simulator allows us to configure different XY mod-
els and employ appropriate algorithms to carry out various
tasks. In the experiment, two tasks including observing
the phase transition and searching the ground states are
demonstrated with different XY models.

First, our proposed photonic simulator is employed to
demonstrate the BKT transition [16] by performing Boltz-
mann sampling of a 2D XY model under a series of tem-
perature stages. The model has N = 400 spins in a square
lattice (L = 20) with periodic boundary conditions. In this
model, each spin interacts only with four nearest neigh-
bors with the strength of J; = 1, as shown in Fig. 1(a).
The Metropolis algorithm [22,23] is employed for the
Boltzmann sampling. In each sampling iteration, the angle
of one random spin is changed to a random direction.
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Then the spin perturbation is accepted with the probabil-
ity of min[ 1, exp(—AH /T)], where AH is the Hamiltonian
variation resulting from the perturbation. The annealing
temperature 7 is the product of the Boltzmann constant
and the real temperature for convenience. As the pertur-
bation of a single spin involves C = 5 spins within the red
box in Fig. 1(a), only the five spins, rather than the entire
spins, are configured to the photonic simulator to calcu-
late the Hamiltonian variation. Besides, the transformation
matrix of the OVMM should be configured according to
the five-spin interaction matrix Jj shown in Fig. 1(a). Since
each site in the lattice is equivalent due to the periodic
boundary condition, Jo and A are unchanged in the iter-
ative sampling process. The maximum dimensionality of
the employed OVMM is M = 25, hence our simulator
can process P = M /C = 5 spin perturbations simultane-
ously. In each sampling iteration, P nonadjacent spins are
randomly selected. Each selected spin combined with its
neighbors forms a spin group including C = 5 spins. Then
P spin groups are configured to the simulator, and the
interaction energy Hi(l)(i =1,2,...,P) of each group is
calculated from the output intensities with Eq. (2). Then
the P selected spins are perturbed, and the interaction
energy Hl-(z) (i=1,2,...,P) of each group is obtained.
Each spin perturbation is accepted with the probabil-
ity of min{l,exp[—(Hi(z) — Hi(l)) /T1}. The accepted spin
configurations are recorded for the following calculations.

The employed SLM has 8-bit grayscale so that the spins
can only take angles of 27n;/q (n; =0,1,...,g— 1,9 =
256). Additionally, considering the sampling speed of the
SLM and the camera, ¢ = 32 is chosen for demonstrat-
ing the BKT transition [24]. The annealing temperature
T is slowly decreased from 2 to 0.2, including 19 stages
with an interval of about 0.1. Each temperature stage has
2 x 10* sampling iterations, including 10° spin pertur-
bations. The last 5 x 10® samplings in each temperature
stage are used to calculate three observables under the cor-
responding temperature, including the magnetic suscep-
tibility x = ([)_; cos(@i)]z) /N [25], the spin-correlation
function G(r) = (S(r)S(0)) [16], and the helicity modulus

[4,26]
H 1 PO
(@)

where () represents the average value under a certain
temperature, €; = (r; —r;)/|r; —r;| is the unit transla-
tion vector from site i to j, X is the unit vector of x
axis in the lattice plane as shown in Fig. 1(a), and the
sum is over the nearest-neighbor lattice sites. Figure 2(a)
shows the evolution of the magnetic susceptibility x. It
can be observed that when temperature 7' > 1.2, x fluc-
tuates only within a small range around the mean value
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FIG. 2. The measured experimental observables of the 2D XY
model. (a) The magnetic susceptibility vs the temperature. The
error bar shows the standard deviation. (b) The correlation func-
tion vs distance and temperature. (c) The helicity modulus versus
the temperature. The straight curve is 27/7 and the intersection
of the two curves denotes the critical point. (d) Observation of
a bound vortex-antivortex pair below the critical temperature.
The red box and the blue box denote a vortex and an antivortex,
respectively.

close to 0, which indicates that the spin system is highly
disordered. When T decreases under the value of 1.2, the
mean value of x rapidly grows and y distributes within a
broader range, which indicates the ferromagnetism of the
system. The spin correlation function denotes the correla-
tion between the spin directions at position r and position
0 as shown in Fig. 1(a). The values of G(r) (r = |r|) under
different temperatures are illustrated in Fig. 2(b). It can
be seen that G(r) decays sharply when T > 1.2, indicat-
ing that the spin directions are highly uncorrelated. When
0.6 < T < 1.2, the decay of G(r) is slower. Suddenly,
G(r) decays very slowly when 7 < 0.6, which shows a
quasi-long-range order. Such results are consistent with the
theoretical predictions [16]. Thus, the system experienced
a BKT transition: when 7' is higher than the critical tem-
perature 7., G(r) experiences a power-law decay, while
G(r) decays exponentially when 7 < T,. To obtain the
accurate critical temperature T, the evolution of the helic-
ity modulus Y is shown in Fig. 2(c). Figure 2(c) shows
that Y fluctuates around 0 when T decreases from 2 to
1.2, while Y increases rapidly when T further decreases
to 0.2. The intersection of the measured curve and the
line of 27/m denotes the critical temperature 7, ~ 0.91
[4]. Besides, another evidence corresponding to the topo-
logical characteristic in the BKT transition is the vortices
and antivortices [16]. To simulate such a phenomenon,
another sampling is conducted at the temperature of around
0.1, which is much below T,. After about 6000 iterations,
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the recorded spin orientations are shown in Fig. 2(d). It
can be observed that there is a vortex (the red box) and
an antivortex (the blue box), which is consistent with the
theory [16].

Besides the sparse model, different XY models with
arbitrary connections and coupling strength can also be
demonstrated with our proposed simulator. The ground-
state search of two 25-spin XY models is performed exper-
imentally. Here, the SLMs perform the maximum spin
angle levels of ¢ = 256, which is high enough to approx-
imate an XY model. When solving XY models mapped
from optimization problems rather than real spin sys-
tems, the connections and coupling strengths would be
complicated, hence two models are randomly generated
as follows. For model 1, the spin-coupling strengths are
uniformly distributed in [—1,1], and the graph density
20/[M (M — 1)], (Q is the number of the spin connec-
tions and M is the number of spins) is 0.56 as shown in
the inset of Fig. 3(a). Model 2 is fully connected with
coupling strengths uniformly distributed in {—1,1} and
is also shown in the inset of Fig. 3(a). The interaction
matrices of models 1 and 2 are provided within the Supple-
mental Material [18]. When dealing with XY models with
complicated interactions, all 25 spins have to be imple-
mented in the simulator simultaneously. According to
Eq. (1), finding the ground state can be regarded as solving
an NP-hard continuous complex quadratic optimization
problem [2,17]. Here, heuristic algorithms are employed
to obtain the near-optimal solutions efficiently [27], and
our adopted algorithm is based on fast simulated anneal-
ing [20,21]. In each iteration, a 25-dimensional Cauchy
variable A® is added to the current spin configuration ®.
The spin configuration ®@ + A® is accepted with prob-
ability of min[1, exp{—[H(® + A®) — H(®)]/T}]. The
temperature 7 is gradually decreased and the near-optimal
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FIG. 3. Results of the ground-state search of the randomly
generated XY models. (a) The red and yellow regions denote the
distribution intervals of 50 normalized experimental Hamiltonian
evolution curves of models 1 and 2, respectively. The red or blue
curve shows one of the 50 curves, respectively. The insets show
the corresponding models, where the black dots denote the XY
spins and the interaction strengths are referred from the colorbar.
(b) The final successful probabilities vs the tolerance coefficient.
The results of both the experiment and simulation are shown.

solutions are obtained finally. The experimental results are
shown in Fig. 3. Then, 50 runs of the ground-state search
are conducted for each model. For clarity, only one of the
50 experimental Hamiltonian evolution curves of models
1 and 2 is shown in Fig. 3(a) (all curves are provided
within the Supplemental Material [18]). The red and yel-
low regions in Fig. 3(a) denote the distribution regions
of the measured experimental Hamiltonian in each iter-
ation of models 1 and 2, respectively. It can be seen
that the curve quickly converges to a low Hamiltonian
within about 1000 iterations for model 1 and 1500 itera-
tions for model 2. To evaluate the searching performance,
we consider one search to be successful when the final
accepted Hamiltonian is lower than the lowest Hamilto-
nian (obtained in the simulation, H,;, & —77.0 for model
1 and —193.8 for model 2) multiplied by a tolerance coef-
ficient # since it is hard to find the exact global optimum.
The experimental final successful probabilities of models
1 and 2 under different tolerance coefficients are shown in
Fig. 3(b). The final successful probabilities are close to 1
when 1 < 0.9, but rapidly decrease to 0 when 7 increases
to 0.98. For comparison, numerical simulation results are
also shown in Fig. 3(b), and the successful probabilities
for both models are 1 with n = 0.96. Such deteriorations
in the experiment result from the noise induced by the
experimental system, even though the average fidelities
of all effective samplings are as high as 0.9970 % 0.0033
and 0.9967 £ 0.0031 for models 1 and 2, respectively. The
noise level can be estimated with the relative deviation of
the experimental Hamiltonian near the ground state, which
is Ry = 2.67% for model 1 and R, = 2.62% for model 2.
The photonic simulator cannot distinguish two states when
their relative Hamiltonian variation is less than the noise
level. Figure 3(b) shows that the experimental successful
probability first decreases to 0 when n &~ 1 — R for models
1 and 2, which indicates that our noise estimation is rea-
sonable. The detailed noise analysis is provided within the
Supplemental Material [18]. Nevertheless, the experimen-
tal results validate the capability of our photonic simulator
to solve XY models with complicated connections and
interactions.

In this article, we proposed a programmable and recon-
figurable photonic XY simulator, which can demonstrate
XY models with arbitrary interactions and various tasks.
After encoding the spin configuration on the phase term of
the light field, our simulator can provide the corresponding
Hamiltonian within the propagation time of light beam. To
validate our proposal, we demonstrate the BKT transition
of the 2D XY model and perform the ground-state search
of two models with different connections and coupling
strengths.

Two major issues can be further improved for our
proposal. The first is to increase the dimensionality of
the OVMM, which is helpful to process more spin
perturbations simultaneously in sparse models, or deal
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with complex models with higher dimensionalities. In our
employed OVMM, increasing the dimensionality could
be achieved by reducing the size of the Gaussian beam
(constrained by paraxial approximation) and employing
SLMs with larger areas. Besides, other optical compu-
tation schemes could also be utilized to implement our
photonic simulator, such as the on-chip Mach-Zehnder
interferometer arrays [28,29].

The second is the time consumption of the optoelec-
tronic conversion in the SLMs and camera, which limits
the computation speed of our simulator. In the future, the
utilization of the high-speed phase modulators [30] and
detectors [31] would improve the state-sampling speed in
the optical domain. In the electronic domain, the speed can
be increased by employing an FPGA, or analog computing
devices [32].

Acknowledgments. This work was supported by the
National Key Research and Development Program of
China (Grants No. 2018YFB2200402, No. 2017YFA030
3700), and the National Natural Science Foundation
of China (Grant No. 61875101). This work was also
supported by Beijing academy of quantum information
sciences, Beijing National Research Center for Informa-
tion Science and Technology (BNRist), Frontier Science
Center for Quantum Information, and Tsinghua Initiative
Scientific Research Program.

[1] R. S. Zemel, C. K. Williams, and M. C. Mozer, Lending
direction to neural networks, Neural Netw. 8, 503 (1995).

[2] N. G. Berloff, M. Silva, K. Kalinin, A. Askitopoulos, J. D.
Topfer, P. Cilibrizzi, W. Langbein, and P. G. Lagoudakis,
Realizing the classical XY Hamiltonian in polariton simula-
tors, Nat. Mater. 16, 1120 (2017).

[3] Y. Takeda, S. Tamate, Y. Yamamoto, H. Takesue, T. Ina-
gaki, and S. Utsunomiya, Boltzmann sampling for an XY
model using a non-degenerate optical parametric oscillator
network, Quantum Sci. Technol. 3, 014004 (2017).

[4] H. Weber and P. Minnhagen, Monte Carlo determination of
the critical temperature for the two-dimensional XY model,
Phys. Rev. B 37, 5986 (1988).

[5] P. H. Nguyen and M. Boninsegni, Superfluid transition and
specific heat of the 2D x-y model: Monte Carlo simulation,
Appl. Sci. 11, 4931 (2021).

[6] L. Benfatto, A. Toschi, and S. Caprara, Low-energy phase-
only action in a superconductor: A comparison with the XY
model, Phys. Rev. B 69, 184510 (2004).

[71 I. Gershenzon, G. Arwas, S. Gadasi, C. Tradonsky, A.
Friesem, O. Raz, and N. Davidson, Exact mapping between
a laser network loss rate and the classical XY hamiltonian
by laser loss control, Nanophotonics 9, 4117 (2020).

[8] K. P. Kalinin, A. Amo, J. Bloch, and N. G. Berloff, Polari-
tonic XY-Ising machine, Nanophotonics 9, 4127 (2020).

[9] P. G. Lagoudakis and N. G. Berloff, A polariton graph
simulator, New J. Phys. 19, 125008 (2017).

[10] M. Chalupnik, A. Singh, J. Leatham, M. Loncar, and
M. Soltani, in Frontiers in Optics + Laser Science 2022
(FIO, LS) (Optica Publishing Group, Rochester, New York,
United States, 2022), p. JTu7B.6.

[11] J. Ouyang, Y. Liao, Z. Ma, D. Kong, X. Feng, X. Zhang, X.
Dong, K. Cui, F. Liu, W. Zhang, and Y. Huang, On-demand
photonic Ising machine with simplified Hamiltonian calcu-
lation by phase encoding and intensity detection, Commun.
Phys. 7, 168 (2024).

[12] D. Pierangeli, G. Marcucci, and C. Conti, Large-scale pho-
tonic Ising machine by spatial light modulation, Phys. Rev.
Lett. 122, 213902 (2019).

[13] Y. Fang, J. Huang, and Z. Ruan, Experimental observation
of phase transitions in spatial photonic Ising machine, Phys.
Rev. Lett. 127, 043902 (2021).

[14] P. Zhao, S. Li, X. Feng, S. M. Barnett, W. Zhang, K. Cui,
F. Liu, and Y. Huang, Universal linear optical operations
on discrete phase-coherent spatial modes with a fixed and
non-cascaded setup, J. Opt. 21, 104003 (2019).

[15] S. Li, S. Zhang, X. Feng, S. M. Barnett, W. Zhang, K.
Cui, F. Liu, and Y. Huang, Programmable coherent linear
quantum operations with high-dimensional optical spatial
modes, Phys. Rev. Appl. 14, 024027 (2020).

[16] V. N. Ryzhov, E. E. Tareyeva, Y. D. Fomin, and E. N.
Tsiok, Berezinskii—Kosterlitz—Thouless transition and two-
dimensional melting, Phys.-Usp. 60, 857 (2017).

[17] A. M.-C. So, J. Zhang, and Y. Ye, On approximating
complex quadratic optimization problems via semidefinite
programming relaxations, Math. Program. 110, 93 (2007).

[18] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.22.L.021001 for more
details on the methods, experiment, and fidelity analysis,
which includes Refs. [11,15,17,19-21].

[19] C. Roques-Carmes, Y. Shen, C. Zanoci, M. Prabhu, F.
Atieh, L. Jing, T. Dubcek, C. Mao, M. R. Johnson, V.
Ceperi¢, J. D. Joannopoulos, D. Englund, and M. Solja&i¢,
Heuristic recurrent algorithms for photonic Ising machines,
Nat. Commun. 11, 249 (2020).

[20] H. Szu and R. Hartley, Fast simulated annealing, Phys. Lett.
A 122,157 (1987).

[21] L. Ingber and B. Rosen, Genetic algorithms and very
fast simulated reannealing: A comparison, Math. Comput.
Model. 16, 87 (1992).

[22] S.Kirkpatrick, C. D. Gelatt, and M. P. Vecchi, Optimization
by simulated annealing, Science 220, 671 (1983).

[23] P. J. M. van Laarhoven and E. H. L. Aarts, in Sim-
ulated Annealing: Theory and Applications, edited by
M. Hazewinkel, F. Calogero, Yu. I. Manin, A. H. G.
Rinnooy Kan, and G.-C. Rota (Springer, Dordrecht, 1987),
pp. 7-15.

[24] C. M. Lapilli, P. Pfeifer, and C. Wexler, Universality away
from critical points in two-dimensional phase transitions,
Phys. Rev. Lett. 96, 140603 (20006).

[25] U. Wolff, Collective Monte Carlo updating for spin sys-
tems, Phys. Rev. Lett. 62, 361 (1989).

[26] M. Hasenbusch, The two-dimensional XY model at the
transition temperature: a high-precision Monte Carlo study,
J. Phys. A 38, 5869 (2005).

[27] J. Hromkovi¢, in Algorithmics for Hard Problems: Intro-
duction to Combinatorial Optimization, Randomization,

L021001-5


https://doi.org/10.1016/0893-6080(94)00094-3
https://doi.org/10.1038/nmat4971
https://doi.org/10.1088/2058-9565/aa923b
https://doi.org/10.1103/PhysRevB.37.5986
https://doi.org/10.3390/app11114931
https://doi.org/10.1103/PhysRevB.69.184510
https://doi.org/10.1515/nanoph-2020-0137
https://doi.org/10.1515/nanoph-2020-0162
https://doi.org/10.1088/1367-2630/aa924b
https://doi.org/10.1038/s42005-024-01658-x
https://doi.org/10.1103/PhysRevLett.122.213902
https://doi.org/10.1103/PhysRevLett.127.043902
https://doi.org/10.1088/2040-8986/ab3d8b
https://doi.org/10.1103/PhysRevApplied.14.024027
https://doi.org/10.3367/UFNe.2017.06.038161
https://doi.org/10.1007/s10107-006-0064-6
http://link.aps.org/supplemental/10.1103/PhysRevApplied.22.L021001
https://doi.org/10.1038/s41467-019-14096-z
https://doi.org/10.1016/0375-9601(87)90796-1
https://doi.org/10.1016/0895-7177(92)90108-W
https://doi.org/10.1126/science.220.4598.671
https://doi.org/10.1103/PhysRevLett.96.140603
https://doi.org/10.1103/PhysRevLett.62.361
https://doi.org/10.1088/0305-4470/38/26/003

JIAYI OUYANG et al.

PHYS. REV. APPLIED 22, L021001 (2024)

Approximation, and Heuristics, edited by W. Brauer, G.
Rozenberg, and A. Salomaa (Springer, Berlin, Heidelberg,
New York, Hong Kong, London, Milan, Paris, Tokyo,
2003).

J. Carolan, C. Harrold, C. Sparrow, E. Martin-Lopez, N. J.
Russell, J. W. Silverstone, P. J. Shadbolt, N. Matsuda, M.
Oguma, M. Itoh, G. D. Marshall, M. G. Thompson, J. C.
F. Matthews, T. Hashimoto, J. L. O’Brien, and A. Laing,
Universal linear optics, Science 349, 711 (2015).

Y. Shen, N. C. Harris, S. Skirlo, M. Prabhu, T. Baehr-Jones,
M. Hochberg, X. Sun, S. Zhao, H. Larochelle, D. Englund,
and M. Soljaci¢, Deep learning with coherent nanophotonic
circuits, Nat. Photonics 11, 441 (2017).

[30]

[31]

[32]

L021001-6

D. Renaud, D. R. Assumpcao, G. Joe, A. Shams-Ansari,
D. Zhu, Y. Hu, N. Sinclair, and M. Loncar, Sub-1 volt
and high-bandwidth visible to near-infrared electro-optic
modulators, Nat. Commun. 14, 1496 (2023).

L. Vivien, A. Polzer, D. Marris-Morini, J. Osmond, J. M.
Hartmann, P. Crozat, E. Cassan, C. Kopp, H. Zimmer-
mann, and J. M. Fédéli, Zero-bias 40 Gbit/s germanium
waveguide photodetector on silicon, Opt. Express 20, 1096
(2012).

Y. Chen, M. Nazhamaiti, H. Xu, Y. Meng, T. Zhou, G. Li,
J. Fan, Q. Wei, J. Wu, F. Qiao, L. Fang, and Q. Dai, All-
analog photoelectronic chip for high-speed vision tasks,
Nature 623, 48 (2023).


https://doi.org/10.1126/science.aab3642
https://doi.org/10.1038/nphoton.2017.93
https://doi.org/10.1038/s41467-023-36870-w
https://doi.org/10.1364/OE.20.001096
https://doi.org/10.1038/s41586-023-06558-8

	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


