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Abstract—We present a structure-preserving framework for
real-space quantum photonics based on a discrete Hermitian
Maxwell generator. Starting from the second-order Maxwell
system, a symmetrized formulation yields a discrete propagation
operator defined by the material matrices and the curl-curl
operator. This generator enables a bosonic lattice Hamiltonian
and unitary single-photon propagation directly in real space
without modal decomposition. Although demonstrated using the
Finite Integration Technique (FIT), the underlying algebraic
structure is not specific to this discretization and also arises in
edge-element finite-element formulations. A compact FIT-based
benchmark illustrates bosonic symmetry and linear dynamics.

Index Terms—real-space quantum optics, Maxwell generator,
structure-preserving discretization

I. INTRODUCTION

Numerical simulation of quantum-optical processes in inte-
grated and nanophotonic structures is increasingly challenged
by strong material inhomogeneities, complex geometries, and
nontrivial boundary conditions. Classical real-space computa-
tional electromagnetics methods such as the Finite Integration
Technique (FIT) [1] efficiently capture these features, whereas
many quantum-optical approaches still rely on modal de-
compositions [2] or analytically accessible eigenfunctions [3].
For realistic structures this often requires repeated eigenmode
computations across frequency ranges, which limits computa-
tional scalability.

We present a mode-free real-space formulation of quan-
tum photonics that builds directly on structure-preserving
discretizations of Maxwell’s equations. Starting from the
source-free Maxwell dynamics, a discrete Hermitian Maxwell
generator is obtained that incorporates geometry, material
inhomogeneities, and boundary conditions. Photon dynamics
can then be propagated directly in real space without modal de-
composition. Multi-photon interference effects arise naturally
from bosonic symmetry and coherent scattering within the
same framework, without introducing explicit photon—photon
interaction terms.

The numerical examples in this work employ FIT, but the
algebraic construction relies only on the symmetry properties
of the mass and stiffness matrices. Any discretization that
preserves these properties yields the same generator structure
and is therefore equally suited as a basis for the quantum
formulation.
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II. DISCRETE MAXWELL GENERATOR

We consider the lossless Maxwell system in terms of the
discrete magnetic vector potential a in Coulomb gauge by
applying the discretized wave equation

M.4 = —Ka, (1)

where M. is a symmetric positive definite mass or material
matrix and K is a symmetric positive semidefinite curl—curl
operator. Symmetrized canonical variables

u= M;/2a, p=nu 2)

are defined. Then the relation
it = —D”u 3)

holds introducing the operator
D? = M_Y2KM_ /2, 4)

Under energy-conserving boundary conditions D? is Her-
mitian and positive semidefinite. Restricting to the transverse
subspace and excluding null modes yields the Hermitian

generator
D = vD?2. ®)

This operator acts as the single-particle propagation generator
for photons in the discretized system.

III. REAL-SPACE QUANTUM FORMULATION

The symmetrized variables allow a direct quantum-field
formulation. Defining ladder operators
7 1 < 1/25 1 s1y—1/24
- (DY?a+iDV ) ©6)
P NGT p

one obtains the bosonic commutation rules as
[, 0;] =0 and [7/;“77/;;] = dij. @)

The normal ordered Hamiltonian of the discretized electro-
magnetic field takes the quadratic form

H = ' Drp. (8)
The one-photon density matrix g,,s = <1/;I1/;m> evolves as

O p = —i[D, pl. (©))



Hence, photon propagation in complex photonic structures re-
duces to the unitary evolution generated by D, which preserves
both trace and photon number.

In the Finite Integration Technique the discrete operators
take the form

K =C"M;'C, (10)

where C is the discrete curl operator and the matrices M,
and M, represent material Hodge operators. Importantly, the
same algebraic structure also arises in edge-element finite-
element discretizations. In that case C results from the curl
operator acting on Nédélec basis functions, while the matrices
M. and K correspond to the mass matrix and the curl-
curl stiffness matrix obtained through Galerkin projection
[4]. Consequently, the discrete Maxwell generator D and
the resulting quantum propagation framework are not specific
to FIT but apply to a broader class of structure-preserving
Maxwell discretizations.

IV. BENCHMARK: TWO-PHOTON PATH ENTANGLEMENT

To illustrate the framework we use a reduced one-
dimensional FIT model reproducing the Hong—Ou-Mandel
effect [5]. Two single-photon wave packets are initialized
on opposite sides (at x; = 4pm, zo = 12um) of a
symmetric coupler with relative permittivity €, = 6.35 and
width 80 nm. The computational domain is 16 um with grid
spacing Az = 16 nm. Outside the coupler €, = 1 is applied.
The photons are initialized at center wavelength A = 0.8 um
modulated by a Gaussian pulse with standard deviation of
0.6 ym. The initial state

|Win) =12, 1R). (1)

corresponds to a separable two-photon configuration (Fig. 1).
Propagation is governed by the unitary evolution operator

—iDt

U(t) = e, (12)

while the two-photon dynamics follow the induced generator

D?® =D®I+I®D. (13)

After propagation through the coupling region the two-
photon amplitude develops strong correlations. The probabil-
ities for detecting both photons in the left or both in the
right output regions are Pyyn = 0.9924. Simultaneously,
coincidence events are strongly suppressed and occur with a
probability of Pyyjne = 7.6 X 10~3 (Fig. 2). The resulting output
state approaches the path-entangled form

1

ﬁ(|2L70R> +102,2R)).
This example demonstrates that nonclassical correlations

and path entanglement arise solely from bosonic symmetry

combined with the linear propagation generated by the discrete

Maxwell operator.

|Wour) = (14)
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Fig. 1. Two-photon probability |¥(z1,x2)|? at t = 0fs. The two separated

peaks on the anti-diagonal (z1 # x2) reflect the initial product state |17, 1r)
with one photon entering from each side.
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Fig. 2. Two-photon probability |¥(x1,x2)|? at t = 27 fs. The probability
concentrates along the diagonal (z1 =~ x2), indicating photon bunching, while
coincidence events are suppressed.

V. CONCLUSION

We presented a real-space quantum photonics formulation
based on a discrete Hermitian Maxwell generator. The frame-
work enables single- and multi-photon propagation directly
on computational grids without modal decompositions. While
the numerical demonstration was carried out using FIT, the
underlying algebraic structure is shared by other structure-
preserving Maxwell discretizations such as edge-element fi-
nite elements. This observation suggests a unified pathway
for combining classical computational electromagnetics with
scalable simulations of quantum photonic systems.
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