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Breakdown of bulk-radiation correspondence in radiative photonic lattices
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The topological characteristics of energy bands in crystalline systems are encapsulated in the Berry curvature
of the bulk Bloch states. In photonic crystal slabs, far-field emission from guided resonances naturally provides
a noninvasive way to probe the embedded wavefunctions, raising the question of how the information carried by
escaping photons relates to the band topology. We develop a non-Hermitian model to describe the guided and
leaky modes of photonic crystal slabs with long-range couplings and non-local responses. Within this framework,
radiation Berry curvature is defined from the far-field polarization and compared to the conventional bulk Berry
curvature of the crystal Bloch modes. We investigate this bulk-radiation correspondence in the vicinity of the
� point of the square lattice and the K point of the honeycomb lattice. The results show that the comparability
between the bulk topology and the radiation topology is not universal; the validity is contingent upon the specific
bulk Bloch states. Notably, the correspondence completely breaks down surrounding the far-field singularities,
while it can hold in smooth regions under special symmetry conditions, e.g., inversion symmetry. Besides, net
Berry curvature concentration is captured at the valleys of the nonlocal honeycomb lattice, facilitating further
exploration on generalized topological phases in photonic lattices beyond the regimes with localized couplings
and Hermiticity.

DOI: 10.1103/1gbs-rdxm

I. INTRODUCTION

Berry curvature is a fundamental concept in quantum me-
chanics that describes the local geometric properties of a
system’s parameter space [1]. In the context of band the-
ory, it plays a crucial role in relating local band features to
global topological invariants and physical observables [2–7].
In recent years, the concept has been extended to various
engineered wave systems, capturing their band characteristics,
topological phases, and responses to external perturbations
[8–12]. In photonic crystals based on Hermitian tight-binding
models, these topological properties have demonstrated re-
markable potential in manipulating electromagnetic waves,
enabling applications such as robust transport, beam steering,
and the realization of exotic states of light [8,9,11,13–18].
Recently, the concept of topology has been generalized to
open systems [19,20], further expanding the possibilities of
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topological photonics with non-Hermiticity surpassing the
tight-binding regime [21].

Beyond band topology, photonic lattices also host other
kinds of topological features, such as polarization vortices
in the radiating field. Polarization vortices often manifest as
bound states in the continuum (BICs) with nontrivial topolog-
ical charges [22–24]. BICs are modes that remain localized
even though they coexist with a continuous spectrum of radi-
ating waves that can carry energy away [25]. They are known
as intrinsic defects for nonlocal photonic crystal slabs and
are commonly regarded as the topological characteristics in
such materials [26–32]. In contrast, conventional Berry cur-
vature from crystal Bloch modes is less discussed in these
systems, despite its significance in understanding the full
topological nature of the bulk. The limited discussion mainly
arises from the difficulty of accessing photonic Berry curva-
ture [33], whereas the presence of photonic BICs is directly
measurable [34–38].

The concept of far-field radiation topology generalizes
the photonic Berry curvature to the far field, resulting in a
curvature term defined by the unit polarization vectors in
momentum space [39–43]. The idea of representing bulk
Berry curvature using far-field polarization vectors was first
introduced for cavity polariton systems [39,40,44,45], and
later adapted to lattice structures [41,43]. Since escaping
photons naturally carry information about the bulk states,
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the far-field radiation topology is proposed as an effective
surrogate to access the band topology in radiative photonic
structures [39,42,43]. Particularly, the comparability between
the far-field Berry curvature pattern and the bulk Berry cur-
vature pattern is called the “bulk-radiation correspondence.”
Despite the great potential of this approach, systematic dis-
cussion on the validity and generality of the bulk-radiation
correspondence in lattice prototypes is still missing. More-
over, the current focus has been primarily on two-band
systems, while investigations into multiband systems remain
scarce.

To better understand the bulk-radiation correspondence in
radiative photonic lattices, we develop a model to describe
the guided and leaky modes of photonic crystal slabs with
long-range couplings and nonlocal responses. The model fa-
cilitates the presentation and analysis of multiband systems.
On this basis, we conduct analytical calculations under a
generic multiband configuration. The result shows that the
comparability between the bulk and far-field Berry curva-
ture is not universal; the validity is contingent upon the
particular states. Further, we apply our model to two foun-
dational two-dimensional lattice prototypes. Nonzero Berry
curvatures and nontrivial topological charges are simultane-
ously found around the high symmetry points of interest.
Accordingly, we separately study the correspondence on BIC
and non-BIC bands. The observations obtained from nu-
merical results are consistent with those indicated by the
analytical results.

The paper is organized as follows. In Sec. II, the diffractive
and radiative coupling model is introduced to construct the
non-Hermitian Hamiltonian. Within this framework, we con-
duct step-by-step derivations to analyze a generic multiband
configuration in Sec. III. In Secs. IV and V, the model is
applied to the � point of a square lattice and the K point of
a honeycomb lattice, respectively. We comment on the phys-
ical insights provided by this breakdown of bulk-radiation
correspondence, followed by a detailed analysis of the sym-
metry constraints and parameter settings in our simulations in
Sec. VI. Final conclusions are given in Sec. VII.

II. THE DIFFRACTIVE AND RADIATIVE COUPLING
MODEL OF PHOTONIC LATTICES

The band structure for two-dimensional photonic crys-
tal slabs can be understood by considering guided modes
folded at diffraction orders (m, n), where m, n are integers
[46]. For a lattice with periodicity a1 and a2, the diffraction
orders are located at multiples of the reciprocal lattice vec-
tor G = mG1k̂1 + nG2k̂2, where G1,2 = 2π/a1,2 defines the
Brillouin zone. In the case of a rectangular lattice, for exam-
ple, a1,2 = ax,y, k̂1,2 = k̂x,y, and G1,2 = Gx,y. We indicate the
guided modes in the vicinity of G with in-plane wave vectors
(kx, ky) ∈ 1st BZ as |m, n〉. These guided modes constitute the
basis for the effective model. Here, we only consider a single
“unfolded” guided mode—for instance, the fundamental TE
guided mode propagating in the uncorrugated slab made of
the average effective index. The thickness of the slab is chosen
to ensure operation in the single-mode regime, and all other
guided TE modes lie at much higher energies.

FIG. 1. The geometric representation of the basis sets km,n and
Em,n, the wave vector k of guided resonances, and far-field electric
field components E are resulted from their linear combinations.

The dispersion relation of the mode |m, n〉 in the vicinity
of � point corresponding to G with a group velocity vg is

ωm,n = ω0 + vg

h̄
(|km,n| − |G|), (1)

where ω0 is the mode frequency at the first � point. The
guided modes are then coupled via a diffractive mechanism
and the radiation continuum [37,47–49]. The coefficients de-
termining the coupling parameters can be obtained from a
perturbative method based on the periodic potential profile
acting on the photonic modes.

For TE modes, the unit polarization vector p̂m,n associated
with the guided mode |m, n〉 is perpendicular to the corre-
sponding unit in-plane wave vector km,n. We define the angle
θm,n on the kx–ky plane as

θm,n = arg[kx + mGx + i(ky + nGy)], (2)

such that

k̂m,n = cos θm,n · k̂x + sin θm,n · k̂y, (3)

p̂m,n = − sin θm,n · k̂x + cos θm,n · k̂y, (4)

see Fig. 1.
The coupling via the radiation continuum is achieved

through far-field interference, resulting in the loss of photons
at a rate γr . The loss exchange depends on the product be-
tween the polarization components p̂m,n and p̂m′,n′ [37,47,48],
and the projection angle between two guided modes can be
represented as

ϕm,n,m′,n′ = θm,n − θm′,n′ . (5)

The effective Hamiltonian can thereby be written as

Ĥrad(kx, ky) =
∑
m,n

(ωm,n + iγr )|m, n〉〈m, n|

+
∑

m,n,m′,n′
[tm,n,m′,n′ + iγr cos(ϕm,n,m′,n′ )]

× |m, n〉〈m′, n′|. (6)

The linear combinations of the basis sets have to be in
alignment since k · E = 0 and km,n · Em,n = 0 always hold.
Thus, given the eigenstate of Ĥrad as |ψ〉 = 	m,ncm,n|m, n〉,
the unit vector that characterizes the corresponding far-field
radiation can be written as

|E〉 = 	m,ncm,n(− sin θm,n · k̂x + cos θm,n · k̂y). (7)
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A 1D version of this model was introduced in Refs. [37,47]
for polaritons, where the radiative coupling of counterprop-
agating guided modes leads to the formation of symmetry-
protected BIC. A 2D version of this model was introduced in
Ref. [49], where the interplay between radiative coupling and
diffractive coupling of three guided modes leads to the forma-
tion of tunable Friedrich–Wintgen BICs at a highly oblique
angle.

III. THE BULK-RADIATION CORRESPONDENCE
UNDER N-BAND CONFIGURATION

Since we have a radiative model, i.e., a non-Hermitian
system, the Hamiltonian admits left and right eigenstates

Ĥrad|ψR〉 = ε |ψR〉, (8)

Ĥ†
rad|ψL〉 = ε∗|ψL〉, (9)

where in general |ψR〉 �= |ψL〉, and they satisfy the bi-
orthogonality condition 〈ψL

i |ψR
j 〉 = δi j [50]. Using combina-

tions of these eigenvectors, four different Berry curvatures can
be calculated from

Bαβ = −i(〈∂μψα|∂νψ
β〉 − 〈∂νψ

α|∂μψβ〉) (10)

for α, β = L, R, with ∂μ,ν being different operators in k space.
Since all four Berry curvatures carry equivalent information
[51] and give rise to associated results, we restrict ourselves to
BRR in the following discussions. Moreover, right eigenvectors
are the quantities directly accessible in the radiation channel
and, therefore, more experimentally relevant. The band index
is omitted in the following for simplicity of notation. The
complex entry for forming nonzero bulk Berry curvatures can
be purely provided by the non-Hermitian part of Eq. (6), e.g.,
the model shown in Sec. IV. Besides, the elicitation of the bulk
Berry curvature can be further promoted by having a complex
coupling scheme in the Hermitian part of Eq. (6), e.g., the
model shown in Sec. V.

Now consider an N × N Hamiltonian written in the basis
of N guided modes |m, n〉, noted as G j . The eigenstate for
Ĥ |ψ〉 = ε|ψ〉 can be generally expressed as

|ψ〉 =
N∑

j=1

c j |G j〉 ≡

⎛
⎜⎜⎝

c1

c2
...

cN

⎞
⎟⎟⎠. (11)

The bulk Berry curvature calculated from right-right eigen-
vectors of the bulk states is

Bb = −i(〈∂μψ |∂νψ〉 − 〈∂νψ |∂μψ〉). (12)

Thus, for a general N-components vector, the bulk Berry cur-
vature can be explicitly written as

Bb = −i
N∑

j=1

(∂μc∗
j∂νcl − ∂νc∗

j ∂μcl ). (13)

Following the framework introduced in Sec. II, the E field
for a general N-components vector can be correspondingly

expressed as in Eq. (7)

|E〉 =
(

−∑N
j=1 sin θ jc j∑N

j=1 cos θ jc j

)
. (14)

The concept of far-field radiation topology generalizes the
concept of the Berry curvature to the far field, resulting in a
curvature term defined by the unit vectors of the electric field
components on the k plane as

B f = −i(〈∂μE |∂νE〉 − 〈∂νE |∂μE〉). (15)

The electric field components can be extracted from the tex-
ture of the Stokes parameters in k space.

For the far-field Berry curvature, substituting Eq. (15) with
expressions in Eq. (14), we get

B f = − i
N∑

j,l=1

cos(θ j − θl )[{∂μc∗
j∂νcl − ∂νc∗

j ∂μcl}

+ c∗
j cl (∂μθ j∂νθl − ∂νθ j∂μθl )]

+ −i
N∑

j,l=1

sin(θ j − θl )[cl (∂μc∗
j ∂νθl − ∂νc∗

j ∂μθl )

− c∗
j (∂μθ j∂νcl − ∂νθ j∂μcl )]. (16)

Straightforwardly, the relation B f = Bb does not always hold.
The term in curly brackets is the same appearing in the bulk
Berry curvature Bb in Eq. (13). The establishment of the
equation is subject to specific conditions, e.g., when the sum
has only contributions from j = l . It might also hold roughly
for the case where the redundant terms are sufficiently small.
In real experiments, these conditions would correspond to
particular choices of system settings, e.g., material properties,
lattice prototypes, and site geometries. For completeness, one
can analogously repeat the derivation with left eigenstates to
obtain the biorthogonal curvatures Bb

LR and B f
LR, which leads

to an expression of the same form as the one in Eq. (16).
Thus, the bulk-radiation correspondence is not a universal

concept in photonic lattices with nonlocal responses. It cannot
be applied directly without considering specific settings; the
validity depends on the states themselves. Aside from the
measurement that has already been validated [40], which is
specific to continuous two-band systems [39], further gener-
alization requires analysis of the targeted bands. Given the
limitations of deriving a broader general conclusion based
solely on Eq. (16), we numerically construct some specific
states in Secs. IV and V to substantiate and reinforce our ar-
guments. We focus on the square and the honeycomb lattice as
foundational prototypes in two-dimensional crystal structures.

IV. BULK-RADIATION CORRESPONDENCE AROUND
THE � POINT OF SQUARE LATTICES

We first apply our model to study the topological prop-
erties around the � point of a square array with a lattice
constant a. A minimal model with four diffracted orders
(m, n) = {(+1, 0), (−1, 0), (0,+1), (0,−1)} is used to ob-
tain the far-field spectrum, with four guided resonances lying
in the radiative continuum. Following the framework built in
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-1×10-6
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FIG. 2. Bulk-radiation correspondence for ux = 0.041, uy = 0.04, v = 0.02, γr = 0.002, representing the quasisymmetric case. Slightly
rotational symmetry breaking is introduced here to avoid the degeneracies, which can cause the failure of the adopted algorithm [52]. The stars
indicate BIC modes. (a), (b) Real and imaginary parts of the energy spectrum, with curves of the same color symbolizing the same bands.
(c)–(f) Bulk Berry curvature for bands 1–4, respectively. (g)−(j) Radiation Berry curvature for bands 1–4, respectively.

Sec. II, the Hermitian part of the Hamiltonian can be written
as

Ĥ =

⎛
⎜⎜⎝

ω1,0 ux v v

ux ω−1,0 v v

v v ω0,1 uy

v v uy ω0,−1

⎞
⎟⎟⎠, (17)

where ωm,n is defined in Eq. (1), while the couplings v, ux, and
uy are introduced to provide different kinds of in-plane mode
mixing. v stands for the coupling between diffracted orders
that mix Gx and Gy, while ux and uy stand for the couplings
whose diffracted order only involves Gx or Gy crossing the
� point. The non-Hermitian part can be correspondingly ex-
pressed as

γ̂ = iγr ×

⎛
⎜⎜⎜⎝

1 cos ϕ1,0,−1,0 cos ϕ1,0,0,1 cos ϕ1,0,0,−1

cos ϕ−1,0,1,0 1 cos ϕ−1,0,0,1 cos ϕ−1,0,0,−1

cos ϕ0,1,1,0 cos ϕ0,1,−1,0 1 cos ϕ0,1,0,−1

cos ϕ0,−1,1,0 cos ϕ0,−1,−1,0 cos ϕ0,−1,0,1 1

⎞
⎟⎟⎟⎠, (18)

where ϕm,n,m′,n′ is defined from Eqs. (5) and (2). We notice that the loss exchange is most effective for diffracted orders that
involve the same Gx or Gy for which the electric field is co-polarized and ϕm,n,m′,n′ = π . The full non-Hermitian model of a
square photonic lattice is thus obtained from Eqs. (17) and (18) as

Ĥrad = Ĥ + γ̂ ≈

⎛
⎜⎜⎜⎝

kx + iγr ux − iγr v v

ux − iγr −kx + iγr v v

v v ky + iγr uy − iγr

v v uy − iγr −ky + iγr

⎞
⎟⎟⎟⎠, (19)

having expanded around the � point in the last step.
The simulation results of the bulk-radiation correspon-

dence around the � point for two representative parameter
settings are shown in Figs. 2 and 3. Co-occurrence of two dif-
ferent topological features, i.e., nontrivial topological charges
and nonzero Berry curvatures, is captured on this platform.
The BICs are identified by the purely real eigen-energies
found at the � point. This is consistent with the symmetry

constraints for BICs given by group theory [53]. We sep-
arately discuss the BIC bands and the non-BIC bands in
the following, since the existence of nonremovable singulari-
ties would bring in fundamental differences between the two
cases.

For non-BIC bands, the degree of comparability is deter-
mined by the ratio between ux and uy. When ux ≈ uy, the
Hamiltonian is quasi-C4 symmetric. Comparable patterns are
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1×10-7

-1×10-7

Im
R

e

FIG. 3. Bulk-radiation correspondence for ux = 0.04, uy = 0.1, v = 0.02, γr = 0.002, representing the asymmetric case. The stars indicate
BIC modes. (a), (b) Real and imaginary parts of the energy spectrum, with curves of the same color symbolizing the same bands. (c)–(f) Bulk
Berry curvature for bands 1–4, respectively. (g)–(j) Radiation Berry curvature for bands 1–4, respectively.

observed in the vicinity of �, e.g., for bands 1 and 2 in Fig. 2.
Here, we define the vicinity as kxa < 0.1 and kya < 0.1. In
contrast, the validity decreases when the difference between
ux and uy becomes larger, e.g., for bands 1 and 2 in Fig. 3.

For BIC bands, the polarization vectors cannot be defined
at the � point with the existence of BIC points, so are the
far-field Berry curvatures. In other words, |∂αE〉 and its trans-
pose are not effective expressions at the BIC points. Due
to the presence of nonremovable singularities, the original
polarization distribution as well as the associated derivatives
around the singularity is entirely altered. As a result, the bulk-
radiation correspondence always breaks down surrounding the
field singularities, e.g., for bands 3 and 4 in Figs. 2 and 3.

V. BULK-RADIATION CORRESPONDENCE AROUND
THE K POINT OF HONEYCOMB LATTICES

We now apply our model to the K point of the honey-
comb lattice. The lattice, with periodicity a, has reciprocal
lattice vectors G1 = 2π

3a k̂x + 2π√
3a

k̂y and G2 = 2π
3a k̂x − 2π√

3a
k̂y.

We consider a minimal model with three diffracted or-
ders (m, n) = {(0,+1), (0,−1), (+2,+1)}, resulting in three
guided modes of wave vector

km,n = (kx + Gm,n · k̂x)k̂x + (ky + Gm,n · k̂y)k̂y, (20)

where Gm,n = mG1 + nG2 + K, and kx,y are relative to the K
point located at K = ( 2π

3a , 2π

3
√

3a
). Similarly as in Sec. IV, we

consider coupling between these diffracted orders. A complex
coupling scheme is introduced, which in essence reflects a
different symmetry-breaking mechanism. Further discussion
is included in Sec. VI.

The real part of the Hamiltonian can be written as

Ĥ =

⎛
⎜⎝ω0,1 u t∗

u∗ ω2,1 u
t u∗ ω0,−1

⎞
⎟⎠, (21)

where ωm,n is defined in Eq. (1) with Eq. (20), while the cou-
plings u, t provide in-plane mode mixing between the three
diffracted orders. Although u � t for a generic setting, we
keep u = t since a weak perturbation on the potential profile
is considered. The non-Hermitian part can be correspondingly
expressed as

γ̂ = iγr

⎛
⎝ 1 cos ϕ0,1,2,1 cos ϕ0,1,0,−1

cos ϕ2,1,0,1 1 cos ϕ2,1,0,−1

cos ϕ0,−1,0,1 cos ϕ0,−1,2,1 1

⎞
⎠,

(22)

where again ϕm,n,m′,n′ can be computed explicitly from
Eqs. (5) and (2) with Eq. (20). Notice that we consider
uniform losses γr to highlight the key physics, and a more
complete treatment accounting for their mode-dependence is
discussed in Ref. [54]. The full non-Hermitian model is ob-
tained from Eqs. (21) and (22) as

Ĥrad = Ĥ + γ̂

≈

⎛
⎜⎜⎝

−ky + iγr u − iγr

2 u∗ − iγr

2

u∗ − iγr

2

√
3

2 kx + ky

2 + iγr u − iγr

2

u − iγr

2 u∗ − iγr

2 −
√

3
2 kx − ky

2 + iγr

⎞
⎟⎟⎠,

(23)

having expanded around the K point in the last step. The
simulation results are shown from Figs. 4–6.
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FIG. 4. Bulk-radiation correspondence for u = 0.01 + 0.000 01i, γr = 0.002, representing the quasisymmetric case. Slightly rotational
symmetry breaking is introduced here to avoid the degeneracies, which can cause the failure of the adopted algorithm [52]. The star indicates
a BIC mode. (a), (b) Real and imaginary parts of the energy spectrum, with curves of the same color symbolizing the same bands. (c)–(e) Bulk
Berry curvature for bands 1–3, respectively. (f)–(h) Radiation Berry curvature for bands 1–3, respectively.

Similarly to the square lattice case, two topological fea-
tures are simultaneously found around the K point. We
separately discuss the case where u is a real number and the
case where u is complex.

When u is purely real, the Hamiltonian is intrinsically C3

symmetric. Splitting patterns are observed in the vicinity of

K . Here, we define the vicinity as kxa < 0.05 and kya < 0.05.
The two Berry curvature patterns for the non-BIC bands are
straightforwardly comparable, e.g., for bands 1 and 2 in Fig. 4,
while the degree of validity can completely break down for
BIC bands, e.g., for band 3 in Fig. 4. These are in alignment
with the results of Sec. IV.

5×10-5

-5×10-5

Im
R

e

FIG. 5. Bulk-radiation correspondence for u = 0.01 + 0.001i, γr = 0.002, representing a regime of weak asymmetry. The stars indicate
BIC modes. (a), (b) Real and imaginary parts of the energy spectrum, with curves of the same color symbolizing the same bands. (c)–(e) Bulk
Berry curvature for bands 1–3, respectively. (f)–(h) Radiation Berry curvature for bands 1–3, respectively.
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FIG. 6. Bulk-radiation correspondence for u = 0.01 + 0.006i, γr = 0.002, representing a regime of strong asymmetry. The stars indicate
BIC modes. (a), (b) Real and imaginary parts of the energy spectrum, with curves of the same color symbolizing the same bands. (c)–(e) Bulk
Berry curvature for bands 1–3, respectively. (f)–(h) Radiation Berry curvature for bands 1–3, respectively.

When u is a complex number, inversion symmetry is
broken and some unique features can be captured on this
platform. Particularly, net Berry curvature accumulation is
found at the valleys of the nonlocal honeycomb lattice under
the complex setting. The comparability around the K point,
as reported in [43], is successfully reproduced using our
method, e.g., for non-BIC bands in Fig. 5. On top of that, we
identify a regime where the comparability breaks down, e.g.,
for non-BIC bands in Fig. 6. The former case holds when
the real part of u is way larger than the imaginary part of u,
while the latter case stands for the setting as the imaginary
part of u increases and becomes comparable to the real
part of u.

Additionally, the flattening process of the two non-BIC
bands is unequal as we promote the imaginary part of param-
eter u, e.g., vertical comparisons for the bulk Berry curvature
patterns of bands 1, 2 from Figs. 4–6. That is to say, richer
band geometry exhibiting nontrivial topological landscape is
unblocked in systems of this kind. This feature distinguishes it
from the existing valley degree of freedom, making it possible
to uncover more diverse Berry curvature effects.

VI. DISCUSSION AND EXPERIMENTAL PROPOSALS

A. Breakdown of bulk-radiation
correspondence: physical insights

The breakdown of bulk-radiation correspondence as exem-
plified in Secs. IV and V lies in two aspects: dimensional
mismatch of the bulk-radiation projection and unavoidable
leakage from guided resonances in the photonic crystal slab
under consideration.

First, it is not fully legitimate to ignore the multiband
nature of photonic lattices without any valid justification,
especially for those with a < λ. For example, the models in

Secs. IV and V cannot be effectively treated as two-band
systems. The nonlocal nature of the photonic Hamiltonian,
the vectorial aspect, and the inclusion of complex eigen-
frequencies in the master equation give rise to an intrinsic
dense eigenvalue problem. The full Hamiltonian is thus harder
to separate into invariant subspaces with assigned dimen-
sionality, even just locally. This results in more complicated
connections between the states both within the band and
among the bands, reflecting on the local geometric properties
of the parameter space, e.g., the distorted Dirac cone with
nonequal flattening processes discussed in Sec. V.

Unlike the case discussed in Ref. [39], the multiband na-
ture leads to dimensional mismatch upon projecting the bulk
Hilbert space to the far-field synthetic parameter space. This
dimensional mismatch results in loss, distortion, or blurring of
local geometric features of the original manifolds. There are
occasions when the projection is correctly done so the main
features can be kept, but that is not guaranteed in general.
These occasions could mostly relate to effective decoupling of
the local Hamiltonian, e.g., those with block-diagonal struc-
tures accidentally formed from the wavefunction coupling,
or those with inversion symmetry thus being more inherently
sparselike.

Besides, radiation loss is unavoidable in the photonic crys-
tal slabs considered in the model built in Sec. II. The escaping
photons from guided resonances interfere in the far field, and
the energy redistribution resulting from far-field interference
will reversely regulate the near-field photon behaviors. In our
model, the far-field regulation manifests as coupling between
spatially coherent modes via the radiative continuum. That is
to say, the information of the bulk Bloch states carried by the
leaky modes will be further deformed in the far field as a result
of intensity modulation. One manifestation is that the highest
degree of destructive interference happens at the BIC points,
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FIG. 7. Schematic illustration of the types of gaps for the com-
plex energy spectrum. The circles labeled with numbers represent
complex energy clusters from different bands. The dashed lines in-
dicate possible deformations. (a) A non-Hermitian Hamiltonian with
its bands exhibiting the point gap, where bands cannot cross the Ep

point in the real-imaginary plane. (b) A non-Hermitian Hamiltonian
with its bands exhibiting line gaps, where bands cannot cross entire
lines in the real-imaginary plane.

corresponding to a complete loss of all the information about
the bulk Bloch states.

Thus, the bulk-radiation correspondence is not universal in
radiative photonic lattices. The two-band regime is not com-
plete, and far-field interference plays an essential role. This
is consistent with the analytical results obtained in Sec. III.
Additionally, we infer that the bulk-radiation correspondence
also fails in nonlattice planar photonic structures with more
than two decoupled degrees of freedom, where effective two-
level treatment no longer applies.

B. Non-Hermitian AZ symmetry constraints

In Hermitian systems, topological physics is governed
by three fundamental symmetries: time-reversal symmetry,
particle-hole symmetry, and chiral symmetry. Based on dif-
ferent combinations of these three, the AZ symmetry scheme
classifies topological insulators into ten categories, which are
further grouped into two major classes [55–59].

For open systems, the topological phases are enriched
by the non-Hermiticity. The conjugates of the time-reversal
symmetry and the particle-hole symmetry are introduced as
new degrees of freedom, further expanding the categories and
classes in the AZ symmetry table [19]. For simplicity, we
denote the five relevant symmetries as follows: time-reversal
symmetry and its conjugate (T+, P+), particle-hole symme-
try and its conjugate (P−, T−), and chiral symmetry (C) in
the following discussions. To fully locate the non-Hermitian
topological classification table, the concepts of “point gap”
and “line gap” shall also be considered [19,20]. A schematic
illustration is presented in Fig. 7.

For the square lattice case discussed in Sec. IV, we identify
the following fundamental symmetry

P+ =

⎛
⎜⎜⎝

0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0

⎞
⎟⎟⎠ (24)

that is the conjugate of time-reversal symmetry, both when
ux = uy and ux �= uy. Therefore, the Hamiltonian always falls
into the AI† class [19]. Furthermore, this Hamiltonian exhibits

a line gap in both the symmetric ux = uy and the asymmet-
ric ux �= uy cases, and is thereby topologically trivial. This
explains why only alternating positive and negative Berry
curvature patterns are observed on this platform.

For the honeycomb lattice case discussed in Sec. V, we
cannot identify any of the five symmetries regardless of the
choice of the parameter u. The Hamiltonian around the K
point always falls into class A. The Hamiltonian has a point
gap in the quasisymmetric case u ∈ R. However, it exhibits a
line gap as we promote the imaginary part u ∈ C, i.e., entering
the asymmetric regime. This could potentially lead to locally
nontrivial topological features.

C. Realistic meanings of coupling parameter settings

Different settings of the coupling parameters can have var-
ious practical implications. For example, they may be related
to varied material properties or distinct site geometries. In the
following, we qualitatively discuss the possible meanings of
the parameters included in Secs. IV and V, showcasing poten-
tial experimental implementations based on our observations.

In Sec. IV, the parameters ux and uy relate to the couplings
between counterpropagating guided modes along the two di-
agonals across the first Brillouin zone. As the couplings cross
the � point, the relation between ux and uy largely relies on
the symmetry of the site geometry with respect to the two
diagonals in the square unit cell. For instance, ux and uy are
equivalent if a symmetric shape is adopted, e.g., a circle or a
square oriented along x and y, which corresponds to the cases
shown in Fig. 2. In contrast, ux and uy become nonequal if an
asymmetric shape is adopted, e.g., an ellipse or a rectangle,
which corresponds to the cases shown in Fig. 3. The degree
of asymmetry determines the ux/uy ratio, which determines
the degree of validity of the bulk radiation correspondence.
More details on the relation between lattice geometry and
coupling parameters are given in Appendix A, where we also
compare the energy dispersions from the effective model and
full-wave simulations. Furthermore, the contrast between ux,y

and v could reflect material properties. For example, direc-
tional dipolar couplings along kx and ky become dominant in
plasmonic cases, where ux,y is supposed to be way larger than
the parameter v. By increasing the scale difference between
the parameters, we get comparable patterns as measured
in Ref. [41] and numerically calculated from T-matrix method
in Ref. [60] (see Fig. 8).

In Sec. V, the parameter u is not directly determined by
the shape but by the difference between the two sites in the
honeycomb unit cell. For example, u is purely real if the
two sites are identical. The bulk-radiation correspondence can
thereby be regarded as valid for non-BIC bands regardless of
the shape, which was shown in Fig. 4. However, when the
two sites are not identical, e.g., different in size, the parameter
u enters the complex regime. The bulk-radiation correspon-
dence gradually collapses as the imaginary part is increased,
e.g., which corresponds to the change shown from Figs. 5
and 6. Moreover, the complex coupling brings in different
AZ symmetry constraints, leading to net Berry concentration
at the K point (with the K ′ point exhibiting opposite Berry
curvature accumulation). Furthermore, we reach this regime
by having complex couplings in the Hermitian part of the
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FIG. 8. Bulk-radiation correspondence for the square lattice described by the Hamiltonian in Eq. (19), having used the parameters ux =
0.1, uy = 0.1, v = 0.02, γr = 0.002, representing the symmetric case in plasmonic lattices. The stars indicate BIC modes. (a), (b) Real and
imaginary parts of the energy spectrum, with curves of the same color symbolizing the same bands. (c)–(f) Bulk Berry curvature for bands
1–4, respectively. (g)–(j) Radiation Berry curvature for bands 1–4, respectively.

Hamiltonian shown in Eq. (23). Thus, we predict that one can
also reach this regime by employing magnetic materials and
applying an external magnetic field.

VII. CONCLUSION

By developing an effective model to describe the guided
and leaky modes of nonlocal radiative photonic lattices, we
construct the bulk and the radiation Berry curvatures. We an-
alyze the comparability between bulk and radiation topology
with both analytical and numerical methods. The analytical
results straightforwardly convey that the bulk-radiation corre-
spondence is not universal, and the validity depends on the
particular bulk Bloch states. The numerical results further
exemplify specific cases where the bulk-radiation correspon-
dence holds and collapses.

Notably, the correspondence completely breaks down sur-
rounding the field singularities on the BIC bands, while it
can hold on non-BIC bands under special symmetry con-
ditions, e.g., C4 symmetry for the Hamiltonian deduced in
Sec. IV and C3 symmetry for the Hamiltonian deduced in
Sec. V. Besides, for the square lattice, both the bulk and
radiation Berry curvature show alternating positive and neg-
ative regions around �, whose integral vanishes, giving the
same zero net Berry flux. Conversely, a net Berry curvature
concentration is observed for the nonlocal honeycomb un-
der particular symmetry constraints in the vicinity of K or
K ′. This net Berry curvature concentration paves the way
for further exploration on generalized topological phases of
photonic lattices in regimes with long-range couplings and
non-Hermiticity.

While only far-field curvature is directly measurable, the
authenticity of the simulated bulk Berry curvature can be indi-
rectly probed by phenomena like wave packet dynamics [61].

Comparing these indirect signatures with far-field mea-
surements may experimentally resolve this ambiguity be-
tween bulk and radiation topology. Additionally, incorporat-
ing nonlinear effects in this model, relevant for polariton
condensates and lasing, offers another direction for future
studies, potentially enriching the interplay between topology,
interactions, and radiative losses in non-Hermitian photonic
lattices.
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TABLE I. Values of the parameters used to reproduce the results in Fig. 9.

ux10−3 uy10−3 v10−3 ax (µm) ay (µm) lx (µm) ly (µm)

BBNN −3.5 −3.5 1.1 0.4 0.4 0.12 0.12
BNBN −13 4.5 2 0.396 0.404 0.12 0.28
BNNB 0.014 0.014 1.4 0.4 0.4 0.208 0.208
NBNB −4.5 14 1.4 0.396 0.404 0.2 0.28
NNBB 5.6 5.6 2.4 0.4 0.4 0.28 0.28

APPENDIX A: FULL-WAVE SIMULATIONS

We show a comparison between the effective model and
the full-wave simulations for the � point on the square ar-
ray, utilizing realistic lattice parameters. The simulations are
performed with the S4 code developed by Stanford [62]. We
consider a photonic crystal slab composed of TiO2 with a
thickness of h = 0.1 µm. The glass layer is modeled as semi-
infinite, and the refractive indices are nTiO2 = 2.4 and nglass

= 1.46. The permittivity of the TiO2 has a small imaginary
part 10−5. The lattice has spacing ax and ay along the two
directions. The lattice sites are rectangular holes etched in

the TiO2 layer with sides lx and ly. We obtain five different
configurations, depending on the order of the BICs (B) and the
non-BICs state (N) at the � point. We see a good agreement
between the energy dispersions calculated from the effective
model in Eq. (19) and the absorption spectra simulated with
rigorous coupled wave analysis (RCWA). The polarization
phases calculated with the two methods are in excellent agree-
ment. In Table I, we provide the geometrical parameters of the
lattice used for the full-wave simulations and the couplings of
the effective model that fit these RCWA simulations.

For the honeycomb lattice case, more detailed simulations
are provided in Ref. [54].

FIG. 9. Top: Different band configurations obtained from the effective model in Eq. (19) of the main text for γr = 0.0030 and different
values of the couplings ux , uy, v, as reported in Table I. Middle: Absorption spectra of a photonic crystal slab simulated in RCWA, with different
geometrical parameters of the lattice, as reported in Table I. White circles show the BICs. Bottom: Polarization phase in the kx–ky plane for the
BIC modes only, calculated with the RCWA; the polarization calculated with the effective model is in excellent agreement (not shown). The
blue arrow indicates the direction of rotation of each vortex.
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FIG. 10. The bulk Berry curvature calculated from Legume for a slab (refractive index n = 3) of thickness d = 0.2a with circular holes
arranged in a honeycomb geometry (periodicity a) immersed in air. The radii of the two holes in the unit cell are rA = 0.1a and rB = 0.15a,
respectively. The K and K ′ points are highlighted with green circles.

APPENDIX B: BULK BERRY CURVATURE
ON THE ENTIRE BRILLOUIN ZONE

We hereby employ a full Maxwell solver for photonic
crystal slabs based on the guided-mode expansion method,
namely, the Legume package [63,64], as a justification for the
results in Sec. V. Based on the original package, we extract
the eigenstates and calculate the corresponding bulk Berry
curvature across the first Brillouin zone. We simulate a slab
of circular air holes arranged in a honeycomb geometry with

lattice periodicity a. The slab has a refractive index of n = 3
and a thickness d = 0.2a. The radii of the two holes within
each unit cell are rA = 0.1a and rB = 0.15a. The configu-
ration slightly breaks the inversion symmetry in real space,
corresponding to the weak asymmetric situation studied in
Sec. V (see Fig. 6). The symmetry breaking setting results in
locally nontrivial topological landscape at the valleys, with K
and K ′ points highlighted with green circles taking opposite
concentration (see Fig. 10).
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Topological nature of optical bound states in the continuum,
Phys. Rev. Lett. 113, 257401 (2014).

[27] T. Fösel, V. Peano, and F. Marquardt, L lines, C points and
Chern numbers: Understanding band structure topology using
polarization fields, New J. Phys. 19, 115013 (2017).

[28] K. Y. Bliokh, M. A. Alonso, and M. R. Dennis, Geometric
phases in 2D and 3D polarized fields: Geometrical, dynamical,
and topological aspects, Rep. Prog. Phys. 82, 122401 (2019).

[29] W. Liu, W. Liu, L. Shi, and Y. Kivshar, Topological polar-
ization singularities in metaphotonics, Nanophoton. 10, 1469
(2021).

[30] T. Yoda and M. Notomi, Generation and annihilation of topo-
logically protected bound states in the continuum and circularly
polarized states by symmetry breaking, Phys. Rev. Lett. 125,
053902 (2020).

[31] J. Wang, L. Shi, and J. Zi, Spin Hall effect of light via
momentum-space topological vortices around bound states in
the continuum, Phys. Rev. Lett. 129, 236101 (2022).

[32] C.-Y. Ji, W. Lan, P. Fu, G. Wang, C. Gu, Y. Wang, J. Li, Y.
Yao, and B. Liu, Probing phase transition of band topology via
radiation topology, Photon. Res. 12, 1150 (2024).

[33] P. Kokhanchik, H. Sigurðsson, B. Piętka, J. Szczytko, and P. G.
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