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Chiral edge states are a hallmark of topological physics, and the emergence of synthetic dimensions has
provided ideal platforms for investigating chiral topology while overcoming the limitations of real space.
Conventional studies have primarily concentrated on symmetric chiral behaviors, limited by complex and
inflexible systems. Here, we demonstrate a programmable integrated photonic platform to generate and
manipulate reconfigurable chiral edge states in synthetic dimensions within a single lithium niobate
microring resonator. Our system is realized by integrating independent frequency and pseudospin degrees
of freedom in the dynamically modulated resonator, which features tunable artificial gauge potentials and
long-range couplings. We demonstrate a variety of reconfigurable chiral behaviors in synthetic dimensions,
including the realization and frustration of chiral edge states in a synthetic Hall ladder, the generation of
imbalanced chiral edge currents, and the regulation of chiral behaviors among chirality, single-pseudospin
enhancement, and complete suppression. This work paves the way for exploring chiral edge states in high-
dimensional synthetic space on a programmable photonic chip, showing promising potential for
applications in optical communications, quantum simulations, signal processing, and photonic neuro-
morphic computing.
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Introduction—Understanding chiral edge states is crucial
for revealing spin-orbit coupling in topological physics,
which has gained prominence in contexts such as topo-
logical insulators [1,2], valley-dependent optoelectronics
[3,4], and topological photonics [5–7]. Experimental dem-
onstrations indicate that modulating chiral edge states via
external fields engenders exotic topological phenomena,
including topological phase transitions [8,9], non-Abelian
effects [10], chiral zero modes [11], and chiral Landau
levels [12]. Specifically, nanophotonic systems have accel-
erated the study of chiral behaviors in photonic crystals
[13], coupled resonators [14], metamaterials [15], and
quasicrystals [16]. Despite the successful implementations,
these approaches face inherent challenges due to inflexi-
bility and complex fabrications, thus hindering manipula-
tion of chiral edge states in nanophotonics.
Recently, photonic synthetic dimension has been a crucial

innovation that leverages the degrees of freedomof photons to
construct additional dimensions beyond real space, including

frequency [17,18], arrival time of light pulses [19],mode [20],
and orbital angular momentum [21]. This idea has garnered
broad attention in condensed-matter physics [22,23], topo-
logical photonics [20], and non-Hermitian photonics [24,25].
In particular, the synthetic frequency dimension holds prom-
ise for simulating lattice dynamics [17] and bosonic transport
[26], and the programmable lattices allow for performing
reconfigurable photonic simulations in synthetic high-dimen-
sional systems [7,27–30]. One of the significant break-
throughs has been the implementation of controllable
artificial gauge potentials to investigate chiral dynamics in
a fiber loop, including spin-momentum locking, topological
phase transition, and chiral currents [9].However, the absence
of dynamic control over artificial gauge potentials and
couplings constrains operational tunability, while limited
integrability precludes deployment in high-speed regimes
like optical communications, quantum information process-
ing, and neuromorphic computing. Therefore, to establish a
programmable integrated photonic platform for exploringand
manipulating chiral edge states in synthetic dimensions
remains challenging.
In this Letter, we demonstrate the generation and mani-

pulation of reconfigurable chiral edge states on a program-
mable integrated photonic platform, created by coupling
dual frequency lattices with opposite pseudospins in a
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thin-film lithium niobate (TFLN) microring resonator.
Utilizing tunable artificial gauge potentials and couplings,
we develop various strategies to manipulate chiral edge
states on chip. First, we synthesize a chiral Hall ladder to
investigate and frustrate the chiral edge currents with long-
range couplings. We then create a synthetic misaligned
interface and achieve imbalanced chiral edge currents with
additional coupling on the Hall ladder. Finally, we con-
struct a coupled Hall ladder by introducing next-nearest-
neighbor couplings, showing that the chiral behaviors can
be switched among chirality, single-pseudospin enhance-
ment, and complete suppression by controlling artificial
gauge potentials.
Device design and theoretical model—Figure 1(a)

depicts a microring cavity that supports a series of resonant
frequency modes in both clockwise (CW) and counter-
clockwise (CCW) directions, corresponding to synthetic
frequency and pseudospin dimensions, respectively [9,31].
To couple individual frequency modes, reversed traveling-
wave modulations are driven with frequency being an
integer multiple of the cavity’s free spectral range (FSR)
[32]. Notably, the wave-vector-matching principle permits
independent modulation of opposite pseudospins [33,34],
and coupling between the pseudospins is achieved by
bringing two parts of the microring waveguide closer to
each other [34]. Consequently, we realize a synthetic two-
dimensional (2D) lattice resembling a series of reconfig-
urable frequency edges, as shown in Fig. 1(b).
To demonstrate reconfigurable frequency edges in syn-

thetic dimensions, we fabricate the device on a TFLN

platform (see Supplemental Material [34]), for an advanta-
geous electro-optic property. Recent advancements in
integrated TFLN modulator have promoted modulation
efficiency and bandwidth [38], generating considerable
interest in applications including integrated microcomb
[39], optical parametric oscillator [40], and microwave
photonic engine [41]. Figure 1(c) presents a microscopic
image of the fabricated device. Transmission spectrum of
the passive cavity [Fig. 1(d)] reveals a quality factor of
3.5 × 105 and a FSR of ∼9.34 GHz. The pseudospin
coupling strength (K) is designed as 1=10 of the FSR,
resulting in a resonant peak splitting of 2K ¼ 1.82 GHz
[Fig. 1(e)]. Under traveling-wave modulation, the system
can be described with a tight-binding Hamiltonian [9,34]

H ¼ −X
m;s

�
ωma

†
m;sam;s þ

X

l¼1

½JsðtÞa†m;sam−l;s þ H:c:�
�
;

− K
X

m

ða†m;↑am;↓ þ H:c:Þ ð1Þ

where am;s and a†m;s are the annihilation and creation
operators for the m-order frequency mode of the cavity
(ωm¼mΩR), with pseudospin s∈f↑ðCWÞ;↓ðCCWÞg.
ΩR=2π denotes FSR of the microring. JsðtÞ represent
coupling strengths along frequency dimension for individ-
ual pseudospins, which are related to the traveling-wave
modulations. For simplicity, the coupling strengths are
assumed to be independent on mode index [31]. H.c. is the
Hermitian conjugate. K represents effective coupling
strength between the pseudospin modes. To obtain a
time-independent Hamiltonian, we transform to the inter-
action picture by defining ãm;s ¼ am;se−imΩRt. Then by
applying the rotating-wave approximation and utilizing the
Fourier transform ãk;s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðΩR=2πÞ
p P

m eimΩRkãm;s, the
Hamiltonian can be written in quasimomentum space
(k space) as H ¼ P

k ã
†
kHkãk, with [34]

Hk ¼ −
�
J↑ðkÞ K

K J↓ðkÞ
�
;

ãk ¼ ½ãk;↑; ãk;↓�T; ð2Þ
where JsðkÞ ¼

P
l Js;l cosðlΩRkþ φs;lÞ, Js;l denotes the

l-order frequency components of JsðtÞ, and φs;l is the
corresponding initial phase. Actually, Hk can be mapped
onto a spin-orbit coupling system by rewriting as Hk ¼−εðkÞI − Bsoc · σ [9], with εðkÞ ¼ ½J↑ðkÞ þ J↓ðkÞ�=2,
Bsoc ¼ ½K; 0; (J↑ðkÞ − J↓ðkÞ)=2�, I representing a 2 × 2

identity matrix, and σ ¼ ½σx; σy; σz� denoting the Pauli
matrix. Specifically, the eigenvalues of Hk correspond to
the energy band in k space. Therefore, the synthetic
frequency lattices and corresponding energy bands are
governed by modulation signals. By controlling the mod-
ulations, reconfigurable edge states can be conveniently
constructed and manipulated to investigate the chiral
features.

FIG. 1. Concept of reconfigurable chiral edge states via
synthetic dimensions in an integrated photonic platform.
(a) Structural schematic for realizing synthetic frequency
and pseudospin dimensions in a coupled microring resonator.
(b) Diagram for creating reconfigurable chiral edge states.
(c) Microscopic image of a device fabricated on TFLN platform.
(d) Measured transmission spectrum of the passive cavity. (e) An
enlarged image of the transmission spectrum.
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Synthesizing chiral Hall ladder in frequency and
pseudospin dimensions—Hall ladder is one of the most
important physical models for realizing topological chiral
edge modes of a 2D quantum Hall insulator described by
the Harper-Hofstadter Hamiltonian [8,9]. In our system, the
Hall ladder is constructed by defining the modula-
tion (coupling) as J↑ðtÞ ¼ J cosðΩRt − φ0=2Þ, J↓ðtÞ ¼
J cosðΩRtþ φ0=2Þ [Figs. 2(a) and 2(b)]. Specifically, the
phase difference between modulation signals φ0 will
introduce an artificial gauge potential in the ladder [18].
Figure 2(c) shows energy band of the synthetic Hall

ladder calculated using Eq. (2), J=K ¼ 1.5, φ0 ¼ 0.75π,
with color shading quantifying the population of CW
modes. Experimentally, the energy band can be directly
obtained using time-resolved band structure spectroscopy
[9,31,42]. A tunable continuous-wave laser is used to excite
the CW pseudospin, and transmitted time-domain signal is
measured to map out the band structure at drop port through
continuously sweeping the frequency detuning Δω [34].
The measured band structure [Fig. 2(d)] shows qualitative
agreement with the theoretical result, and also with the
numerical result [Fig. 2(e)] by time-domain coupled mode
theory (TCMT) [9,31,43,44]

∂bm;↑

∂t
¼ ðimΩR − γ=2Þbm;↑ þ i

X

n

J↑ðtÞbn;↑ þ iKbm;↓

þ i
ffiffiffiffiffi
γe

p
SðinÞm eiωmt;

∂bm;↓

∂t
¼ ðimΩR − γ=2Þbm;↓ þ i

X

n

J↓ðtÞbn;↓ þ iKbm;↑ ;

SðoutÞ ¼ i
ffiffiffiffiffi
γe

p X

m

bm;↑ ; ð3Þ

where bm;s denotes the complex amplitudes in correspond-
ing pseudospins with frequency mΩR. γ is the total loss of
the cavity, and γe represents external loss introduced by bus

waveguide. SðinÞm is the input amplitude in CW direction
with frequency ωm ¼ mΩR þ Δω. SðoutÞ is the complex
amplitude of output light fields at drop port. As can be
observed, in the lower band, the CW (CCW) modes
predominantly occupy positive (negative) k states in
quasimomentum space, manifesting spin-momentum lock-
ing. Under an effective magnetic flux, photons in two legs
tend to propagate in opposite directions, resulting in chiral
edge current. For quantitative characterization, chiral cur-
rent is defined as jC ¼ P

m>m0 PðmÞ −P
m<m0 PðmÞ [9],

where m0 represents index of the ring resonance closest to
the input laser frequency. PðmÞ is optical power at
frequency mΩR, extracted from measured optical spectra
in Fig. 2(f). Measured chiral current jC and corresponding
fitting using TCMT are presented in Fig. 2(g). In the lower
(higher) energy band, the current for CW pseudospin is
positive (negative), indicating that photons preferentially
evolve to higher (lower) frequencies, which represents a
hallmark of the photonic chiral edge current.
Specifically, the flexibility of our system permits inde-

pendent modulation of the lattice constants for each pseu-
dospin. As an extension, long-range coupling is introduced
into one leg of the Hall ladder by defining the modulation as
J↑ðtÞ ¼ J cosðΩRtÞ and J↓ðtÞ ¼ J cosðNΩRtþ φ0ÞðN ¼
2; 3; 4; 5;…; 10Þ, which creates a heterobilayer interface
in synthetic dimension. In this scenario, the edge currents
exhibit an overall decrease, indicating a frustration by long-
range couplings (see Supplemental Material for details [34]).
Imbalanced chiral edge currents in synthetic misaligned

interface—Chirality imbalance has become a compelling
topic in topological physics, which has been realized

FIG. 2. Chiral edge states in a synthetic Hall ladder. (a) Plots of modulation signals. (b) Illustration of a synthetic Hall ladder.
(c) Theoretical energy band, J=K ¼ 1.5, φ0 ¼ 0.75π. (d) Experimentally measured and (e) numerically calculated time-resolved band
structures. (f) Experimentally measured optical spectra mapped with laser detuning (Δω). (g) Chiral edge current extracted from
measured optical spectra, and corresponding numerical fitting with root mean square error (RMSE) of 0.14. The shadow region
represents simulated deviations, and the inset represents a typical optical spectrum at Δω ¼ −1.2K.
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through symmetry breaking in photonic metamaterials and
fermionic systems [45,46]. Here, we demonstrate emer-
gence of imbalanced chiral edge currents by imposing an
additional coupling to one pseudospin of the system.
Specifically, the modulation signals are adopted as
J↑ðtÞ ¼ J1 cosðΩRtþ φ1Þ þ J2 cosð2ΩRtþ φ2Þ, J↓ðtÞ ¼
J2 cosð2ΩRtþ φ3Þ [Fig. 3(a)]. This configuration gives
rise to a misaligned interface composed of two sub-Hall
ladders and a triangular ladder [Fig. 3(b)], in which the
breaking of symmetry between two pseudospins suggests a
formation of imbalanced chiral characteristic.
To explore chiral features of the synthetic misaligned

interface, an effective magnetic flux is applied to the
sub-Hall ladders by defining φ1 ¼ φ2 ¼ 0, φ3 ¼ −0.7π.
Figure 3(c) shows theoretically calculated energy band.
Correspondingly, the measured and numerically calculated
results are presented in Figs. 3(d) and 3(e). The energy
bands retain characteristic chiral features, as indicated by
the dashed box in Fig. 3(c). However, introduction of the
nearest-neighbor coupling leads to a deformation of the
energy band. Consequently, the group velocity of CCW-
dominant state becomes larger than that of CW-dominant
state in the upper band, thereby supporting imbalanced
chiral edge currents. To validate the prediction, we measure
the optical spectra and chiral current [Figs. 3(f) and 3(g)].
In the lower (upper) band, the chiral current for CW (CCW)
mode is enhanced relative to CCW (CW) mode, indicating
a net imbalance between opposite pseudospins. Further-
more, reversing direction of the effective magnetic flux
inverts the current direction on both legs, while maintaining
the imbalanced chiral characteristic [34].
Manipulation of chiral edge states in coupled

Hall ladders—Through introducing the next-nearest-
neighbor coupling into Hall ladder, we construct a

pseudo-three-dimensional lattice. Concretely, the modula-
tion signals are defined as J↑;↓ðtÞ ¼ Ja cosðΩRtþ φ↑;↓Þþ
Jb cosð2ΩRtþ φ↑;↓Þ. Correspondingly, this configuration
results in two Hall ladders with lattice constants of ΩR
and 2ΩR, respectively, along with a triangular ladder formed
on each leg. These subladders constitute a coupled Hall
ladder, as illustrated in Fig. 4(a). Specifically, there are four
effective magnetic fluxes, including those associated with
the Hall ladders having lattice constant of ΩR (denoted θ1)
and 2ΩR (denoted θ2), as well as those corresponding to the
triangular ladder in the CCW (denoted θ3) and CW direction
(denoted θ4). These fluxes are related to the modulation
signals by θ1¼φ↓−φ↑, θ2¼φ↑−φ↓, θ3¼φ↓−2φ↓, and
θ4 ¼ 2φ↑ − φ↑. By configuring these magnetic fluxes,
chiral edge states can be conveniently manipulated, enabling
control over chirality, chiral triviality, single-pseudospin
enhancement, and complete suppression, which are sum-
marized in a phase diagram [Fig. 4(b)], with X ¼ sgnðθ2Þ −
sgnðθ1Þ and Y ¼ sgnðθ3Þ − sgnðθ4Þ.
In the first case, we apply effective magnetic fluxes in the

same direction in both Hall ladders (φ↑ ¼ −φ↓ ¼ −0.15π,
φ↑ ¼ −φ↓ ¼ −0.3π). The coupling strengths are set as
Ja=K ¼ 0.3, Jb=K ¼ 0.21, remaining unchanged for the
following cases. Figure 4(c) indicates that the energy band
is similar with that of the Hall ladder. Consequently, the
edge currents exhibit chiral behavior, with opposite direc-
tions for the upper and lower bands in CW pseudospin
modes [Figs. 4(d) and 4(e)]. Based on the first case, we
introduce an additional effective magnetic flux into the
triangular ladders ðφ↑ ¼ φ↓ ¼ 0;φ↑ ¼ −2φ↓ ¼ 0.3πÞ. In
this case, the Hall ladders generate opposing chiral edge
currents in each leg, while triangular ladders produce
codirectional currents. Their interplay suppresses the

FIG. 3. Observation of imbalanced chiral edge currents. (a) Plots of modulation signals. (b) Illustration of a synthetic misaligned
interface. (c) Theoretical energy band, J1=K ¼ 0.65, J2=K ¼ 0.46, φ1 ¼ φ2 ¼ 0, φ3 ¼ −0.7π. (d) Experimentally measured and
(e) numerically calculated time-resolved band structures. (f) Experimentally measured optical spectra mapped with laser detuning (Δω).
(g) Chiral edge current extracted from measured optical spectra, and corresponding numerical fittings with RMSE of 0.08. The shadow
regions represent simulated deviations.
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current in one leg, enhancing chiral edge currents in the
upper (lower) energy bands for CW (CCW) pseudospins.
This single-pseudospin enhancement effect is demonstrated
by the energy band and edge current in Fig. 4(h). In the
third case, effective magnetic fluxes of the Hall ladders are
set in opposite directions ðφ↑¼φ↓¼0;φ↑¼2φ↓¼0.3πÞ,
which leads to cancellation and a complete suppression of
the chiral edge currents, as shown in Figs. 4(i)–4(k).
Additionally, for jXj < jYj, effective magnetic fluxes in
triangular ladders align, while in the Hall ladders cancel
out. This results in nearly identical occupations for each
pseudospin and dissolution of the edge states, correspond-
ing to chiral triviality.
Discussion and conclusions—We present an integrated

photonic platform for simulating and manipulating chiral
edge states in synthetic dimensions. While chiral edge
states have been explored in other synthetic systems, such
as fiber loops [9] and cold atoms [8], our platform offers
several unique advantages. First, such a platform enables
the construction of chiral edge states through two inde-
pendent physical dimensions within a single microring

resonator, thereby simplifying system architecture. Second,
leveraging traveling-wave modulations, we implement
nonreciprocity to independently address pseudospin
modes. This grants tunable effective gauge potentials
and long-range couplings to manipulate the chiral edge
states, even with complex modulation signals [34], surpass-
ing the limitations of prior static nanophotonic systems.
Third, the reconfigurable chiral edge states on this platform
will motivate further investigations of high-dimensional
topological effects in nanophotonics, such as non-
Hermitian chiral physics [24], Weyl semimetals [25],
Floquet topological physics [47], and quantum correlations
[48]. Therefore, this work will attract broad interdiscipli-
nary interest from the community of condensed-matter
physics, topological photonics, integrated photonics, and
quantum physics.
In conclusion, we demonstrate reconfigurable chiral edge

states in synthetic dimensions on an integrated TFLN
photonic chip. These edge states are created by coupling
frequency lattices with opposite pseudospins, and can be
dynamically controlled through programmable artificial
gauge potentials and couplings. As a result, we achieve a
variety of chiral behaviors, including the realization and
frustration of chiral edge states, the generation of imbalanced
chiral currents, and the regulation of chiral behaviors among
chirality, single-pseudospin enhancement, and complete
suppression. This work integrates reconfigurable chiral edge
states with monolithic nanophotonic architecture, indepen-
dent synthetic dimensions, and programmable capability,
which opens up new avenues for exploring topological
physics in high-dimensional synthetic space on chip, and
advocates potential applications in optical communications
[49], quantum simulations [26,50], quantum signal process-
ing [48], and photonic neuromorphic computing [51–54].
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