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Abstract Sections

Structured photonic systems, from photonic crystals to metamaterials | Introduction

and metasurfaces, provide a broad platform for photonic gauge fields. | abelian gauge fields
This artificial version of the real gauge fields in electrodynamics can
induce a range of exotic functionalities in many branches of optical
physics, enabling the manipulation of light and its interactions with
various photonic structures in new and interesting ways. In this Review, ngfq':ﬂﬁzgt‘iéﬁﬁz fn‘:i’cs
we provide aviewpoint on how the concept of artificial gauge fields can

connect seemingly unrelated optical effects. Artificial gauge fields in
photonics canbe either vectorial or scalar, Abelian or non-Abelian, real
or complex. They apply not only to conventional real and momentum
spaces, but also to spaces spanned by other synthetic dimensions,

and are applicable to both semiclassical and quantum systems. In this
Review, leveraging the wide applicability of the artificial gauge field,

we connect different optical branches, including topological photonics,
non-Abelian physics and non-Hermitian photonics. We discuss the
current progress and next steps of research on optical gauge fields as
well as their potential for future applications.
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Key points

o Artificial gauge fields, stimulated by concepts of topology, singularity,
non-Hermiticity and non-Abelian character, have become a unifying
framework that permeates and connects diverse branches of photonics.

o Artificial gauge fields bridge vibrant fields of research in optics and
photonics across both classical and quantum systems.

o Artificial gauge fields provide a versatile platform to explore
fundamental physics and develop advanced photonic devices,
which may include integrated photonic circuits.

Introduction

Gauge fields, initially introduced as a mathematical reformulation of
classical electrodynamics’, have now evolved into abroadly applicable
conceptin physics. These fundamental fields ensure gauge invariance —
symmetry under local transformations — and serve as a unifying con-
cept across diverse areas of physics, from high-energy physics and
cosmology to condensed matter physics®. The physical consequence
of gauge fields is most noticeably evidenced by the Aharonov-Bohm
effect’, where charged particles experience a phase shiftin regions with
zeroelectricand magneticfields, drivensolely by electromagnetic vec-
tor potentials. With the development of quantum field theory, gauge
fields have beenrecognized as the mediator fields associated with the
fundamental forces, reformulated through phase factors®.

Fundamental neutral particles without spin magnetic moments
are generally immune to electromagnetic forces and thus also to the
real gauge potentials that are associated with electromagnetic fields.
One can apply external spatial or temporal modulations to construct
artificial gauge fields to control neutral particles — including photons —
in a manner that is equivalent to how real gauge fields affect charged
particles. Artificial gauge fields have beenrealized in various physical
systems, ranging from ultracold atomic gases*>® and photonics™ to
optomechanics’, mechanics', acoustics” and electrical circuits™.
Artificial gauge fields bridge different communities, enabling the study
of fundamental physics as well as the invention of devices for flexible
manipulation of various types of waves.

Thearea of artificial gauge fields is progressing swiftly, particularly
in photonics, owing to the multitude of effects that gauge potentials
allow. Inthis Review, we illuminate the notion of artificial gauge fields
and demonstrate how this unifying concept threads through some
of the most vibrant research areas in optics and photonics, including
transformation optics®, supersymmetry (SUSY) in optics™, topologi-
cal photonics™ ™, non-Abelian optics'®, non-Hermitian photonics with
parity—time (PT) symmetry”2? and skin effects”***. These disciplines
differ in character: they can be either scalar or vectorial, Abelian or
non-Abelian, real or complex, using classical or quantum systems>*
(seeFig.1). Toavoid confusion, we emphasize that generally the termi-
nology of gauge fields is a comprehensive concept that encompasses
both gauge potentials (such as scalar and vector potentials in elec-
tromagnetism) and their derivative fields, such as electromagnetic
fields E and B (ref. 27; see Wu-Yang Dictionary in ref. 4). However, in a
more specific and narrow sense, gauge fields is sometimes used only
for the derivative fields. In this Review, we adopt the broad term of
artificial gauge fields that encompasses both gauge potentials and
their derivative fields.

In this Review, we first provide an overview of conventional arti-
ficial gauge fields, divided into two subsections. The first of these
discusses spatial engineering of scalar potentials for light manipula-
tion; the second addresses vector potentials, both rotationalandirro-
tational, which underpin various phenomenain topological photonics
and enable versatile light control. We then examine non-Abelian gauge
fields with non-commutative, matrix-valued gauge potentials. The next
section extends the discussion from real to complex domains, focus-
sing on gauge potentialsin non-Hermitian systems. Finally, we provide
a concise overview of artificial gauge fields in quantum systems and
discuss challenges and further applications of artificial gauge fields.

Abelian gauge fields

Scalar gauge potentials

The scalar gauge potential, which originates from the gauge trans-
formation of the electromagnetic field, corresponds to the electric
potential and is exemplified by the electric Aharonov-Bohm effect?,
which sharesits underlying mechanismwith the Mach-Zehnderinter-
ferometer. Optical scalar gauge potentials can be obtained through
engineering therefractive index profile of the medium, inducing addi-
tional phases for the propagating photons (see Box 1). The development
of nanofabrication technologies has made photonic structures with
desiredrefractive index distributions possible, and thus flexible modu-
lations of scalar gauge potential in one or more spatial dimensions can
beachieved. Examplesinclude waveguide lattices, photonic crystals,
plasmonics, metamaterials and metasurfaces. Gauge fields provide a
practical degree of freedom that promotes abundant manipulations
of light and has inspired many research directions in photonics.

Adjusting the refractive index of a photonic lattice corresponds
to applying a bias to regulate the motion of electrons in a crystal lat-
tice. For example, the introduction of external static electric fields
in a crystal results in an oscillatory motion of electrons, known as
Bloch oscillations®?’, which are another type of scalar gauge potential
(electric field) application. A parallel concept exists in photonics —
optical Blochoscillations. Here, atransverse refractive index gradient
mimicsastaticelectricfield (Fig.2a), and the optical Bloch oscillations
can be directly observed as an oscillatory beam along the propaga-
tion direction®*”", Besides optical Bloch oscillations originating from
alinear gradient of scalar potential, applying parabolic potentials
can generate polychromatic bouncing plasmonic waves® and realize
focusing of optical beams®. The scalar gauge potential can also be
periodically modulated along the longitudinal direction (Fig. 2b). Ata
certainresonant modulation frequency, the coupling between neigh-
bouring waveguides can be suppressed owing to phase modulation,
which inhibits light tunnelling®*. Recently, bimorphic Floquet topo-
logical insulators have beenrealized by leveraging connective chains
with periodically modulated propagation constants, revealing rich
topological phases in a Floquet honeycomb lattice without resorting
to magnetic interactions®.

Inadditionto smoothly modulating the magnitude of scalar poten-
tials, one can control light propagation by rearranging or reordering
these potentials in real space. For example, deformations in the host
lattice have been applied toimplement non-trivial topological states®
(Fig. 2c). These deformations are characterized by real-space topol-
ogy and cannot be eliminated by local continuous transformations.
Disclinationstructures, formed by ‘cutting and gluing’ a host lattice, are
representative of such topological deformations®?%, A photonic discli-
nation lattice based on a two-dimensional (2D) Su-Schrieffer-Heeger
lattice successfully achieved robust transport of an optical vortex with
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Fig.1| Artificial gauge fields in photonics. Artificial gauge fields show varying
levels of complexity in photonics, ranging from scalar to vectorial, Abelian

to non-Abelian, and real to complex, underlying various research areas in
optics and photonics across both classical (blue) and quantum (pink) systems.
a, Transformation optics including supersymmetry (SUSY). A distorted

field line (red), representing alight ray, is shown alongside the background
coordinate grid (grey) deformed in the same manner. b, Topological photonics.
Arepresentative band structure of atopological insulator, illustrating the
emergence of topological edge states within the bulk bandgap. ¢, Non-Abelian
optics, illustrated by an hourglass of non-Abelian physics, featuring three
passages each transporting a distinct degree of freedom along the braiding

€ Quantum photonics

Quantum

NHSE

pathway from an ordered to a disordered phase. d, Non-Hermitian photonics.
Top, atypical band structure for non-Hermitian systems featuring an exceptional
point (EP). Bottom, manifestation of the non-Hermitian skin effect (NHSE),
where allbulk eigenstates become localized at aboundary. e, 2D Fock-state
lattices showing a valley Hall response, for which wavepackets at two valleys
move in opposite directions, perpendicular to an applied force (black arrow),

and Haldane chiral edge states (yellow wavepacket and arrow). Part areprinted
with permission fromref. 13, AAAS. Part b adapted fromref. 17, Springer Nature
Limited. Part c adapted with permission from ref. 18, AAAS. Part d adapted with
permission fromref. 22, AAAS. Part e adapted with permission from ref. 26, AAAS.

preserved orbital angular momentum?®. Another example is fractal
geometries. Recently, there has been growing interest in exploring
fractals within the framework of topological insulators, using pho-
toniclattices. The most intriguing aspect is that, despite not having an
actual bulk, fractal lattices can sustain topological chiral edge states***!
(Fig. 2d). Besides the disclinations and fractals just mentioned, other
types oftopological deformations include dislocations, Dirac vortices
and moiré lattices™.

The above examples require specific modulations of scalar
gauge potential to demonstrate specific effects or functionalities.
To describe and control the behaviour of light propagation with high
precision in a more general manner, a powerful mathematical tech-
nique called transformation optics helps to design artificial optical
materials and devices with spatially customized optical properties”
(Fig. 2e). The desired transformations often require extreme material
parameters, making experimental realizations challenging. A con-
cept called supersymmetry (SUSY), originally proposed in quantum
field theory, has beenintroduced to photonics (Fig. 2f). It provides a
new perspective for transformation optics to design scalar potentials

to arbitrarily steer and switch the flow of light*>**, By coupling a main
structure with a SUSY partner, itis possible to substantially reduce the
threshold of the desired mode relative to other modes and achieve a
high-power single-mode laser array**. The SUSY modulations can also
control the optical scattering characteristics*, realizing mode divi-
sion multiplexing* and manipulating the excitation and evolution of
topological states*®.

Vector gauge potentials

The vector gauge potential (VGP) corresponds to the magnetic vector
potential in electrodynamics and is related to the well-known mag-
netic Aharonov-Bohm effect?. The artificial VGP can generate cou-
pling of complex values between neighbouring waveguides after gauge
transformation (see Box 1). The VGP provides an effective approach to
induce anon-reciprocal response for light. In particular, it serves asthe
fundamental mechanism underlying many topological phenomena
through its effective B fields (B = V x A). Over the past 20 years, the
concept of topology that characterizes the global overall behaviour
of wavefunctions has provided an extra degree of freedom for wave
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Box 1| Artificial gauge potentials in photonics

Artificial gauge potentials can be introduced into photonic systems
by exploiting additional parameter spaces. The parameters used
can be internal (such as the spin and orbital dimensions of photons)
and/or external (spatial or temporal modulations of the photonic
properties). Here we discuss the basic concept of artificial gauge
fields using the example of photonic waveguide lattices. We consider
the simplest scenario of paraxial wave propagation in a waveguide
lattice®, where the waveguide axes are spatially modulated as x=x,(z)
and y=y,(z) (see panel a).

Within the paraxial approximation, light propagation can
be described by a Schrodinger-type equation in the laboratory
reference frame i0,w(x, y, z) = Hy(x, y, z) with the Hamiltonian
H= —%Vi = n—oAn(r), where Vi is the Laplacian implemented on the
transverse plane; r=xx + yy + zz is the spatial position vector (x, y
and z are unit vectors); k,=21n,/A (A being the free-space wavelength)
is the wavenumber in the ambient medium of index ny; An(r) is the
spatial index modulation in the ambient medium. Light propagation
can be viewed as unmodulated if it is transformed from the laboratory
reference frame to the waveguide reference frame x'(z)=x-x,(2),
y'(2)=y-y.(2), Z=z. In the new coordinates, light evolution can then
be described by the transformed Hamiltonian:

H'=—2170(v'l -iR)?-O- ;TOAQ )
where A =kq[0x,(z)/0zx + dy,(z)/0zy]is the associated artificial
vector gauge potential (VGP) and ®=k,An/n, is the artificial scalar
gauge potential (SGP) (panel a of the figure).

Adopting the tight-binding approximation, in which the mode of a
waveguide lattice can be written as a weighted sum of the individual
waveguide modes y(r) =3, a,(z)@, (x, y). where ¢.(x,y) is the
transversal waveguide mode function for the mth waveguide and
a,(2) is the modal coefficient. The Schrodinger equation now
becomes the coupled-mode equation Y ., a,,(z)c,,, = ia%an(z),
where c,, , is the coupling coefficient between mth and nth
waveguides. To reveal the role of such gauge potentials in the
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evolution of light in the waveguide lattice, we apply a gauge
transformation similar to that in electrodynamics: ¢'(x,y)=¢(x,y)
exp(iB), where 8 =frA -dr+ /Z @dz is the phase originating from the
artificial potentials. The gauge potential modulates the coupling
between two lattice sites:

VGP _ ! SGP
Cmn =CoeXp(iA-R,,,), Cop

= Coexp(iA®,,) )
where ¢, is the original coupling coefficient, R,,, is the relative-position
vector between mth and nth sites, and A, =~ [(®,, - @,)dz.
Both the SGP and VGP can induce different phases for opposite
coupling directions, 8 =-6,. We emphasize that the extra
gauge-potential-induced phase factors for the coupling coefficients
each have a distinct nature: the VGP phase factor exp(iA-R,,,)
manifests a typical geometric phase feature (not accumulated along z)
whereas the SGP phase factor exp(iAg,, )is intrinsically dynamic
(panels b and f).

Owing to the commutative nature of scalars and vectors
(first-order tensors), the extra phase factors can retrace their path
back to the origin along the opposite route. That is to say, the
artificial gauge potentials that we have described so far are Abelian.
The lowest-order non-Abelian gauge potentials (SU(2)) can be
obtained by simply replacing the basis vectors of the VGP and SGP
with matrices:

3 3 :

A= 21:1 Ag, ®= ZH ®lo; @)
where g; (j=1,2,3) are Pauli matrices. This extension can accommodate
extra degrees of freedom for the system investigated. For example,
within photonic lattices, the propagation of vectorial waves
(with non-negligible polarization effects) can be described by the
non-Abelian model. In the context of non-Abelian gauge potentials,
the accumulation of the phase 6 is no longer commutative.
Consequently, both the coupling coefficients and onsite potentials
become matrix valued (panels c and g).
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(continued from previous page)

Moreover, the gauge potentials discussed above do not have to
be real: for example A=A +iA, where A, and A, are real. Complex VGPs
modulate not only the phase but also the amplitude of the coupling
coefficients, that is, ¢,,,=CoeXp(iA,*R,,,)exp(-A;*R,,,), and then the
coupling strength is

|Cmn| = |CO|exp(_Ai : Rmn) (4)

manipulationin photonicsystems. This field hinges on the calculation
of atopological invariant within the bulk of a crystal, which, through
bulk-boundary correspondence, predicts boundary-localized states.
For a comprehensive understanding of the fundamental concepts
in topological photonics, we refer the reader to existing reviews™ ™.

The quantum Hall effect, associated with broken time-reversal
symmetry, was one of the first phenomenain which observable physi-
cal effects caused by momentum-space topology were identified”. Its
physical originliesin the energy band structure, with the Berry curva-
ture playing a role analogous to the real magnetic field in real space
(Fig. 3a). This correspondence enables the quantum Hall effect to be
observed withlight by engineering the band structure of photoniccrys-
tals with non-zero Chern numbers***, as experimentally realized in a
magneto-optical photonic crystal in the microwave regime*°. However,
this methodis not widely applicable, especially for optical frequencies,
atwhich the magnetic response s intrinsically weak.

An alternative approach to introduce a VGP is through temporal
modulations of photonic crystals, which breaks time-reversal sym-
metry and produces one-way edge states’. Experimentally, this idea
canberealized by Floquet-engineering the photonic lattice along the
propagation direction with coupled helical waveguides® (Fig. 3b). After
a gauge transformation, a vector potential appears in the coupling
phase, which can be interpreted as the result of a circularly rotating
reference frame (the mechanical analogue is the Coriolis force (<v x Q),
whichisanalogous tothe magnetic Lorentzforce («<v x B)). Theinduced
VGP breaks time-reversal symmetry (z-reversal symmetry as zsimulates
the temporal coordinate ¢), leading to photonic Floquet topological
insulators. A similar structure with straight waveguides rather than
helical ones, inspired by carbon-based graphene, was proposed to
create a strain-induced pseudo-magnetic field*. The concept of
strain-engineered artificial gauge fields has also been exploited in a
2D acoustic structure that supports airborne acoustic waves™. Further-
more, from the perspective of artificial gauge fields, smooth chiral
strain-engineering has been proposed to obtain localized photonic
edge states with tunable capability*.

There are also proposals for an optical analogue of the quantum
spin Hall effect’**. In these systems, the time-reversal symmetry is
preserved and photons with opposite spins encounter an effective
magnetic gauge field in opposite directions. Consequently, the edge
modes of opposite spins move in opposite directions. Additional topo-
logical configurations that maintain time-reversal symmetry have
been proposed in the context of valley Hall topological insulators,
characterized by spin-dependent in-gap edge states**”. In addition,
based on dynamic modulation of the photonic system, effective gauge
potentials can be introduced to create a photonic Aharonov-Bohm
effect, enabling non-magnetic optical isolation on chip®. Recently,
anoptical Trojan light beam was successfully demonstrated, in which
guiding of the lightisinduced by an effective vector potential created

Equation (4) shows that a complex VGP leads to asymmetric
couplings, cg=|c,.,|#|c,.|=c.. For an SGP, we can replace the real
index n with the complex index n=n,+in;, where n, corresponds to
the gain or loss of the material, making the SGP complex (panel d
and h). Complex gauge potentials can also be combined with the
non-Abelian gauge potentials (panels e and i).

by a heated helical iron wire, in an optical analogue of the way that
Lagrange points trap celestial objects via the Coriolis force™.

Inaddition to momentum-space and real-space manipulations, the
concept of VGPs can be generalized and extended to synthetic dimen-
sions (other degrees of freedom besides position or momentum)®®°,
such as frequency®, spatial or temporal modes®***, or orbital angular
momentum®. Combinations of synthetic dimensions and real space
offer versatile modulation of the degrees of freedom. A wide variety
of physics, including topological edge currents, has been observedin
asingle photonic cavity with the incorporation of synthetic frequency
and pseudospin dimensions® (Fig. 3¢c). Besides this, parameters in a
Hamiltonian canbe treated as synthetic momenta, allowing the obser-
vation of high-dimensional physics using the topological pumping
process®“®, of synthetic Weyl degeneracies in 3D°*’°, and of topology
beyond the three real dimensions” 2. For acomprehensive account of
synthetic dimension topology, werefer thereader to a existing review
thatdetails approaches to constructing synthetic dimensions and the
resulting key physical phenomena®.

Even if the associated magnetic field B vanishes, one can still
expectintriguing transport dynamics of photons originating fromthe
underlying VGP. Such curl-less VGPs (B=V x A=0, A # 0) can modify
the dispersion of an artificial structure in momentum or synthetic
space, thereby altering the responses of photons. For example, negative
refraction canberealized in twisted bilayer metamaterials, where the
relative rotation of the two layers can induce a uniform VGP, forcing
amedium to display negative refraction effects” (Fig. 3d). In photon-
ics, effective gauge potentials can be achieved by tilting the optical
waveguide arrays, adjusting the dispersion curves in the core and
cladding, thereby restricting the light to the core™ (Fig. 3e). Recently,
photonic crystal fibres that enable topological light confinement
and guiding have been theoretically proposed” and experimentally
demonstrated’®””. These fibres show intriguing properties, such as
much lower bending losses, and offer opportunities for optical com-
munications. If this multilayer stacking of different gauge potentials
isreplaced by alongitudinal cascading form, one can expect superlens
imaging functionality’. In this scenario, the gauge potentials induce
effective negative couplings between the waveguides, equivalent to
anegative refractive index, so that light incident from the positive
couplingregion will be focused in the negative coupling region, which
resembles a superlens”.

Scalar and vector potentials are widely considered separately
for manipulation of light, and simultaneous exploitation of both
potentials in a single system remains rare. Recent reports have high-
lighted the capability to reconfigure refraction manipulations at
synthetic temporal interfaces using both SGPs and VGPs®, verifying
the ability to manipulate gauge potentials in temporal lattices®. This
is a promising start to investigating the joint physical effects® result-
ing from simultaneously using multiple gauge potentials (Fig. 3f).
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Fig. 2|Scalar gauge potentials. a,b, Schematic view of optical waveguide array
withtransverse (panel a) and longitudinal (panel b) magnitude modulation of
scalar potentials, where the shade represents the intensity of the potential. These
two modulations can give rise to optical Bloch oscillations and bimorphic Floquet
topologicalinsulators (TIs), respectively. ¢,d, lllustration of order modulations
of scalar potentials, including topological deformations supporting localized

defect states (panel ¢) and fractal Tl (panel d)*. e,f, Schematic representation of
transformation optics (panel e)”* and supersymmetric (SUSY) transformation

f SuUSY mode conversion, lasing etc.

T -
L L.
x <o ~~
3 -~ susy
£ —wiher ~_ ~
—Avie— ~v e

(panel f)*. In transformation optics (panel e), light rays (red) can be bent by
applying coordinate transformations (grey net) to the electromagnetic space.
In the SUSY transformation using multimode waveguides (panel f), all the
propagation constants of modes of the superpartner structure (right) are
perfectly matched to higher-order modes of the original waveguide (left). Partd
reprinted with permission fromref. 41, Optica. Part e reprinted with permission
fromref.13, AAAS. Part freprinted fromref. 45, Springer Nature Limited.

Hybrid use of different gauge potentials will endow physical systems
with a broad spectrum of unique characteristics that are inherently
elusive, such as tunable temporal cloaking® and the observation
of Landau-Zener tunnelling®, enabling highly flexible and precise
manipulation of light.

Non-Abelian gauge fields
The artificial gauge fields discussed above belong to the U(1) gauge
field, whose states form a circle in the Hilbert space (Fig. 4a, left
panel). All rotations on the circle are commutative, resulting in Abelian
geometric phases. Additional intrinsic degrees of freedom can be
used to construct non-Abelian gauge fields. For example, distinct
spin states spanning the Bloch sphere are associated with the SU(2)
gauge field® (Fig. 4a, right panel). These non-Abelian gauge fields,
with their degenerate states in the underlying Hilbert space, lead
to non-commutative rotations around different axes, which can be
described by the non-commutative Pauli matrices or quaternions®*.
In photonics, non-Abelian gauge fields involve an additional
commutator term concerning the potentials®, with matrix-valued
vector and scalar potentials (see Box 1). Consequently, the uniform

potentials in non-Abelian systems can give rise to non-zero synthetic
magneticor electric fields, induced by extra spin-like degrees of free-
dom. Their existence has been confirmed through phenomena such
as Zitterbewegung —a trembling motion caused by wave interference
of quasidegenerate modes®* — and non-Abelian Aharonov-Bohm
interference®***°, Photonic systems have advantages when construct-
ing non-Abelian gauge fields. Below, we summarize several typical
approaches for generating non-Abelian gauge fields in photonics,
including anisotropic media, spin-orbitinteraction of polaritons, and
non-reciprocal loops that break time-reversal symmetry.

In a homogeneous anisotropic medium that shows electromag-
netic duality, the corresponding electromagnetic wave equation
features non-Abelian vector and scalar potentials, which enable the
construction of non-Abelian gauge fields*®. By manipulating the per-
mittivity and permeability of the medium, it is possible to generate
effective magnetic or electric fields. This causes Zitterbewegungin a
homogeneous medium (Fig. 4b). Moreover, two distinct media with
different effective non-Abelian gauge fields caneachformaloopinreal
space. Iftwo coherent light beams of anidentical polarization traverse
the paths in opposite sequences, they will ultimately exhibit distinct
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final polarizations. This corresponds to the SU(2) field and gives rise
tonon-Abelian Aharonov-Bohminterference, whichis different from
the commutative evolution of states in an Abelian field.

Non-Abelian gauge fields can also be realized by polaritonsin
optical microcavities or photonic crystals, leading to an optical ana-
logue of spin-orbit coupling®* where the splitting of degenerate spin
states can be expressed as the splitting of TE-TM modes. In planar
optical microcavities, one can construct an effective Hamiltonian with
a Rashba-type spin-orbit coupling term, simulating the Yang-Mills
Lagrangian®. Such a Hamiltonian can describe the motions of light
and particles with pseudospins, predicting the Zitterbewegung of
polaritons®*' and the lensing effect in the presence of defects® (Fig. 4¢).
Dresselhaus-type spin—-orbit interactions can be implementedin a
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honeycomb microcavity lattice, in which the spin Hall effect associated
with non-Abelian gauge fields has been observed®.

Thetwo approaches discussed above for constructing non-Abelian
gauge fieldseither use the intrinsic properties of the medium or the exci-
tation modes of polaritons. Additionally, the non-Abelian gauge fields
can be endowed with flexible tunability by using tunable fibre-optic
systems®. Using electro-optic temporal modulation and the Faraday
effects to break time-reversal symmetry, one can introduce effective
Paulio,-typeand o,-type fields to create non-reciprocal loops, enabling
non-Abelian Aharonov-Bohm interference with multiple controllable
degrees of freedom (Fig. 4d). In addition, non-Abelian gauge fields
can emerge from dynamic evolutions in parameter space, as seen in
non-Abelian Thouless pumps with degenerate bands. These pumps have
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Fig.3 | Vector gauge potentials. a, A plot of non-trivial topological band
structure (left) and the Berry curvature (right; effective magnetic field in
momentum space)”. The integral of the Berry curvature over the Brillouin zone —
atorus in two dimensions — yields a non-trivial topological invariant, resulting
inthe appearance of protected edge states in the bulk bandgap, as shown in the
left panel. b, Helical waveguides (inset sketch) featuring artificial gauge fields
inreal space (main panel), with corresponding topological modes propagating
along the boundary®. ¢, An electro-optic modulated (EOM) ring resonator (left)
and its corresponding lattice with modulated gauge potentials (¢,) in synthetic
dimensions formed by the clockwise and anticlockwise modes (right)®°.

d, Perspective view of metamaterials with different gauge potentials (left),

demonstrating negative refractions — the wave refracts on the same side of the
normal as the incident wave (right)”. e, Tilting of optical waveguides (top) can
induce an artificial gauge field, resulting in light-guiding functions (bottom)™.
f, lllustration of synthetic temporal lattices with modulated vector and scalar
gauge potentials showing Landau-Zener tunnelling effects, as indicated

by the wavepacket splitting®’. VGP, vector gauge potential. Parta adapted from
ref.17, Springer Nature Limited. Part b adapted from ref. 8, Springer Nature
Limited. Part c reprinted with permission fromref. 66, AAAS. Part d is adapted
fromref. 73, CCBY 4.0.Part eis adapted from ref. 74, CC BY 4.0. Part fis adapted
fromref.82, CCBY 4.0.

Nature Reviews Physics


http://www.nature.com/natrevphys
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Review article

a y
Soe
y
Spo
S\
S\
z
S —_—
Abelian Non-Abelian
\ |
Real space Synthetic space
b Anisotropic medium d Non-reciprocal loops f Frequency dimension
AN Q)
. \\{,I/ \,\,,]/'
X m z Sawtooth phase
I g modulation
2 Faraday
- rotator
Dynamics
Light input and
interference
C SOC of polaritons e Pumping waveguides g
@ @ Time interface
3 : : | |
S ' '
> I
2 A—B) O
E e
£ i i
© © t
Dynamics

Fig.4|Non-Abelian gauge fields. a, In Abelian gauge fields (left panel), the states
(S) inHilbert space form a unit circle, and all rotations commute. In contrast,
innon-Abelian SU(2) gauge fields (right panel), the states in Hilbert space

form a unit sphere, where different sequences of the transformations resultin
different final states S; (ref. 83). b, Zitterbewegung effect of optical beams in
homogeneous anisotropic medium with synthetic non-Abelian magnetic field®.
¢, Non-Abelian lensing effect caused by a defect (white circle) embeddedina
perovskite microcavity®. d, Non-reciprocal optical fibre loops generate non-
Abelian Aharonov-Bohm interference®. e, Schematics for realizing non-Abelian
Thouless pumping in waveguides arranged in a Lieb lattice configuration®.

f,Non-Abelian lattice gauge fields in a 2D synthetic frequency lattice. f,and

f,represent the two synthetic frequency axes”™. g, lllustration of a temporal
multilayer structure for 3D non-Abelian gauge field, where awave traverses a
discrete system, encountering two time interfaces at different times*. SOC,
spin-orbit coupling. Part aadapted with permission from ref. 83, AAAS. Partb
reprinted from ref. 86, Springer Nature Limited. Part c reprinted with permission
fromref. 87, Optica. Part d adapted with permission fromref. 18, AAAS. Part e
reprinted with permission fromref. 93, APS. Part freprinted from ref. 96, Springer
Nature Limited. Part g reprinted fromref. 98, Springer Nature Limited.

been proposed and demonstrated in waveguide systems, illustrating
the non-Abelian effects by transforming an initial state into distinct
final states through a sequence of operations” (Fig. 4€).

The construction of non-Abelian gauge fields in photonic systems
isstillarapidly developingfield, for which we direct the reader to two
contemporary reviews on non-Abelian gauge field'®*. Currently, there
are few experimental demonstrations of non-Abelian gauge fields in
real-space photonic lattices. One of the challenges liesinintroducing
non-Abelian terms described by Pauli matrices into the lattice cou-
pling. Unlike the asymmetric couplings in VGPs, non-Abelian gauge
potentials require asymmetric couplings for both polarization states

simultaneously. Inspired by the synthesis of non-Abelian gauge fields
through non-reciprocal loopsinreal space®, itis possible to introduce
phase modulators and optical rotatorsin coupled ring resonators with
synthetic dimensions. In this context, a 2D lattice of ring resonators
that includes both a real spatial dimension and a synthetic spectral
dimension enables the implementation of arbitrary SU(2) lattice gauge
fields for photons®, as recently experimentally confirmed through
linear band crossings at the Dirac cones and the associated direction
reversal of eigenstate trajectories’ (Fig. 4f).

With the help of synthetic frequency dimensions, both syn-
thetic Abelian and non-Abelian electric fields can be generated,
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allowing the observation of the interplay between Bloch oscillations
and Zitterbewegung through pulse dynamics”. Furthermore, the intro-
duction of synthetic dimensions overcomes the limitations imposed
by 3D spatial dimensions, making it possible to implement artificial
non-Abelian gauge fields in higher dimensions. For instance, a tem-
poral multilayer structure has been proposed to create N-dimensional
non-Abelian gauge fields in a space including the time dimension?®
(Fig. 4g). This proposal involves several flexible operations to con-
nect discrete sites with designed hopping phases, which are accessi-
ble within synthetic dimensions. Additionally, synthetic non-Abelian
gauge fieldsin polarization-multiplexed photonic mesh lattices, along
with the time synthetic dimension, can be used to realize and control
topological quantum walks®.

Complex gauge fields

Both the SGPs and VGPs described above are real valued and manifest
in Hermitian systems. Over the past decade, non-Hermitian photonics
has garnered considerable interest'*?°, particularly in exploiting the
non-Hermitian degeneracies known as exceptional points (EPs)*"*.
Different forms of non-Hermiticity have been introduced, extending
artificial gauge fields (both real and vector ones) to the complex realm
(see Box1).

Although non-Hermitian photonics focusing on EPs was investi-
gated in 1955 in the context of light propagating in absorbing biaxial
crystals'®, it was the discovery of PT symmetry'” in 1998, showing
that the eigenfrequencies of a system can remain real despite its
non-Hermitian nature, that started the explosive growth of the field.
Since then, non-Hermitian photonic systems with gain and loss have
been widely explored and have inspired a plethora of studies and
applicationsl"’”'“’z’“’“.

Fromthe perspective of gauge fields, PT symmetry, characterized
by a refractive index with an even real part (n,) and an odd imaginary
part (n;), corresponds to a specific modulation of the complex scalar
optical potential. It has been recognized that, in general, more flex-
ible modulation of complex gauge potentials is possible, enabling
the exploration of non-Hermitian physics beyond the realm of PT
symmetry. Non-Hermitian degeneracies (EPs), characterized by the
coalescence of both eigenvalues and eigenvectors, are widely identi-
fied and are core concepts in non-Hermitian systems (Fig. 5a). Unlike
Hermitian degeneracies, non-Hermitian degeneracies can lead to
eigenmode swapping'® %’ aswell asacquiring anon-trivial Berry phase.
Thus, dynamic encirclement of EPs results in a counterintuitive chi-
ral state transfer, promising novel on-chip light routing'*® and laser
configurations'”. Moreover, imaginary scalar gauge potentials can
be combined with real VGPs, which involves topological concepts
and emerges as another field of study that focuses on the topology
of complex non-Hermitian degeneracies"*". For example, a Weyl
exceptional ring forms when non-uniformlossisaddedinto aphotonic
waveguide array™ (Fig. 5b). In general, using various lattice symmetries
and synthetic dimensions, one can create non-Hermitian degenera-
cies in distinct forms, including exceptional curves™ and surfaces™,
volumes or even higher-order EP assemblies.

Another type of non-Hermiticity that has attracted great interest
isthe off-diagonal non-Hermiticity originating from asymmetric hop-
pings, where |c,,,,| # IC,|, Subjected to an imaginary vector potential
(see Box 1). Tracing back to the Hatano-Nelson model in the 1990s™,
the imaginary gauge field induced by asymmetric couplings is found
toinduce adelocalization transitionin the Anderson model. The imagi-
nary gauge fields in non-Hermitian tight-binding lattices"*"” have

garnered considerableinterest because of their unique topological fea-
tures under openboundary conditions, specifically the phenomenon
known as the non-Hermitian skin effect (NHSE)****"72°, This effect is
characterized by the accumulation of bulk states around the edges of
anon-Hermitian lattice, which canbe understood in the tight-binding
model, asillustrated below. Inthe presence ofimaginary gauge fields,
light acquire animaginary phase factor along their trajectory, which,
rather than contributing to interference, modifies the light field ampli-
tudes along their hopping direction. This resultsin directional attenu-
ation oramplification, leading to exponential localization at the edges
under open boundary conditions (Fig. 5c). Itisworth noting that there
are other interpretations of the emergence of the NHSE, including
state coalescences at EPs and a point-gap topology characterized by
energy windings.

The NHSE has been demonstrated on various photonic platforms,
including optical fibre loops', quantum walks of photons'*? and
microring resonator arrays'>’. These demonstrations span spatial
dimensions as well as synthetic dimensions such as frequency or
polarization. For example, the NHSE has been observed in optical fibre
loops showing optical funnel behaviour, where the 1D discrete-time
quantumwalk of temporal pulses forms asynthetic lattice with asym-
metric hopping terms realized by a beamsplitter'?’. The imaginary
vector potentials induced by asymmetric coupling are also interest-
ing for laser design, for instance in the creation of topological bulk
lasers'* and robust phase-locking in laser arrays'”. A coupled laser
system can also generate animaginary gauge field>*'¥, To circumvent
the difficulty of realizing asymmetric couplings, the NHSE can be
indirectly generated and controlled with the help of other types of
artificial gauge fields and by using a proposed gain-loss scheme (that
is, using imaginary scalar potentials) that breaks certain symmetries'?s,
By adjusting the coupling phases in optical rings through assistant
rings, the NHSE can be engineered by real vector gauge fields'’. More-
over, the Floquet NHSE"*"*" has been demonstrated in an optical
waveguide array by controlling the interplay between loss (imaginary
scalar potentials) and the coupling phases (real vector potentials)
induced by the Floquet engineering. In a Floquet system, the spatial
modulation frequency allows one to engineer the NHSE topology.
AsshowninFig.5d, thisapproach has enabled atopological transition
ofthe NHSE from unipolar to bipolar and broadband light funnelling
insilicon photonics'.

Thereis also an emerging branch of research that focuses on the
jointeffects of complex gauge potentials and non-Abelian gauge fields.
Non-Hermitian systems with complex eigenvalues and non-orthogonal
eigenvectors offer a new platform to investigate non-Abelian gauge
phenomena. The geometry of non-Hermitian spectral manifolds, such
as self-intersecting complex Riemann surfaces, serves as a natural
testbed for non-Abelian braids. Single-band or two-band knots have
been demonstrated in synthetic platforms using ring resonators'”,
and multiband non-Abelian braids have been observed in cavity
optomechanics™*. Additionally, the interplay between complex gauge
potentials and non-Abelian gauge fields has been studied, forexample,
by exploring non-Abelian effects innon-Hermitian systems character-
ized by non-conservative couplings'. This line of enquiry highlights
that dissipation can lead to non-Abelian dynamics, characterized
by non-commutative operators acting on the Bloch eigenstates'
(Fig. 5e). In addition to these non-Hermiticity induced non-Abelian
effects, non-Abelian gauge fields can also give rise to non-Hermitian
phenomena. It has been found that even in 1D without gauge flux,
non-Abelian gauge fields can induce rich non-Hermitian topological

Nature Reviews Physics


http://www.nature.com/natrevphys

Review article

Imaginary SGP Imaginary VGP Non-abelian NH systems ———>
a Withreal SGP € Asymmetric coupling € NH induced non-Abelian effects

: » ‘ As oK
(@) <

y =3 . il oM
z > @ <« ‘ ‘ ﬁ'OK =]
~ y D) o <« M @
V. @l ) o 0.9« A4S |2
EP y O« , ‘ 2

b withreal vGP d Floquet NHSE f Non-Abelianinduced NH effects
.~ J g%
" e 4 Y
break
Cr 02—+
JLe'eL"y o
— e e —— >
TT 01—
o]
07 .
6.0 2 2 O’j_'_'i
0] 40 80
200 Site
0 100,
0 2 o0 <° . — Right localized
Modulation frequency -m 0 m — Left localized
6, Extended

Fig. 5| Complex gauge potentials. a, Schematic of an optical waveguide

array with atransverse variation of both real scalar potentials (indicated

by the waveguide width) and imaginary scalar potentials (indicated by the
waveguide colour). The inset shows the energy surfaces of anon-Hermitian
degeneracy (EP)'””. b, Anon-Hermitian Weyl exceptional ring (WER, right panel)
inalossy photonic helical waveguide array (left panel), where R, a, Zand d,,,c.
arestructure parameters. Loss is introduced by interrupting the waveguides,
characterized by parameter d,.,, (ref. 112). ¢, Schematic of exponentially
localized skin modes with asymmetric couplings in a 1D lattice model*.

d, Without asymmetric coupling, the non-Hermitian skin effect (NHSE; bottom
panel) can be realized by Floquet modulation with coexisting real gauge field
(by modulating the width of waveguides) and loss (introduced by achromium
stripe). The top panelillustrates the schematics of the implementationin

silicon waveguides'®. e, Non-Abelian dynamics involving Bloch eigenstates

inadissipative honeycomb lattice. Left, dissipation bands of the lattice Bloch
eigenstates. Right, Brillouin zone with two distinct closed loops, C,and C,, along
which theinitial state is transported'®. f, Non-Abelian gauge fields in Hatano-
Nelson models (top left) and the corresponding phase diagram (bottom left),
where black solid lines indicate the emergence of exceptional points, resulting
in the presence of the NHSE"*®. NH, non-Hermitian; SGP, scalar gauge potential;
VGP, vector gauge potential. Part aadapted with permission fromref. 22, AAAS.
Partb adapted fromref. 112, Springer Nature Limited. Part cis reprinted from
ref.24, CCBY 4.0. Partd adapted with permission fromref. 132, APS. Parte
adapted fromref. 135, Springer Nature Limited. Part freprinted with permission
fromref.136, APS.

phenomena, such as the simultaneous presence of non-Hermitian
skin modes™® (Fig. 5f). We anticipate that a more intricate interplay
between non-Hermiticity and non-Abelian gauge fields will emerge
infuture research.

Non-Hermitian photonics has already been extensively
reviewed???*19271% gnd often does not need to rely on the concept
of complex potentials. Here, we focus on afew representative investi-
gations for which the perspective of complex potentials either greatly
simplifies the explanations or provides a clearer physical picture.
As gauge potentials constitute a shared common language across
different disciplines of physics*, an alternative interpretation based
ongauge potentialsis not redundant. Instead, it can more effectively
bridge optics and other fields of physics, which can and do inspire
each other.

Artificial gauge fields for
quantum electrodynamics
As with classical light waves, introducing artificial gauge fields into
quantum photonic systems provides new opportunities, particularly
from the strong photon-photon correlation that can be induced by
interaction between photons and quantum materials'”’. Theinterplay
between photon-photoninteractionand artificial gauge fields remains
underexplored. As strongly interacting electrons in gauge fields give
riseto fractional quantum Hall effects, one may expect similar effects
fromstrongly correlated photons. However, as photons obey bosonic
statistics, simulating quantum effects typical of fermionic systems
requires nonlinearity or additional synthetic degrees of freedom™®,
One ofthe key ingredients for introducing artificial gauge fields to
quantum photonicsis strong photon-atominteraction. Toachieve this,
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one can confine photonsin a cavity or waveguide coupled to (artificial)
atomicensembles, asstudied in cavity or waveguide quantum electro-
dynamics (QED). The (artificial) atoms can be ultracold atoms, mol-
ecules, quantum dots or superconducting qubits. Unlike real atoms,
inwhich the same quantum states cannot be doubly occupied, super-
conducting qubits can be excited by two or more photons with anhar-
monic potentials. Storing photons in these superconducting circuits
hasled to the field of circuit QED™. One can further introduce artificial
gauge fields and explore collective effects of photon-photoninterac-
tion in cavity, waveguide and circuit QEDs, realizing Laughlin states
of light*, photonic fractional quantum Hall states"® and quantum
topology of light**.

One example of artificial gauge fields of photons and bosonic
polaritons was realized in a twisted four-mirror cavity (Fig. 6a, left
panel). In this configuration, the twist between resonators induces
photon rotation about the optical axis, subjecting the photons to an
artificial gauge field*'*°. As aresult, synthetic Landau levels of photons
with different angular momenta can be observed in this system'.
Onfurtherincorporating Rydberg atomsinto the cavity, injected pho-
tons that carry orbital angular momentum excite polaritons in the
lowest Landau level, enablinginteractions between them. This process
results in the emission of Laughlin states of light from the cavity>'*
(Fig. 6a, right panel). The collisions of long-lived Rydberg polaritons
play important roles in generating fractional quantum Hall states of
light, as another paradigmatic example of topology. More generally,
polaritons can be induced by strong coupling between quantum well
excitations and microcavity photons, and applying perpendicular
electric and magnetic fields can generate artificial gauge fields'*.
Furthermore, whentheelectrons areinitially in the fractional quantum
Hallregime, polariton-polaritoninteraction can be enhanced through
the formation of polaron-polaritons to induce nonlinear responses
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Fig. 6 | Artificial gauge fields for photons. a, Schematic of photons that
interact with Rydberg atomsin a cavity consisting of four mirrorsto forma
photonic Laughlin state'". b, Schematic diagram of photonic scatteringin
waveguide quantum electrodynamics (QED)'*. Photons propagating in the
waveguide are scattered by quantum emitters precisely positioned along its

of light'**. We expect such strong polariton-polariton interactions to
enable further many-body states of photons.

In waveguide QED systems (Fig. 6b), photons can assist long-
range hopping of excitations from one atom to another. The photon-
mediated hopping contains a phase factor that is determined by the
hopping distance'**. Because reverse hopping over the same distance
adoptsthe same phase factor, the effective Hamiltonian of the excita-
tionis non-Hermitian, and scale-free edge states exist due to radiative
decay of excitation at the boundaries'*. The dispersion diagram of
such systems has disconnected branches, which prohibits the applica-
tion of topological band theory. However, the inverse of the effective
Hamiltonian gives a continuous inverse energy band, which can be
used to define topological invariants',

In dimerized atomic arrays with inverse symmetry, one can find
topological phases of the inverse band structure that changes with
frequency and modulation phase. The scale-free localized states
appear in only one inverse band for the topological phase butin both
inverse bands for the trivial phase, which is different from conven-
tional bulk-edge correspondence. In trimerized atomic arrays with two
excitations, the modulation phase can provide an additional synthetic
dimension, and the topological band with anon-trivial Chern number
inthe expanded 2D space can supporttopological bound edge states.

By connecting two arrays with the same artificial gauge field but
different modulated phases, localized subradiant states appear on
the interface'*®. Even in a simple array without any modulation, one
extended excitation provides background potential for the other exci-
tation. The momentum of the extended excitation plays the role of an
effective magnetic field, whichinduces Landau levels and topological
edge states of the other excitation'"’.

In circuit QED systems, one can realize an artificial gauge field
of photons in a ring of three qubits by sinusoidally modulating the

b waveguide QED
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length. ¢, Schematics of programmable on-chip platform based on circuit QED
with artificial gauge field (AGF)"*®. Part aadapted fromref. 141, Springer Nature
Limited. Part b reprinted with permission from ref. 145, APS. Part c adapted with
permission fromref. 138, AAAS.
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hopping strength'*®. As microwave photons can exhibit stronginterac-
tions, chiral ground states of photons have been observed in experi-
ments, paving the way for the realization of fractional quantum Hall
states. Recently, by using a programmable on-chip platform of circuit
QED, an artificial gauge field has beenrealized inamuch larger square
lattice™® (Fig. 6¢). The ground state can be prepared by adiabatically
ramping up the hopping strength and decreasing the potential dif-
ferences. The correlation function and density current of the ground
fractional Hall states have been measured, showing anti-bunching
behavioursasaresult of photon blockade and chiral density currents.
Furthermore, the response of fractional quantum Hall states to the
external field has been observed, including the incompressibility of
generated quasiparticles and the characteristic signature of fractional
quantum Hall conductivity. The measured ratio of bulk density of
photons to magnetic flux is consistent with the ideal value of half of
the Hall conductivity.

By modulating both onsite potentials and hopping strengthsina
1D qubitarray, time-reversal symmetry is broken to support topological
Thouless pumping, as adynamical version of the quantum Hall effect.
Strongly correlated Thouless pumping of photons has been demon-
strated in a circuit QED system, showcasing topologically resonant
tunnelling effects, inwhich two photons are shifted either asawhole or
oneby one™**°, Apart from the spatial dimension, the photon number
canencode quantum information. In superconducting circuits, precise
control over photon populations in individual resonators and their
coupling strengths enables the construction of Fock-state lattices with
artificial gauge field*®, thereby extending topological states of light
into the quantumregime.

Challenges and further applications

Although considerable progress has been made in realizing artificial
gauge fields across various physical systems, direct experimental dem-
onstrations are still challenging for systems with sophisticated gauge
field distributions. Key challenges include the precise control over
system parameters, the stability of the generated fields, and the scal-
ability of the experimental setups. These hurdles stem from technical
constraints such as imperfections in lattice structures, decoherence
effects and limitations in current manipulation techniques. For exam-
ple,imaginary gauge fields obtained through active and/or dissipative
media face technological challenges of lifetime broadening and noise,
which inevitably compromise the robustness of the topological band
structure. Furthermore, for practical photonic applications, effects
of different sorts of nonlinearities and non-equilibrium have to be
considered, as they can induce dynamical symmetry breaking and
instability. Addressing these challenges necessitates the development
of more advanced nanofabrication technologies™** and dynamically
reconfigurable platforms®® ">, Inaddition, interdisciplinary efforts that
blendinsights from condensed matter physics, quantum information
science and materials science could pave the way for new solutions.
By tackling these experimental challenges head-on, one can advance
thefield to unlock the full potential of artificial gauge fields for practical
applications.

One promising application on the horizon is for integrated pho-
tonic circuits — a rapidly advancing platform that is revolutionizing
sensing, communication, optical computing, augmented and virtual
reality, and other technologies. Several proof-of-concept demonstra-
tions relying on artificial gauge fields have already been implemented
inan integrated form™ ™, showing exceptional capabilities that had
been believed inaccessible. For example, on-chip light routing based

on artificial gauge fields offers higher robustness, density and flex-
ibility than traditional methods™". In this context, ultra-broadband
low-crosstalk transmissions in dense thin-film lithium niobate wave-
guides have beenachieved through the Floquet-engineering of SGPs™*,
providing an alternative solution for high-density on-chip photonic
integrations. Additionally, artificial vector gauge fields enable disper-
sion control over coupler devices™', overcoming traditional obstacles
related to coupling efficiency, operational bandwidth and sensitivity
to structural deviations, thereby enabling scaling to larger circuits.
Another example of adispersion-control deviceis related to the Landau
rainbow™’, which has beenrealized through the combined operations
of scalar and vector potentials. This approach aids in the design of
slow-light devices and multiwavelength multiplexing devices that are
robust, scalable and have broadband capability. The complex-valued
vector potential, when applied to a waveguide, is able to enhance the
optical force by an order of magnitude in integrated switches and
actuators™®, Beyond these tangible aspects, artificial gauge fields
also have the potential to stimulate new applications in quantum pho-
tonics, enabling robust generation'”’, transport™®, and interference
of quantum photonic states™’, which are delicate and vulnerable to
fabrication imperfections.

Although most proposals and demonstrations are still far from
being widely used for technological applications, some implementa-
tions™ "’ have already enhanced the performance of optical compo-
nentsthatare indispensable for applications inaccessible to traditional
techniques. Going forward, functionalities relying on artificial gauge
fields cansubstantiallyimprove photonic components of waveguides,
couplers, routers, cavities, filters, delay-line devices, circulators, isola-
tors, lasers, sensors, directional emitters and more. Further assisted
by exotic materials (such as low-dimensional, quasiperiodic and frac-
tal structures) and artificial intelligence'*°'®?, artificial gauge field
photonic devices may function as the backbone of many disruptive
technologies, such as robust optical communication systems™>'>3,
topological quantum computing™’ "’ and neuromorphic photonic
circuits'®,
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