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Dynamic topological photonics is a novel research field, combining the time-domain optics and topological physics.
In this review, the recent progress and realization platforms of dynamic topological photonics have been well introduced.
The definition, measurement methods and the evolution process of the dynamic topological photonics are demonstrated to
better understand the physical diagram. This review is meant to bring the readers a different perspective on topological
photonics, grasp the advanced progress of dynamic topology, and inspire ideas about future prospects.

Keywords: dynamic topological photonics, optical waveguide array, topological optical lattice, ultrafast spec-

troscopy
PACS: 03.65.Vf, 42.82.Et, 85.60.—q

1. Introduction

Time-domain dynamic topological photonics (DTP) is a
novel field that studies the topological properties and phase
transition behavior of light in time domain. It combines the
theory and experimental methods of topological physics and
photonics to explore and utilize the topological characteristics
of light to develop topological photonic devices and new opti-
cal functions. Researches in this field are of great significance
for understanding the propagation and control of light in com-
plex structures, as well as the evolution process of topological
edge states.

The research of time-domain DTP includes many per-
spectives. First, it focuses on the propagation behavior of light
in topological photonic crystals, topological waveguides and
topological optical cavities.!!! These structures have special
geometric and topological properties, which can guide light to
propagate in a specific path, and there is a special topological
protected mode in the edge state. By studying the propagation
behavior of light in these structures, the characteristics of topo-
logical edge states and the topological protection properties
of light can be further revealed. Secondly, the researches on
time-domain DTP involve the topological phase transition and
topological evolution of optics. Topological phase transition
refers to the phenomenon of changes in the topological prop-
erties of materials or structures when parameters change.[6-8]
In topological photonics, the topological phase transition of
light can be realized by adjusting the parameters such as the
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frequency, phase and coupling strength of light. This phase
transition process can be observed through optical and spec-
tral measurements, and in experiments, the topological prop-
erties of light can be controlled and adjusted by dynamically
adjusting the above parameters in time domain. In addition,
the time-domain DTP can also include the nonlinear control
of light. The optical nonlinear effects can be used to regu-
late the propagation and interaction behavior of light, thereby
achieving dynamic regulation of topological properties.[~13]
By introducing nonlinear materials or composite structures,
nonlinear regulation of light can be achieved, which is advan-
tageous to observe dynamic topological phenomena and non-
linear topological phase transitions of light. Moreover, the ex-
perimental measurement methods of time-domain DTP rely on
advanced optical technology and devices. For example, ultra-
fast laser technology can provide a high-resolution measure-
ment method for observing the dynamic behavior of light in
time domain.!4-16] Devices such as optical waveguides, mi-
crocavities, and optical fibers can be used to control and reg-
ulate light propagation, which can lead to deep understanding
of DTP by combining with simulation and theoretical analysis.

Time-domain DTP not only promotes the development
of photonics, but also has important application potential in
quantum information processing, optical sensing and photonic
devices. By deeply studying the dynamic topological behavior
of light, researchers can better understand and use the special
properties of light in time domain, and provide novel ideas
and methods for the development and application of photonics
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technology.

In this review, we focus on the recent progress and real-
ization platforms of DTP. The remainder of the paper is or-
ganized as follows. In Section 2, the topological photonics,
dynamic photonics and DTP are well introduced. Section 3
describes the measurement methods of dynamic processes in
photonics, as well as in topological photonics. Meanwhile,
the evolution process, synthetic dimension and artificial gauge
field of DTP are illustrated. In addition to that, Section 4 gives
an overall discussion on realization platforms of DTP. At last,
conclusions and outlook are given in Section 5.

2. Dynamic topological photonics

Dynamic topological photonics (DTP) is a novel research
field, which combines the time-domain optics and topologi-
cal physics. It mainly explores the topological characteristics
and phase transitions of light in the time domain, and stud-
ies how these characteristics affect applications such as opti-
cal transmission, optical control, and information processing.
The DTP can provide a novel way to design and manipulate
photonic devices, which brings great potential for the develop-
ment of optical communication, quantum computing, photonic
chips and other fields. In this section, the topological photon-
ics, dynamic photonics and the significance of DTP will be
introduced.

2.1. Topological photonics

Topology, as a branch of mathematics, is used to study the
geometric kinds of different objects. If some continuous oper-
ations are applied to an object, including bending and stretch-
ing, but not splitting or connecting, all the geometric shapes
of the object can be considered as topologically equivalent.
It was initially introduced into the condensed-matter physics
to describe the topological phases as well as the topological
phase transitions. Integer quantum Hall effect (IQHE), quan-
tum spin Hall effect (QSHE), anomalous quantum Hall effect
(AQHE) and other effects!!7~1! can all be well described by
topological theory. Topological insulators have excellent prop-
erties of bulk insulation, surface conductivity and resistance
to scattering in electronic systems.!?’! In 2008, Haldane and
Raghu first proposed the possibility>!! of analogy for imple-
menting quantum Hall effects in photonic configurations. Sub-
sequently, topological photonics has been developed rapidly,
providing a new stage for the exploration of photonics.

Different types of photonic topological insulators have
different implementation principles and methods.  The
topological photonic insulator has essential differences and
many different phenomena in one-dimensional (1D), two-
dimensional (2D), three-dimensional (3D) and even higher-
dimensional systems. According to the photonics system, the
research of topological photonics can be divided into several

directions. The research teams of Segev, Szameit, Chen, Song
and Rechtsman aim to study the topological phenomena in 1D
and 2D optical waveguide arrays. The research teams of Lu,
Soljaci¢, Chen, Dong, Ma, Hu, Zhang and Yong study the 2D
and high-dimensional topological photonic crystals in optical
and microwave bands. Zhang’s group, as a representative,
studies the optical topological properties of metasurface ma-
terials.

In general, there are three typical methods to realize topo-
logical phase in optical wavelength. Firstly, the internal de-
gree of freedom of photons can be treated as the pseudo-spin,
which is similar to the spins in the quantum spin Hall effect.
This model does not need to break the time reversal symme-
try, but each pseudo spin can be limited in the artificial mag-
netic field. For example, Hafezi et al. put forward a theoreti-
cal assumption in 2011,?% and realized experimentally at the
wavelength of 1550 nm by using silicon materials in 2013.[23]
Moreover, in 2015, Hu’s group regarded the angular momen-
tum of the electric field in vertical component as pseudo-spin
by shrinking or expanding the honeycomb lattice along the
center, and also showed a new optical topological phase.>*! In
addition, by using the linear combination of transverse elec-
tric (TE) and transverse magnetic (TM) modes, the topologi-
cal pseudo-spin systems can be constructed as well.[>>6] The
second method is to apply time modulation to the optical con-
figurations by using Floquet topological insulator. This sys-
tem can be equivalent to an effective time-independent Hamil-

[27-29] For ex-

tonian, breaking the time reversal symmetry.
ample, this Floquet system can be realized by using the op-
tical waveguide arrays, as shown in Fig. 1(a).[?") The last
method is to use time-varying modulation to realize topolog-
ical pumping phenomenon.*!! The research shows that the
topological pumping of low dimensions corresponds to the
quantum Hall effect of higher dimensions, so that the topo-
logical phases of higher dimensions can be studied in low-

dimensional systems.3?]

2.2. Dynamic photonics

Dynamic photonics describes the evolution of a photonic
system, and the concept of the dynamic photonics is based on
the non-equilibrium state in photonic systems, which is op-
posed to the steady state or equilibrium state in photonic sys-
tems. Therefore, the equilibrium state and the non-equilibrium
state in photonics are introduced first. The concept of the equi-
librium state was originated in the thermodynamics. In classi-
cal thermodynamics, the concept of the equilibrium state is de-
fined based on the fact that the macroscopic state parameters in
a thermodynamic system are constant in time. In other words,
if a thermodynamics system is in a thermodynamic equilib-
rium state, the thermodynamic macroscopic state parameters
such as pressure and temperature will not change. In fact,
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for any isolated thermodynamic system and given any initial
state of the system, if the initial state is not the intrinsic equi-
librium state of the system, the isolated system will sponta-
neously evolve to the equilibrium state after a sufficiently long
time 7', and the time T of this evolution is the relaxation time
of the system. When the system has evolved to an equilib-
rium state, it cannot leave the equilibrium state spontaneously.
Therefore, for any given non-equilibrium initial state, during
the process of relaxation, the system will inevitably undergo
the non-equilibrium evolution, and a unique physical mecha-
nism will be reflected in the time scale. Such novel physical
mechanism has broad research prospects.

The non-equilibrium states in photonics can be analogous
to the non-equilibrium states in thermodynamics. The gen-
eral equilibrium photonics research is mainly focused on the
steady state of an optical system. For example, there is a non-
equilibrium optical system which has the characteristics of
time evolution, and a certain physical quantity in the system is
studied by researchers. The initial state of the system is a non-
equilibrium state at time ¢ = 0, as shown in Fig. 1(b). Before 1,
the observed physical quantity changes and the physical sys-
tem is undergoing evolution. And from #; to t,, the observed

(b)A A certain physical quantity

physical quantity does not change in this period of time and
the system is in a stable state, as shown in the region of ¢
in Fig. 1(b). In the region of #;—,, the system is in an equilib-
rium state. However, if the system is disturbed at #,, the system
will be out of balance and return to a steady state at 3. The
observed physical quantity changes and the physical system
is undergoing evolution again before #3. So, #; and #3 —t, are
the relaxation times in the evolution of the two-stage process
of the system, respectively. This phenomenon can be further
illustrated by an example, as shown in Fig. 1(c), which shows
the establishment process of normal dispersive solitons,3334]
which is a typical non-equilibrium evolution. During the evo-
Iution of solitons, the solitons go through a period of dras-
tic changes and then tend to a steady equilibrium state, which
is the evolution process from the non-equilibrium initial state
to the equilibrium steady state. In fact, the researches on
DP are quite broad, including the dynamic evolution process
of optical system!®-3% and physical system in time domain,
such as synthetic dimension®’=%! and gauge field.[*") As for
the photonic devices, DP is also widely studied in waveguide
systems, [~ resonant cavity systems, 40! photonic crystal
systems, (471 exciton systems. 70?1
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Fig. 1. (a) Floquet system by using the optical waveguide arrays.>"! (b) The non-equilibrium process and the equilibrium process in the
evolution of a physical system. (c) The experimental (the first and second columns) and simulated (the third and fourth columns) results of the
establishment process of normal dispersive solitons.3>34] Reprinted with permission from Ref. [30]. Copyright 2013 Springer Nature.

2.3. Dynamic topological photonics and its significance

The non-equilibrium optical state can be related to topo-
logical photonics when the researches focus on the time-
domain dynamic process. In traditional optics, the spatial dis-
tribution and propagation mode of light are usually paid at-
tention to, while the temporal behavior of light is often over-
looked. However, the emergence of time-domain DTP has
changed this situation, and time has been brought into the

scope of optical research. The core is the special dynamic

behavior of light in the time domain, and by exploring these
time-domain characteristics, researchers can find novel topo-
logical structures and topological properties of optics in the
time domain, which can achieve a high degree of optimization
and precise manipulation of optical transmission and control
from a new perspective.

It is of great significance to study time-domain DTP.
First of all, it provides novel methods to design and construct

photonic devices. By using topological phase transition and
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topologically protected modes, researchers can design devices
with excellent performance, such as efficient optical transmis-
sion channels, optical switches and couplers. These devices
have important application prospects in fields such as opti-
cal communication and photonic integrated circuits. On the
other hand, time-domain DTP studies the topologically pro-
tection characteristics of light in time domain. Topological
protected states can maintain the stability of transmission in
the presence of disturbances, which provides a solution for
high-density data transmission in fiber optic communication
and photonic integrated circuits on the basis of time-domain
properties, improving the reliability and stability of commu-
nication. In addition, time-domain DTP brings new possibili-
ties to the field of optical information processing. By control-
ling the temporal evolution of light, operations such as delay,
modulation, and encoding of optical signals can be achieved,
thereby improving the speed and efficiency of information pro-
cessing. In addition, time-domain DTP can also be used to
realize topological quantum computing and quantum informa-
tion transmission, bringing new breakthroughs in the field of
quantum communication and quantum computing. Moreover,
time-domain DTP provides a platform for studying topologi-
cal physics. Through the temporal evolution and topological
phase transition of light, researchers can simulate and observe
various phenomena and effects in topological physics. This
provides a controllable and observable system for in-depth un-
derstanding and research of bulk states, topological edge states
and topological property.

Time-domain DTP, as a new research field, has brought
new perspectives and solutions for optical device design, op-
tical transmission, information processing and topological
physics. Its development will promote the progress of opti-
cal technology, bringing more efficient, stable, and powerful
functions to application fields such as optical communication,
quantum computing, and photonic integrated circuits. Follow-
ing sections will describe the recent progress and applications
of DTP.

3. Mechanism of dynamic topological photonics

Detecting transient photonic dynamic processes involves
observing and measuring transient events to study their dy-
namic changes. In this section, we will introduce some com-
mon methods in photonics to detect the transient dynamic pro-
cess, including the combination of femtosecond laser and ul-
trafast spectroscopy, Zewail four-dimensional (4D) electron
microscope and polarization dynamics measurement.

3.1. Measurement methods on dynamic process in photon-
ics
Femtosecond laser technology is a technology with ex-
tremely short laser pulse time, and the pulse width is usually a

few to hundreds of femtoseconds. Femtosecond laser has the
characteristics of peak power, high single pulse energy, and
high frequency, which can provide sufficient energy in a very
short time to trigger the occurrence of transient events. Ul-
trafast spectroscopy technology utilizes the characteristics of
femtosecond lasers to observe transient dynamic processes by
time-resolved measurements of optical signals.>3-]

The femtosecond laser system is first needed in the exper-
iment, generally composed of femtosecond laser, optical sys-
tem and detector. Femtosecond lasers can generate peak power
and high repetition rate femtosecond pulses, usually achieved
using Q-switched or mode-locked techniques. The optical sys-
tem is used to focus the laser beam on the sample and collect
the optical signals generated on the sample. Detectors are used
to measure the intensity and time information of the optical
signals. Then, the femtosecond laser is tuned to focus on the
surface or interior of samples, by using appropriate optical el-
ements. The peak power of femtosecond laser can excite elec-
trons, phonons or other excited states in the sample in a very
short time. The transient process that occurs in the sample will
be fed back through the generated optical signal. The next step
is to collect the optical signal generated by the sample. After
the sample is excited by femtosecond laser, there will be tran-
sitions or dynamic processes between various excited states.
These processes may be accompanied by phenomena such as
light emission, absorption, and scattering, resulting in specific
optical signals. The collected optical signal can be transmit-
ted to the detector through free space or fiber optic transmis-
sion. Moreover, the time-resolved measurements of the optical
signal are performed using ultrafast spectroscopy technology.
Ultrafast spectroscopy technology is based on the high repe-
tition rate and ultra-short pulse width of femtosecond lasers,
and measures the time delay of optical signals by interfering
or correlating with reference light pulses. This technology can
achieve sub femtosecond or femtosecond level time-resolved
measurements, visualizing the temporal characteristics of tran-
sient dynamic processes. Finally, by analyzing information
such as time delay and intensity of the optical signals, dynamic
changes that occur during transient processes can be restored.
Among the femtosecond laser systems, the two most noted
methods are transient absorption spectroscopy>’-%% and pho-
toemission electron microscopy (PEEM) instruments,[01-6%]
and there are many scientific researches by using these two
systems. For example, the ultrafast plasmonic dynamic pro-
cess was measured by PEEM instrument. [06-6°]

Zewail 4D electron microscopy technology is also a high-
resolution time-resolved electron microscopy technology pro-
posed by Egyptian scientist Ahmed Zewail.!”%!l The goal of
this technology is to realize real-time observation of dynamic
processes in materials and biological systems at the nanoscale.
Traditional electron microscopes (such as transmission elec-
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tron microscopy) are mainly used for static observation of the
morphology and structure of samples, but cannot capture the
dynamic changes in the material. The Zewail 4D electron mi-
croscope technology combines femtosecond laser pulses with
electron beams, enabling the electron beam to have time res-
olution, therefore leading to the high-resolution real-time ob-
servation of dynamic processes in the sample.

In addition to the above methods, there are also po-

[72] time-resolved fluores-

larization dynamics measurements,
cence spectroscopy,!’>7#! and time-resolved photoacoustic
techniques!”>76! to explore the optical dynamics process of the

sample.

3.2. Measurement methods on dynamic process in topo-
logical photonics

One of the key aspects of DTP is to realize and control the
dynamic process of light on photonic configurations, in which
the topological properties of the system can be controlled and
manipulated in real time. Here, we would like to introduce
some typical methods for the realization of dynamic process
in topological photonics.

As mentioned in Subsection 2.1, the Floquet systems
are generally utilized to study the dynamic process of topo-
logical photonics. As Fig. 1(a) shows, this system can be
regarded with two spatial dimensions and one temporal di-
mension. When light propagates in it, its evolution equation
mathematically takes the same form as the 2D time-dependent
Schrodinger equation. Therefore, the two transverse dimen-
sions perpendicular to the propagation direction can be con-
sidered as spatial dimensions, while the propagation direction
can be considered as a temporal dimension. If the waveg-
uide is modified into a spiral shape, it becomes a Floquet
system, i.e., a periodically driven system. This can effec-
tively break the time-reversal symmetry and generate band
structures with non-trivial topological properties. Moreover,
time varying modulation to realize topological pumping phe-
nomenon is also a kind of dynamically regulating topological
states. Kraus er al. achieved the topological pumping phe-
nomenon for the first time in a 1D optical waveguide array
system. 32! They used laser direct writing waveguide technol-
ogy to precisely control the coupling of waveguide array, so
as to build a topological pumping model similar to quasicrys-
tal modulation, successfully observed the topological pumping
phenomenon of 1D system, and successfully corresponded to
the 2D quantum Hall effect. Here, it can be found that the
waveguide array systems are good regulatory platforms for
dynamics. By introducing non-trivial topological structures
into waveguides or resonant cavities, dynamic manipulation
of topological photonic states can be achieved. Adjusting the
shape, size, and material parameters of the waveguide or reso-
nant cavity can change the topological properties of the system

and regulate the evolution of edge states. Therefore, by mea-
suring the spectral and transmission characteristics of waveg-
uides or resonant cavities in real time, the dynamic process of
topological photonic systems can be studied. More details can
refer to Subsection 4.1.

In addition to that, optical regulation is an important
method for achieving dynamic processes. For example, by ad-
justing parameters such as intensity, phase, and polarization
of the light field, dynamic regulation of topological photon
systems can be achieved. This can be realized by using de-
vices such as optical components, electro-optic modulators,
and phase modulators. There have been many programmable
coupled resonant ring waveguide arrays with integrated Mach—
Zehnder interferometer (MZI) to complete the dynamic regu-
lation, which are significant for on-chip lasers,!””8] quantum

(791 and so on.

computing,

Furthermore, the method introduced in Subsection 3.1 —
ultrafast laser technology — can also be used in measuring DTP,
which provides valuable insights into the dynamic behavior of
topological photonic systems. Ultrafast laser technology has
been used to study the transient response of topological struc-
tures, implementing research on direct or indirect topologi-
cal edge-state evolution. By carefully designing experimen-
tal samples and measuring the system’s response, the time-
domain dynamics of photonic topological edge states can be
well understood.

In experiments, nonlinear regulation can usually be used
to achieve dynamic regulation of topological properties and
phase transitions, thereby exhibiting rich topological phenom-
ena and dynamic behaviors. Nonlinear regulation of time-
domain DTP utilizes nonlinear effects in materials or systems
to alter topological structures and interactions, achieving the
coupling relationship changes. This method has been widely
used in the fields of photonics, electronics and phonology. In
photonics, nonlinear optical effects such as self-phase modu-
lation can be used to realize nonlinear control. By introduc-
ing nonlinear materials or structures into topological photonic
crystals, the propagation behavior and mode coupling of light
can be changed, leading to the topological properties changes
of the system. For example, by adjusting the intensity, phase,
or nonlinear coefficient of light, the regulation of topological
energy bands and the generation of dynamic topological edge
states can be realized. The detailed descriptions of measure-
ment methods on DTP can refer to Section 4, especially for
the micro/nano integrated platforms.

3.3. Evolution process of dynamic topological photonics

In the previous article, the time-domain process and the
measurement methods of photonics and topological photonics
were discussed in detail. Based on the above measuring meth-
ods and experimental instruments, researchers can build the
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combinational platforms of DTP and carry out the research. In
the rest of this section, the evolution behavior in topological-
photonic systems based on time-domain processes will be in-
troduced. Moreover, the specific physical systems of DTP are
demonstrated in order to help establish concrete physical con-
figurations.

The change in evolutionary process is one of the impor-
tant research directions in DTP. The research focuses on the
changes of the system in the time domain, so as to find the
novel physical mechanisms and effects in the time evolution
system. This evolution method includes not only the direct
observation of the evolution process of the system on the time
scale, but also the observation of the change of the system with
time on the space scale. The current research direction mainly
includes the non-equilibrium phase transition, the photonic
time crystal, and the Thouless pump. Non-equilibrium phase
transitions can be observed in atomic and molecular systems.
For example, the Rb atoms can be used to simulate a non-
equilibrium phase transition in the spin 1D Dicke model. ]
The experimental setup is shown in Fig. 2(a). The Rb atoms
in a high finesse cavity are driven from the side by two lin-

5Py

Q

early polarized lasers with the electric fields along the axis of
the cavity. The external pumping of the laser results in the
system not forming an isolated system, so a non-equilibrium
state is introduced in the system. This working experiment
found that the spin 1D Dicke model has a rich phase dia-
gram of non-equilibrium phases and phase transitions. The
phase transitions studied in the non-equilibrium systems are
not limited to non-equilibrium phases, the topological phase
transitions can also be studied in the non-equilibrium sys-
tems. Existing work has shown that topological edge states
of non-equilibrium polaritons can be simulated in the opti-
cal lattices,!®!! and the digital quantum simulations of Floquet
topological phases can be performed using solid-state quan-

5.182] Figure 2(b) shows the work of simulat-

tum simulator
ing topological phase transitions in a honeycomb lattice array
where there are two boundary states, which are the topological
currents at the inner and outer edges, and the pump frequency
can be tuned to switch between currents. 311 Therefore, the dy-
namic photonics can provide the theoretical basis to the multi-

ple phase change system.

spins 3 e

e A AN NN-
£ A AY AW A

Fig. 2. (a) The schematic diagram that the Rb atoms can be used to simulate a non-equilibrium phase transition in the spin 1D Dicke model.!*]
(b) The simulating of the topological phase transition in a honeycomb lattice array. The pump frequency can be tuned to switch between these
two kinds of topological currents.!®!l (c) The study of time-domain nonreciprocity based on photonic time crystals.® (d) The topological
properties and topological phases of the system are studied based on Floquet time crystals.[®®] Reprinted with permission from Ref. [85].
Copyright 2022 American Physical Society. References [80,81,86] are open access articles distributed under the terms of the Creative Commons

CC BY license.

The photonic time crystal is also an excellent platform to
study the time domain properties, because the photonic time
crystal (PTC) is a kind of material whose dielectric constant
is periodically modulated in time. The photonic time crystal
itself has the characteristics of evolution in time. The periodic
modulation of the refractive index causes these time refraction
and time reflection to interfere, thereby creating band gaps in
momentum, and new physical mechanisms come along. 33841
Therefore, in recent years, the time modulation work based

on photonic time crystals is rich, such as the study of time-

domain non-reciprocity based on photonic time crystals. In
2022, a time-domain non-reciprocal transmission method is
proposed. 1 As shown in Fig. 2(c), the polarized light prop-
agating from left to right in the x direction is transformed into
linear polarized light with 45° E, = E, through the time plate,
while the E, = E, 45° linear polarized light propagating from
right to left is transformed into linear polarized light in the y
direction through the same time plate. In addition, the pho-
tonic time crystals can also be used as a research platform for

studying time domain topology in topological photonics. For
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example, period drive can be introduced into SSH chain, and
the topological properties and topological phases of the system
can be studied based on the Floquet time crystals, as shown in
Fig. 2(d), which illustrates the period Floquet time-crystalline
phases in topologically protected single-particle pictures. [86]
As a self-carrying time dimension platform, the photonic time
crystals have unique advantages in time domain research.

In the process of studying the time evolution of the sys-
tem, in addition to the above mentioned content, the non-
Abelian Thouless pumping based on the waveguide system
is established,®”) and the non-Abelian braiding is realized
through the evolution of light in the waveguide.!®®! The evolu-
tion based on the waveguide systems will be discussed sepa-
rately in Section 4.

3.4. Synthetic dimension and gauge field of dynamic topo-

logical photonics

In this section, the specific physical systems of DTP are
demonstrated here, including the configurations on artificial
synthetic dimensions and gauge field. The concept of “syn-
thetic dimensions” has recently emerged as a powerful way to
model the novel phenomena of topological phase of the mat-
ter, which are now of great interest in many areas of physics.
The main idea of synthetic dimensions is to couple together
some appropriate degrees of freedom to simulate the motion of

particles along the extra spatial dimensions. This method pro-
vides a way to design the lattice Hamiltonian and provides the
possibility to realize the high-dimensional topological models
in low-dimensional platforms. 3! The concept of synthetic di-
mensions can be seen through a simple example, as shown in
Fig. 3(a).[°"! Each resonator supports a set of modes whose
frequencies are equally spaced in frequency (2, forming a fre-
quency comb. It is also assumed that only modes with the
same frequency between the nearest neighbor resonators are
coupled. In addition, we assume that each resonator is mod-
ulated at frequency €2, which leads to a coupling between
modes in the same resonator with frequencies separated by Q,
thus coupling together the new degrees of freedom. We can
prove that the Hamiltonian of the resonator system is equiva-
lent to the tightly binding Hamiltonian in two dimensions un-
der the action of an effective magnetic field outside the plane.
The two dimensions of the resonator system correspond to
one-dimensional space and frequency axis, respectively. In
this structure, the frequency axis becomes an additional syn-
thetic dimension. The idea of synthesizing dimensions pro-
vides us with an important method to study high-dimensional
systems by using low-dimensional systems, and it also pro-
vides us with the possibility to manipulate the light fields flex-
ibly and explore novel physical mechanisms and effects.
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Fig. 3. (a) The diagram of the synthesized dimension. Resonance rings are used to build a new dimension.[®”! (b) A robust laser with
topology protection based on synthetic dimensions.°!l (c) A modulated ring resonator with CW—CCW mode-coupling and its corresponding
lattice in synthetic dimensions.*?! (d) The artificial gauge field is realized by external time-dependent modulation based on the synthesized
dimension. >3] Reprinted with permission from Ref. [90]. Copyright 2016 Optical Society of America. Reprinted with permission from
Ref. [91]. Copyright 2021 Optical Society of America. Reprinted with permission from Ref. [92]. Copyright 2019 AAAS. Reprinted with

permission from Ref. [93]. Copyright 2016 American Physical Society.

Based on the idea of synthetic dimensions, the topolog-
ical photonics is with a new sight. The concept of synthetic
dimensions plays an important role in the topological photon-
ics. For example, a robust laser that can achieve topological

protection with the method of synthetic dimensions is shown
in Fig. 3(b).[°!! The synthetic dimension can also be combined
with time modulation as a tool for studying DTP. We can di-
rectly add a time modulation factor to the synthesis dimen-
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sion, and then study the physical properties of the system in
the time domain. Figure 3(c) shows a system consisting of a
time-modulated ring resonator with spatial coupling between
clockwise and anticlockwise modes, such that the two modes
form a pseudo-spin degree of freedom.[”?! Figure 3(c) also
shows the corresponding lattice in the synthetic dimension of
the system. This work takes advantage of the time modulation
property of the ring resonator. The external time modulation
driver can also be applied to the study of DTP based on syn-
thetic dimensions. Figure 3(d) shows a study that realizes an
artificial gauge field via external time-dependent modulation
with different modes of silicon ring resonators as additional
dimensions of photons. The study shows that the 2D quantum
Hall effect and its associated topological edge states can be
achieved using 1D multimode resonator chains, which shows
a potential to be used as an integrated optical isolator. And this
work demonstrates how the 4D quantum Hall effect is charac-
terized in the 3D lattice of the resonator. The synthetic dimen-

sion provides a new way to study DTP.[*3]

4. Realization platforms on dynamic topological
photonics

The dynamic topological photonics is an important di-
rection in photonics. In the previous discussion, we intro-
duced the physical mechanism for DTP in photonics. Next,
we will mainly introduce the photonic realization platforms for
studying DTP. With the development of photonics, the nano-
photonics devices provide a great boost for the research of the
novel properties of photonic systems in the time domain, and
different photonic devices provide possibilities for the study
of DTP in different research systems. Below we focus on sev-
eral major nano-photonics platforms and briefly introduce the
applications of the DTP.

4.1. Optical waveguide arrays

The waveguide array is an ideal platform to study the
time domain variation. Since the waveguide system follows
the evolution form of the Schrodinger equation, the evolution
property can be reflected in the process of beam transmission
along the waveguide. Therefore, the waveguide system is an
excellent quantum simulation platform in topological photon-
ics, which provides a feasible experimental idea for carrying
out time-dependent evolution in optical systems. For exam-
ple, the non-Abelian braiding on-chip can be realized based
on the waveguide system, and the beam evolution process in
the braiding process can be also studied on the waveguide
system.[88] Researchers can also construct the artificial gauge
fields based on the waveguide arrays to study the novel physi-
cal effects or achieve some novel functions.+%>!

As one of the most basic micro and nano optical devices,
waveguide has excellent properties in the study of the opti-

cal time domain properties. On the one hand, the character-
istics of beam transmission along the waveguide provide re-
searchers with the possibility of dynamic observation of light
field changes along the beam transmission direction; on the
other hand, the idea that the waveguide system can be com-
bined with the reconstructed system or the synthetic dimen-
sion provides us with a time-domain research platform based
on the waveguide itself. Existing studies have used the Flo-
quet waveguide system of helically bent waveguides to study
influence of defects with time-dependent coupling on the ro-
bustness of the transport along the edge.®! For the equilib-
rium photonic systems, edge modes in topological insulators
are robust to defects. This work proves that “dynamic defects”
hardly affect the robustness of the system when the time di-
mension is added so that the system becomes a time-dependent
dynamic system. It is mainly implemented by the Floquet
waveguide array. Figure 4(a) shows the dynamic defect dia-
gram of the waveguide array. Since the dynamic transmission
process of the beam can be directly observed as one of the
important advantages of the waveguide system, we can also
directly study the dynamic evolution of the beam in the trans-
mission process based on the waveguide system, as shown in
Fig. 4(b).l°7! By comparing the transmission state of the beam
in the topological system and the traditional waveguide sys-
tem, it can be found that the topological structure has the char-
acteristics of robustness and broadband, which is of great sig-
nificance for the future photon integration and robust informa-
tion transmission. In addition, the waveguide system can also
be combined with the idea of synthetic dimension, providing

a new perspective for the study of DTP.[8!

4.2. Microring resonator/cavity systems

The coupled-cavity and micro-ring resonators are impor-
tant photonic devices in the micro—nano optics. The study of
topological photonics with the coupled-cavity and micro-ring
resonators is a traditional research direction. Currently, topo-
logical systems can be constructed based on the photonic crys-
tal defect cavities, micro-ring resonators and the other kinds of
coupled-cavities. Because the modulation of coupling param-
eters in resonator and micro-ring resonator systems is flexible,
it provides a perfect platform for the study of topological pho-
tonics, especially for non-Hermitic topological systems. For
example, coupled micro-ring resonators can be used to con-
struct non-Hermitian one-dimensional SSH arrays or quantum
spin Hall effect systems to study novel physical effects in topo-
logical photonics,**1% and even the physical mechanism
of topological phase transitions in non-Hermitian topologi-
cal systems can be studied based on resonant ring arrays.['°]
Micro-ring resonators can also build time-domain reconfig-
urable topological photonics systems. For example, a tradi-
tional work on non-Hermitian topologies based on microring
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resonators has mentioned that non-Hermitian controlled re-
configurable optical transmission schemes are inherently topo-
logically robust against defects, and the light path is easily re-
configured along any designed shape.!””! The coupled-cavity
and micro-ring resonators have important applications in the
study of topological photonics.

The research platform of DTP can also be built based on
the micro-ring resonator and the resonator system. In 2023,
a study discussed the topological properties of coupled cav-
ity arrays corresponding to the Su—Schrieffer—Heeger model
and the kagome model in the time domain. In the work, the
1D SSH coupled chain and kagome model are constructed by
the arrangement of cavity arrays. The Kerr-like nonlinear ef-
fect is introduced into the 1D SSH model, and the topological
phase transition caused by this effect can be described by the
time evolution of an edge cavity stimulated initially. There-
fore, the time domain properties of the two boundary atoms
at the end of the coupling chain are discussed in the time do-
main. This discussion has also been applied to the 2D topo-
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logical kagome model. It has been found that phase transitions
occur when nonlinearities are enhanced in metallic kagome
models, while it is difficult for nonlinearities to change the
topological properties of the trivial kagome model.['9?! Fig-
ure 4(c) shows the time-domain variation of the wave function
of boundary atoms in the kagome model. In addition, micro-
cavity systems can also be combined with photonic time crys-
tals. An experimental observation of continuous time crystals
was reported in 2022, using high-precision optical cavities and
Bose-Einstein condensates to form experimental devices, as
shown in Fig. 4(d). The determined time-crystalline regime is
also shown in Fig. 4(d). This work experimentally observes
the continuous time crystals and provides a theoretical un-
derstanding. This class of dynamical many-body states ex-
pands the concepts of long-range order and spontaneous sym-
metry breaking into the time domain, which have fundamen-

e.l131 As a common photonic platform, the res-

tal significanc
onators and the micro-ring resonators have important applica-

tions in the future research of time domain photonics.

time, t (ms)
5

25

O(E )

> \Ap.f

Sanfon (kHz)

x I

[

S il B

Tight intensity, atomic density

e > time

€0 (Erec)

i 3

16 1 1

Waveguide number
1 6 1
ber

1 1
Waveguide num

Fig. 4. (a) Different kinds of dynamic defects in the Floquet waveguide array.

1961 (b) The dynamic evolution of the beam in the transmission

process based on the waveguide system.[®’] (c) The time-domain variation of the wave function of boundary atoms in the kagome model. %]
(d) The continuous time crystal in an atom-cavity system and determining the time-crystalline regime.!!%% Reprinted with permission from
Ref. [97]. Copyright 2020 Laser Photonics Reviews/Wiley-VCH. Reference [102] is an open access article distributed under the terms of the
Creative Commons CC-BY license. Reprinted with permission from Ref. [103]. Copyright 2022 AAAS.

4.3. Photonic crystals and lattices

The photonic crystal system is the most basic system in
the traditional study of topological photonics. Because pho-
tonic crystal generally has a wonderful photonic band struc-
ture, photonic crystal system is one of the most basic experi-
mental platforms in topological photonics. Common topolog-

11104

ical photonic lattices include the SSH mode | the kagome

model,1'%! and valley-Hall photonic topological system.[1%6]

In addition to the periodic characteristics of photonic crys-
tals, which can be used as the topological photonics platforms,
the optical lattice with spatial periodicity is also a method to
study topological systems. Existing studies have shown that
regions with periodic refractive index changes can be prepared

in media through photo-refractive effect to form specific lattice
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configurations. Based on 1D non-Hermite-SSH chains, a re-
configurable experimental platform was built based on photo-
refractive effect.['%”] Since reconfigurable systems have the
characteristics of dynamic control in time domain, such exper-
imental platforms have the potential to develop DTP in time
domain.

For the DTP, periodic media represented by the photonic
crystals and the optical lattices can be a useful tool. For the
photonic crystal system of traditional dielectric columns, the
topological properties of the system can be regulated by meth-
ods of the temperature control or the electrical modulation.
As the dielectric column array shown in Fig. 5(a), when tem-
perature changes, it can cause the expansion or contraction of
those dielectric columns, thus causing phase transition of the
entire topological system.!!%8] Figure 5(b) shows a liquid crys-

TiO,
sio,
SigN,

tal system (LC), which allows to modify the refractive index
with external electric field, and the topological edge state can
be dynamically controlled by modifying the refractive index
of LC background medium.!"! The DTP can also be studied
in the momentum space. A work reported in 2023 demon-
strated the dynamic evolution of polarization singularities by
dynamically changing the geometric parameters of the pho-
tonic crystal plate itself.!'%! Its structure is shown in Fig. 5(c),
and the polarization singularities evolve with the distance be-
tween the photonic crystal plate and the substrate. During the
evolution, all BICs are protected from splitting owing to the
preserved structural symmetry. As a classical periodic struc-
ture, the photonic crystal system can be characterized by dy-
namic evolution through dynamic regulation, thus providing a

platform for DTP research.
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Fig. 5. (a) The photonic crystal system induced topological phase transition based on temperature control.!'%8! (b) Topological boundary states
of liquid crystal systems are dynamically controlled by changing refractive index based on the external electric field.!!! (c) The schematic
diagram of a photonic crystal plate and the substrate. This structure is used to study the evolution of polarization singularities in the momentum
space.'%1 (d) The spatial light field modulation based on graphene. The field can be dynamically changed with system parameters, and it
has reconfigurability.[''% (e) The optical lattice is constructed by nonlinear effect. This method showed that a type conversion is realized
from amplitude electromagnetically induced optical lattices to synthesized electromagnetically induced optical lattices by adding a detuning
term.!"!!1 (f) Spatiotemporal intensity profiles emerging in the course of modulational instability development in the mode-locked lasers.!!1?]
(2) The space—time pattern of soliton repulsion.!'!3] Reprinted with permission from Ref. [108]. Copyright 2022 American Physical Society.
Reprinted with permission from Ref. [109]. Copyright 2023 American Physical Society. Reprinted with permission from Ref. [110]. Copyright
2023 Optical Society of America. Reprinted with permission from Ref. [112]. Copyright 2021 Optical Society of America. Reprinted with

permission from Ref. [113]. Copyright 2017 AIP Publishing.

In addition to the photonic crystal systems mentioned
above, the electromagnetically induced optical lattices are also
a great platform for the DTP. The electromagnetically induced
optical lattice is a new kind of artificial periodic dielectric
structure induced by applying standing wave coupled optical
field on the basis of the electromagnetically induced trans-

parency effect. It is therefore possible to introduce time do-

main variations on an electromagnetically induced optical lat-
tice to study DTP. The reconfigurable experimental platform
for photo-refractive effects mentioned above is a promising
time domain regulatory system. Figure 5(d) shows a graphene-
based spatial light field modulation that can construct a pe-
riodic light field distribution in space to achieve the optical

lattice construction. Since the refractive index of photonic
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graphene dynamically evolves with system parameters, such a
design provides the possibility to study the DTP in the optical

s.[1101 The nonlinear effect can also be applied

lattice system
to the construction of the optical lattice, as shown in Fig. 5(e).
This work proposes a new method for quantifying lattice us-
ing nonlinear optically induced periodic lattice, which has a
striking characteristic of adjustable refractive index. And the
method showed that a type conversion is realized from am-
plitude electromagnetically induced optical lattices to synthe-
sized electromagnetically induced optical lattices by adding a
detuning term.!''!"1 As a reconfigurable optical platform, elec-
tromagnetically induced optical lattices have great potential
for DTP research in time domain.

4.4. Optical solitons

With the development of photonics, laser has become an
indispensable important equipment for the optical research to-
day. A laser of high quality should have a stable laser pulse
output when working normally. Therefore, the normal work-
ing state of the laser can be considered as a photon equilib-
rium state. However, the generation of the laser pulse is not
a transient process. The laser system must experience a non-
equilibrium evolution process to produce stable output. Non-
equilibrium state evolution is inevitable during the operation
of laser. Therefore, the time domain characteristics and tran-
sient behavior of the laser are particularly important for the
performance of the laser. DTP has important reference value
in laser manufacturing and performance improvement. Under-
standing and utilizing pulsed nonlinear dynamics are an im-
portant way to improve fiber laser performance. The mode-
locked pulses formed in fiber lasers can be called solitons, and
the transient behavior of solitons has important research value.
Studies on the transient behavior of solitons have emerged in

[114-116] which will be described in detail below.

recent years,

In Subsection 2.2, we take the establishment of normal
dispersive solitons as an example to show that the establish-
ment of solitons is a non-equilibrium process. The transient
behavior in soliton systems has important value in time do-
main research, including mutually ignited soliton explosions
in multi-soliton systems,!'* dynamic trapping of a polar-
ization rotation vector soliton,!!!>! visualizing the invisible
soliton pulsation!!!”! and so on. Building lasers based on
the topological photonics systems is also a classic research
direction.[''$11%1 We can introduce the soliton time-domain
dynamics into the topological soliton laser, analyzing the char-
acteristics of the laser in the time-domain and optimizing it.
For example, a recent work reported topological solitons in
mode-locked laser arrays based on SSH model, and studied
the characteristics of the system in time and space domains.
Figure 5(f) shows the spatiotemporal intensity profiles emerg-

ing in the course of modulational instability development.[!!?]

The dynamic behavior of solitons can also be studied on the
photon platform of the laser, and different types of dynamic
interactions of solitons can be studied under different laser pa-
rameters, such as repulsion, annihilation, or formation of soli-
ton bound states. Figure 5(g) shows the space—time pattern of

U131 The time-domain interaction based on

soliton repulsion.
soliton is helpful for the simulation of multi-body interaction.
Solitons in lasers have potential to play an important role in
the study of DTP in the future because of the rich temporal

dynamics of solitons.

5. Conclusion and outlook

In this review, we introduced the recent progress and re-
alization platforms of DTP from the mechanism to experien-
tial setups. As a novel field, time-domain DTP provides us
with a new perspective to understand the topological behav-
ior of optics and realize topological photonic devices. In the
future researches, there can be broad prospects and many in-
teresting research directions. In experiments, despite the intro-
duced measurement methods, other methods with different in-
struments, materials and optical configurations can be further
studied. In physics, the evolution process of topological edge
states with direct observations have not been common, and it is
of great significance to study the time-domain topology, which
can be very different from that in frequency domain. More-
over, the DTP can also be used to study the optical quantum
properties in time domain. In applications, time-domain DTP
can be developed in optical sensing and topological photonic
devices. By utilizing the protection properties and dynamic
regulation of light, high sensitivity and stability optical sen-
sors can be achieved. More important, DTP has great applica-
tion prospects in the fields of optical transmission, optical con-
trol and information processing. Different from the traditional
study of frequency-space domain, DTP introduces the concept
of time domain to make the system dynamically adjustable.
For example, the DTP theory can be applied in the reconfig-
urable system with diverse functions. When a system evolves
from one steady state to another, it completes a reconfigura-
tion process. Furthermore, dynamic processes involving topo-
logical phase transitions can establish robust optical switches,
and those involving synthetic dimensions can be used for high-
dimensional quantum simulations. DTP provides a way for re-
searchers to control light, transmit light, reduce light response
relaxation time, and design highly sensitive optical devices. In
addition, it also provides novel ideas and methods for the de-
sign and fabrication of topological photonic devices from the
perspective of time domain. In the future, the performance
and integration of topological photonic devices can be further
studied and optimized to promote their applications in photon-
ics and information technology.
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