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ized and integrable photonic chips, microresonator-based OFCs, commonly referred
to as microcombs, have been developed. Although early studies of microcombs
primarily focused on single microresonators or a few resonators, a significant break-
through occurred in 2021 when it was theoretically predicted that light propagating
in the topological edge channel of an array of ring resonators could generate nested
frequency combs known as topological OFCs. Since then, the field of topological
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1. Introduction

Optical frequency combs (OFCs) are revolutionary light sources characterized by discrete, equally spaced spectral
lines in the frequency domain and highly coherent ultrashort pulse trains in the time domain [1]. Over the past five decades,
OFCs have evolved from their inception into a rapidly advancing technology, with a key objective being to achieve
high performance on a miniaturized and integrable platform [2—5]. Notably, the Nobel Prize in Physics was awarded
in 2005 to Theodor W. Hansch and John L. Hall for their pioneering contributions to the field of OFCs [6,7], which
served as a significant catalyst for further advancements in this technology. While the principles of OFCs have matured
significantly [8,9], and their applications have expanded to include optical atomic clocks [10, 1 1], photonic microwave
generation [12—17], optical communications [18-22], precision spectroscopy [23—25], astronomical spectrograph
calibration [26—28], optical computing [29-32], laser ranging [33-35], and many other areas, intriguing challenges
and opportunities remain. These uncharted territories hold the potential to redefine the future of OFCs.

2. From Mode-Locked Lasers to Microcombs

The original idea of OFCs can be traced back to the 1970s. T. W. Hinsch independently proposed this
notion [36], while Ye. V. Baklanov and V. P. Chebotayev concurrently introduced similar concepts [37]. They noted
that a regularly spaced train of pulses corresponds to a comb-like spectrum in the frequency domain, which can be
utilized for high-resolution laser spectroscopy. Soon after these theoretical proposals, a train of phase-coherent
standing-wave light pulses was experimentally realized through multiple reflections of a single laser pulse inside an
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optical resonator [38]. Later, a train of picosecond light pulses was generated using a synchronously pumped
mode-locked dye laser, and the actively controlled mode spectrum provided a means for accurate frequency
measurement [39]. Since then, mode-locked laser technology has continued to evolve, encompassing a wide range
of devices from mode-locked solid-state lasers [40,41] to mode-locked fiber lasers [42—45]. However, the generation
of OFC:s still fundamentally relies on these lasers. As illustrated in Figure 1, mode-locked lasers were the primary
devices responsible for generating OFCs in the early stages. This reliance has led to OFC devices being relatively
bulky [1,5].
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Figure 1. Roadmap of topological optical frequency combs (OFCs). In the early stages, OFCs were realized using
mode-locked lasers. Then the advent of high-quality factor (Q)) optical microresonators led to the emergence of
microresonator-based OFCs, known as microcombs. Recently, topological photonics, rooted in the introduction of
topological phases into photonics, has converged with OFCs, resulting in the emergence of topological OFCs. Future
development directions for topological OFCs may include exploring novel nonlinear dynamics, incorporating various
types of topological phases, and discovering emerging applications. The inset beneath the “Microcombs” guidepost
depicts a typical microring resonator structure along with its corresponding frequency comb. Meanwhile, the inset
under “Topological optical frequency combs” illustrates an array of coupled microring resonators that generate nested
frequency combs, where the comb teeth from a single resonator are subdivided into a series of teeth.

The development of OFCs has entered a new stage with the advent of optical microresonators [2-5,8,46-52].
Thanks to the rapid advancements in micro/nanofabrication technologies, the fabrication of high-quality factor
(Q) resonators has become feasible [53—-56]. An early landmark work in this context was the demonstration of
whispering gallery mode (WGM) microresonators reported in 1989, which achieved a @ value of @ > 103 [57]. In
high-@Q microresonators, the optical field can be significantly enhanced, dramatically lowering the power threshold
required for nonlinear optical effects, such as the parametric process of four-wave mixing (FWM) in microresonators
made from materials exhibiting intrinsic Kerr nonlinearity [58]. Furthermore, due to their unprecedentedly small
sizes, optical microresonators provide opportunities for creating a low-power, compact, and integrable platform for
generating OFCs [59-63].

In 2004, Kerr-nonlinearity-induced optical parametric oscillation (OPO) was experimentally realized in high-Q
WGM resonators, where only several discrete frequencies play a role in the process [64,65]. Later, in 2007, T.
J. Kippenberg’s group experimentally demonstrated the generation of OFCs from a silica toroidal microcavity
through cascaded FWM parametric oscillation [66]. Since then, OFCs have been generated in various types of
microresonators, including CaF, WGM resonators [67,68], fiber cavities [69—71], silica microspheres [72], silicon
nitride resonators [73—77], and MgF, resonators [78—80]. These microresonator-based OFCs, particularly those
generated via the Kerr effect, are commonly referred to as microcombs [2—4,52]. The era of microcombs began
following the development of mode-locked lasers, as illustrated in Figure 1.

Ideally, OFCs should exhibit equidistant frequency spacing, and their spectral components should be coherent
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with minimal phase noise. However, these conditions are not always met in experiments [75,81-83]. According to
the microcomb theory, the generation of OFCs is typically described by the Lugiato-Lefever equation (LLE) [84].
Depending on the pump power, cavity detuning, and dispersion, the LLE can support homogeneous continuous-wave
states, periodic Turing rolls arising from modulational instability, localized solitons, and time-dependent breathing
and chaotic states [85]. These soliton solutions, known as dissipative Kerr solitons (DKSs), are sustained by the
balance between external pumping and loss, as well as the balance between group-velocity dispersion (GVD) and
Kerr nonlinearity [4,47,86,87]. The discovery of DKSs provided a route to achieving mode-locked microcombs
with high coherence [88—90].

Historically, temporal DKSs were first experimentally observed in a passive ring cavity made of standard optical
fibers [91]. Due to the thermally induced resonance shifts encountered during the experimental generation of soliton states,
the realization of soliton microcombs, where microresonator-based OFCs operate in the state of temporal DKSs, was not
demonstrated until 2014 [92]. In that work, a crystalline MgF', resonator was used. Following this landmark study, soliton
microcombs have been successively demonstrated in a wide variety of microresonators, including silica [93—95], silicon
nitride [96—102], aluminum nitride [ 103-105], AlGaAs [106-108], silicon [109,110], chalcogenide glass (GeSbS) [111,112],
gallium phosphide [113], LiTaO; [114,115], and LiNbO3 [116-121]. Meanwhile, numerous phenomena related to
microcomb dynamics have been revealed, including flat-top solitons known as platicons in the normal-dispersion
regime [122—126], dark-bright soliton pairs [127], soliton crystals [128—133], and discrete time crystals [134,135].

The early studies of soliton microcombs primarily focused on single microresonators. In Figure 1, the inset
beneath the “Microcombs” guidepost depicts a typical microring resonator structure along with its corresponding
frequency comb. In recent years, researchers have shifted their attention to multiple resonators [ 136—138]. In photonic
dimers, which consist of two coupled microresonators, novel dissipative solitons and emergent nonlinear phenomena
that are unattainable in single resonator systems have been discovered [139—144]. From an application perspective,
utilizing mutually coupled cavities instead of a traditional single cavity can enhance the power efficiency of soliton
generation [145-147]. Meanwhile, multicolour pulse pairs can be generated in multiple coupled resonators [148,149].
Considering the recent study of symmetry breaking in nonlinear microresonator arrays [150,151], it is predictable
that the introduction of a spatial dimension will often bring about new fundamental physics as well as application
insights. This assertion also underscores P. W. Anderson’s statement that “more is different” [152]. Thus, the shift
from single microresonators to resonator arrays opens a new chapter for OFCs.

3. Topological Photonics

When the study of soliton microcombs extends into resonator arrays, two seemingly unrelated fields, OFCs and
topological photonics, naturally converge. Topological photonics is fundamentally rooted in the introduction of
topological phases into photonics. As shown in Figure 1, where the guidepost for “Topological phases” branches
off from a separate path, the concept of topological phases originates from condensed matter physics. It defines
distinct states of matter characterized by global properties that remain invariant under continuous transformations,
with their behavior governed by topological invariants. Following the seminal discovery of the quantum Hall
effect and the TKNN invariant [153], substantial research efforts have been dedicated to exploring various types of
topological phases [154—156]. Among these, topological insulators stand out as a prominent example, functioning
as conventional insulators in the bulk while exhibiting conductive properties on their surfaces [157, 158]. This
conductivity arises from topologically protected edge states that are robust against disorder and defects. As research
into topological phases has flourished, a noteworthy milestone was the awarding of the 2016 Nobel Prize in Physics
to David J. Thouless, F. Duncan M. Haldane, and J. Michael Kosterlitz for their theoretical discoveries regarding
topological phase transitions and topological phases of matter [159, 160].

In 2008, F. D. M. Haldane and S. Raghu pioneeringly introduced topological phases into the realm of
photonics [161]. They proposed that the use of magneto-optic materials could break time-reversal symmetry,
thus enabling the emulation of the quantum Hall effect in photonic crystals and achieving unidirectional photonic
modes resembling chiral edge states. Subsequently, Zheng Wang et al. from MIT theoretically proposed a
more general scheme that eliminated the need to construct Dirac points [162]. In 2009, this theoretical proposal
was experimentally verified in a magneto-optical photonic crystal fabricated in the microwave regime, where
unidirectional backscattering-immune topological electromagnetic states were observed [163]. These pioneering
works paved the way for the exploration of novel topological phases in photonics, and the immunity of topological
edge states to local deformations and disorders is crucial for various promising applications [164—167]. Since then,
the field of topological photonics has developed rapidly, as illustrated in Figure 1.

Nowadays, various topological photonic structures have been proposed [168]. Several typical examples include
resonator arrays [ 169—172], metamaterials [ 1 73—176], optical waveguide arrays [ 177—180], and photonic crystals [ 181-185].
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Among these types of topological photonic structures, resonator arrays have direct applications in silicon photonics and
are closely related to the topological OFCs that will be discussed later. In 2011, Mohammad Hafezi et al. theoretically
proposed that a quantum spin Hall-like photonic topological insulator could be constructed using a network of coupled
resonator optical waveguides, specifically an array composed of optical ring microresonators [169]. The degenerate
clockwise and counterclockwise modes within a single resonator can be treated as two components of a pseudo-spin.
Although the time-reversal symmetry of the system is not explicitly broken, robust edge state transport can be
anticipated because each spin component experiences a spin-dependent magnetic field and exhibits quantum Hall-like
behaviors. This theoretical proposal was experimentally realized by the same group in 2013 [170]. Interestingly,
while both studies were conducted in the linear regime, i.e., neglecting the ambient medium-mediated interactions
between photons, the authors suggest that intriguing avenues could emerge with the inclusion of interactions between
photons. Such predictions foreshadow the subsequent convergence of OFCs and topological photonics.

With the gradual maturation of topological photonics in the linear regime, there has been a growing interest in
exploring the new features that emerge when nonlinear optical effects are introduced into topological lattices [186—191].
Traditionally, a wide range of nonlinear optical phenomena has been studied using optical waveguide arrays [192].
On one hand, by treating the propagation direction of optical waveguide arrays as the temporal dimension, a direct
equivalence can be established between the paraxial wave equation and the Schrodinger equation. On the other
hand, due to the rapid development of laser-writing techniques, various types of optical waveguide arrays, including
helical waveguides, can now be fabricated. For these reasons, novel types of nonlinear states, including solitons,
have been discovered in nonlinear topological lattices based on optical waveguide arrays [193-202]. Additionally, it
has been proposed that nonlinearity can be utilized to manipulate topological edge states [203-213].

Compared to the extensive studies in nonlinear topological photonics based on optical waveguide arrays, studies of
resonator arrays, another prominent example of the earliest proposed platforms, remain largely confined to the linear
regime of topological photonics. Nevertheless, since 2018, topological edge states in resonator arrays have increasingly
been utilized for the generation of correlated photon pairs [214,215] and indistinguishable photon pairs [216] through
spontaneous FWM. Meanwhile, it has been reported that the third-harmonic signal can be significantly enhanced by
utilizing the edge state of a topologically non-trivial zigzag array of dielectric nanoresonators [217]. This study
brings concepts of nonlinear topological photonics into the realm of nanoscience.

4. Topological Optical Frequency Combs

In 2017, the generation of OFCs in cascaded parity-time (PT)-symmetric Aubry-André-Harper lattices was
theoretically proposed [218]. A striking breakthrough occurred in 2021 when Hafezi’s group theoretically proposed
the formation of nested OFCs and DKSs in a topological microresonator array [219]. They pointed out that the
OFCs generated in the topological microresonator array exhibit a nested spectral structure, in which the comb teeth
of the super-ring resonator are embedded within those of a single isolated resonator. In their work, these OFCs
were referred to as topological OFCs and the DKSs as nested solitons. In a News & Views article on this work,
Vittorio Peano vividly described these topological OFCs as Matryoshka frequency combs [220]. This work marked
a major milestone in the development of topological OFCs, as illustrated in Figure 1, where the guidepost labeled
“Topological optical frequency combs” appears after the crossover of “Microcombs” and “Topological photonics™.

More specifically, S. Mittal et al. constructed a two-dimensional (2D) array of coupled microring res-
onators [219]. Related structures had been previously studied in the linear regime by the same group [169, 170].
As discussed earlier, although the system is time-reversal symmetric and exhibits two components of pseudo-spin
corresponding to the clockwise and anticlockwise modes in a single resonator, the coupling between these two
components can be neglected, and each pseudo-spin component can be excited independently. In this context, for
one of the pseudo-spin components, the system simulates the anomalous quantum Hall effect, with topological edge
states emerging as one pseudo-spin component circulates around the lattice boundary. Consequently, the perimeter
of the resonator array can be perceived as a travelling-wave super-ring resonator. To illustrate this, Figure 1 features
an array of coupled microring resonators in the inset under the guidepost “Topological optical frequency combs”,
where a blue-colored super-ring resonator is formed due to the circulation of topological edge states. The nonlinear
dynamics of these topological edge states in the super-ring resonator closely resemble those of excitations in a single
nonlinear resonator. This self-similarity forms the basis of the topological OFCs and nested solitons, distinguishing
them sharply from all previously studied OFCs.

Mittal et al. showed that when the microresonator array is externally pumped by a continuous wave, varying
the pump power and detuning frequency leads the super-ring resonator to exhibit three distinct regimes of nonlinear
dynamics: chaotic regions, Turing rolls, and solitons [219]. The presence of these regimes aligns well with the
behavior observed in single-resonator-based OFCs [4,8]. In the regime of nested solitons, the temporal pulses
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produced by the microresonator array are separated by the single-ring round-trip time and are modulated by a series
of super-soliton pulses, which are separated by the round-trip time of the edge mode super-ring. Consequently, the
output spectrum displays two sets of nested comb teeth. The comb teeth generated by the super-ring resonator
correspond to each tooth of the frequency comb produced by a single resonator. In other words, the comb teeth from
a single resonator are subdivided into a series of teeth in the frequency comb generated by the super-ring resonator.
The nested frequency combs are also depicted in the inset beneath the guidepost “Topological optical frequency
combs” in Figure 1.

Since the nested solitons are inherited from the linear topological edge states, Mittal et al. claimed that they
are topologically protected in the sense that a nested soliton could bypass a strongly detuned edge resonator while
preserving phase coherence, without observable reflection or scattering into the bulk [219]. Topological edge
transport provides a mechanism for defect tolerance that is absent in conventional single-resonator-based OFCs.
However, the existence and dynamical stability of nested solitons also depend on the pumping conditions, dispersion,
and losses, and are not guaranteed by the underlying linear topology alone. Additionally, Mittal et al. found that a
single nested soliton achieves a mode efficiency of over 50%, an order of magnitude higher than that of single-ring
frequency combs in the single-soliton regime [219]. Thus, topological OFCs offer a route to improved tolerance to
fabrication defects and higher mode efficiency.

This Perspective mainly focuses on comb generation in photonic structures with nontrivial band topology.
Very recently, Nicolas Englebert et al. demonstrated the realization of topological OFCs based on the quadratic
nonlinearity provided by lithium niobate [221]. Due to the balance between dispersion and quadratic nonlinearity, a
dark pulse consisting of topological phase defects that separate two 7-out-of-phase continuous-wave solutions is
supported [222]. Considering the formation of domain walls in the fast time dimension, they referred to this type of
solitons as topological solitons and designated the OFCs as topological soliton frequency combs or topological
frequency combs. However, Nicolas Englebert et al. still conventionally used a single resonator, and there are no
topological edge states circulating around the perimeter of a resonator array. A more in-depth discussion of the
topological OFCs proposed by Nicolas Englebert et al. is beyond the scope of this Perspective.

The generation of nested topological OFCs was experimentally demonstrated by Flower et al. in 2024 [223].
The difficulties in observing topological OFCs may arise from two main aspects. First, while the fabrication
of single nonlinear resonators has matured, creating large arrays of microresonators remains a challenge. The
previous demonstration of such resonator arrays was focused on the linear regime, where the nonlinear properties
and dispersions of the resonators were not a primary concern [170]. The nonlinear regime requires more careful
design and optimization of resonator parameters. Despite these challenges, Christopher J. Flower et al. successfully
fabricated a 2D lattice containing over 100 ring resonators made from silicon nitride (SiN) [223]. The second
challenge lies in the experimental implementation of external pumping. Conventionally, to generate OFCs, researchers
typically use continuous-wave lasers, as they can output high-power, single-frequency waves. However, the detrimental
thermal effects associated with continuous-wave lasers can potentially damage the photonic chip. To address this issue,
Christopher J. Flower et al. employed a pulsed tunable laser that mitigates these thermal effects [223]. Additionally,
their pulsed laser has a relatively long pulse duration and low repetition rate, ensuring that its output functions as a
high-power quasi-continuous wave, meeting the requirements for OFC generation.

By overcoming the aforementioned difficulties, Flower et al. successfully observed the topological OFCs in
their experiments [223]. Specifically, to demonstrate the nested structure of the topological OFCs, they measured the
comb output using an ultra-high-resolution optical spectrum analyzer and discovered another set of well-resolved
modes within each individual comb tooth of the low-resolution comb spectrum [223]. Furthermore, to confirm that
the topological OFCs are indeed inherited from the linear topological edge states, they conducted direct imaging
of the generated comb [223]. They observed that the comb light is confined to the edge of the lattice and travels
unidirectionally from the input to the output port without noticeable scattering.

The theoretical proposal by Mittal et al. [219] and the experimental demonstration by Flower et al. [223] have
rapidly ignited an explosive growth in the field of topological OFCs. As this area continues to evolve swiftly, the
following paragraphs of this Perspective will focus on several key works that stem from the foundational studies and
explore future research directions.

In 2023, Aleksandr Tusnin et al. derived an effective (N + 1)D coupled-mode equation for the general case
of nonlinear dynamics in an arbitrary /N-dimensional lattice of resonators [224]. In the same year, Jiang et al.
theoretically proposed the generation of DKS combs in a valley-Hall photonic crystal resonator [225]. They noted
that complex coupled-ring arrays can pose challenges for chip miniaturization and optical modulation, while also
complicating the modeling of nonlinear dynamics. Their approach uses a compact single-resonator architecture in
which circulating valley kink states form the resonator modes that support comb generation. The nonlinear dynamics
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can be described by a single-resonator LLE, and the generated combs do not exhibit the nested spectral structure
characteristic of the coupled-ring-array scheme. In 2024, the same group theoretically proposed the generation of
quantum OFCs with high-dimensional frequency entanglement through spontaneous FWM in valley-Hall topological
resonators [226]. In 2025, they experimentally demonstrated robust on-chip topological transport of quantum OFCs
and DKS combs through valley photonic crystal waveguides, with both types of combs generated in a separate
conventional microresonator [227]. The first two studies by Jiang et al. therefore concern comb generation in
topological resonators, whereas their 2025 study concerns the topological transport of externally generated combs.
In particular, the latter two studies suggest that the convergence of OFCs and topological photonics has begun to be
realized in the quantum regime.

In 2025, Lei Huang et al. proposed the generation of OFCs and nested temporal solitons in hyperbolic photonic
topological insulators [228]. In two-dimensional Euclidean edge-state arrays, a substantial number of bulk resonators
are required to support the comb-generating edge channel, limiting resonator utilization [228]. Hyperbolic lattices
are regular tessellations in non-Euclidean space characterized by constant negative curvature. Compared with
Euclidean lattices, hyperbolic lattices have a larger proportion of boundary sites, allowing a greater fraction of
resonators to participate in edge-state comb generation. Using this property, Lei Huang et al. showed that hyperbolic
topological OFCs exhibit smaller frequency spacing than their Euclidean counterparts with the same number of site
resonators [228]. Consequently, fewer site resonators are required to achieve the same frequency spacing, improving
resonator utilization. However, adding lattice layers leads to exponential growth in the number of sites, which in turn
increases spatial crowding near the boundary, thereby posing challenges for large-scale implementation. Moreover,
the reported hyperbolic OFCs show no significant bandwidth advantage over their Euclidean counterparts [228].
This work paves the way for exploring topological OFCs in various types of topological lattices.

S. D. Hashemi and S. Mittal conducted several studies following the seminal theoretical work on topological
OFCs. In 2024, they designed a 2D array of strongly coupled ring resonators exhibiting an anomalous Floquet
topological phase and theoretically demonstrated Floquet topological solitons [229]. Unlike the weakly coupled
arrays producing nested combs [219,223], this Floquet scheme operates in the strong-coupling regime. By pumping
the edge states of the resonator array, they obtained regularly spaced commensurate combs and, for a different
choice of coupling parameters, incommensurate combs whose lines are not equidistant but remain phase-locked.
This spectral flexibility broadens the range of accessible comb states. However, the nonuniform spacing of the
incommensurate states limits their direct use in applications requiring equidistant comb lines [229]. In 2025, they
theoretically proposed nested soliton combs in a one-dimensional periodic resonator array with non-Hermitian
dissipative couplings [230]. Here, the relevant topology is associated with the winding of the complex band spectrum.
By engineering the dissipative couplings and hopping phases, they controlled the dispersion and dissipation of the
supermodes, enabling both the number and spacing of comb lines to be tuned. This approach offers post-fabrication
spectral reconfigurability, although the engineered dissipation introduces additional optical loss and some coupling
configurations can require substantial pump power [230].

5. Challenges and Future Directions

Looking ahead, there remain numerous challenges and opportunities in the development of topological OFCs.
As discussed earlier, many phenomena related to microcomb dynamics have been unveiled, but current studies of
topological OFCs are still primarily focused on the formation of bright pulses, which represent a fundamental class
of localized solutions of the (coupled) LLE. Thus, the most urgent need is to explore novel nonlinear dynamics
within topological OFCs. As illustrated in the roadmap of topological OFCs in Figure 1, this area of development
is represented as a branch off the main path labeled “Topological optical frequency combs”. In our view, the
introduction of topological OFCs not only integrates the concept of topological phases into OFCs, merging the two
fields of topological photonics and OFCs, but also introduces spatial dimensions into conventional OFC systems. The
transition from single-resonator-based OFCs to resonator-array-based OFCs is likely to yield new types of nonlinear
dynamics, exemplified by the work conducted by S. D. Hashemi and S. Mittal in 2025 [230]. From our perspective,
studying platicons in the normal dispersion regime is particularly intriguing, as platicons represent another important
class of solutions to the LLE [122—124]. In a recent preprint, Hashemi et al. theoretically demonstrated the formation
of collective topological dark solitons, platicons, and bright-like solitons in two-dimensional Kerr resonator arrays
with normal dispersion [231]. Additionally, since nested topological OFCs feature two sets of frequency combs, one
associated with the super-ring resonator and the other with the single resonator, it remains an open question whether
these two sets of frequency combs can be manipulated independently. Notably, the original work by S. Mittal et al.
considered the group velocity dispersion (GVD) of single resonators, while the topological edge states circulating
within the super-ring resonator exhibit approximately linear dispersion [219]. Therefore, it would be fascinating to
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investigate the formation of novel types of DKSs under the combined influence of dispersions from both single
and super-ring resonators. Lastly, as novel types of solitons emerge through the balance between nonlinearity and
higher-order dispersions [232-237], exploring these soliton types within the platform of topological OFCs would
also be of great interest [238,239].

The second research direction involves introducing various types of topological phases into the system of OFCs
and studying topological OFCs within different topological lattice models. This direction is also depicted in Figure 1
as a branch off the main path labeled “Topological optical frequency combs”. Numerous types of topological
phases have been discovered, many of which have been realized in photonics [240,241]. Furthermore, topological
phases have been extended to non-Hermitian systems [242—245] and non-Euclidean spaces [246-249]. In summary,
the field of linear topological photonics has reached a high level of maturity. Therefore, it is both intriguing and
necessary to investigate topological phases in nonlinear systems using the platform of topological OFCs. The
work conducted by Lei Huang et al. is a typical example of exploring topological OFCs in non-Euclidean curved
spaces [228]. In the non-Hermitian scheme of Hashemi and Mittal, topological windings of the complex band
spectrum provide a means to engineer both the dispersion and dissipation of the resonator array [230]. This opens up
competitive avenues for further exploration of other types of topological phases. In particular, the question of whether
higher-order topological phases [200,205,250-253] can be integrated with OFCs to enhance their performance is
a compelling one. Additionally, since the Haldane model, which requires breaking time-reversal symmetry, has
been experimentally realized in resonator arrays [254], it would be fascinating to develop a topological OFC system
that explicitly breaks time-reversal symmetry. Furthermore, it would be particularly interesting to explore whether
external pumping can spontaneously induce a topological phase transition [255], thereby supporting the output of
frequency combs in the form of topological solitons. Lastly, the definition of topological invariants in systems of
topological OFCs is certainly an important research area [256-260].

Besides the two aforementioned research directions related to fundamental physics, the third direction focuses
on exploring the emerging applications of topological OFCs, as illustrated by the third branch off the main path
labeled “Topological optical frequency combs”. The features of topological OFCs extend beyond the conventional
definition of OFCs, which typically requires the discrete frequency comb teeth to be equally spaced. Nonetheless,
topological OFCs may find their own intriguing application scenarios. For instance, as noted by S. Mittal et
al. [219], a single nested soliton can achieve significantly higher mode efficiency compared to conventional
single-resonator-based single-soliton combs, making topological OFCs particularly beneficial for miniaturized and
integrable OFC chips, where low power consumption is often required. Additionally, due to their comb-in-a-comb
structure, nested topological OFCs can offer small frequency intervals that may be favorable for high-density
wavelength division multiplexing and high-precision metrology, where a greater number of optical carriers and
superior spectral resolution are essential. Most importantly, topological edge transport could improve the tolerance of
OFC chips to fabrication defects, although the achievable tolerance should be assessed together with the requirements
for soliton formation and stability [261].

6. Conclusions

In conclusion, as illustrated by the roadmap in Figure 1, starting from conventional mode-locked lasers and
single-resonator-based microcombs, the development of OFCs has entered a new era with the introduction of
topological phases. We can anticipate that topological OFCs will experience explosive growth in the near future.
Finally, real-space topological textures, such as skyrmions, may offer another direction for OFC research. Karnieli
et al. theoretically proposed using spatially engineered three-wave mixing in nonlinear photonic crystals to emulate
effective skyrmion textures [262]. These textures induce beam deflection during frequency conversion, with the
deflection direction controlled by the orbital angular momentum of the pump. The authors suggested that this
mechanism could be used to control quantum frequency combs. This provides a starting point for exploring the use
of real-space topological textures to manipulate OFCs through nonlinear frequency conversion and controllable
beam deflection, while their potential for enabling coherent OFC generation remains an open question.
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