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Non-Hermitian spectral degeneracies, known as exceptional points (EPs), feature the simultaneous coalescence of both
eigenvalues and the associated eigenstates of a system. A host of intriguing EP effects and their applications have been re-
vealed in the classical realm, such as loss-induced lasing [1], single-mode laser [2, 3], and EP-enhanced sensing [4–8]. Here
we show that a purely quantum effect, known as single-photon blockade, can be well tuned by an EP-induced asymmetric
coupling between the optical modes in a Kerr microring resonator. We find that two-photon resonance antibunching can
emerge due to the interplay of the chiral EPs and the Kerr nonlinearity. Also our system enables intriguing processes, such
as frequency-tunable single-photon generation and an antibunching-to-bunching light switch. Our work sheds new light
on EP-engineered purely quantum effects, providing unique opportunities for making and utilizing various single-photon
quantum EP devices.

1 Introduction

Non-Hermitian systems exhibit a vast range of counterintuitive phenomena and strikingly dif-
ferent effects (which do not occur in their Hermitian counterparts) that are attributed to their
spectral degeneracies, known as exceptional points (EPs) [9–11]. Different from Hermitian spec-
tral degeneracies, referred to as diabolic points (DPs) which feature degenerate eigenvalues with
orthogonal eigenstates, EPs feature degeneracy in both the eigenvalues and their associated eigen-
states, leading to a reduction in the system’s dimensionality and a very skewed vector space.
Therefore, when the eigenenergy maps are reconstructed by steering the system’s parameters,
a Hermitian system exhibits a double-cone topology which locates the DP at the apex where the
cones touch each other, while a non-Hermitian system exhibits a complex-square-root topology
of two intersecting Riemann sheets with a branch point singularity at the EP.

In recent years, peculiar features of non-Hermitian systems have been utilized as resources to
construct unconventional devices to control the flow of light and its interaction with matter [12–
33]. EP-enabled classical devices, such as single-mode lasers [2, 3], wireless power transfer [34],
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Figure 1: Periodic exceptional points (EPs) in a non-Hermitian system. (a) EPs in a resonator with strong Kerr
nonlinearity χ(3) driven by a laser field with frequency ωL and amplitude ξ. Both Hamiltonian exceptional points
(HEPs) and Liouvillian exceptional points (LEPs) emerge at β/π = {0.5, 1.5}. Here, Re (Im) denotes the real
(imaginary) part of the eigenvalues. (b) Normalized cavity excitation spectrum S11(∆) obtained using the semi-
classical (left) and quantum (right) methods. Here, δ1 =

√
J12J21. For experimentally accessible parameter val-

ues, see the main text.

sensors [4–8, 35], and topological devices [36, 37], have been demonstrated. Very recently, EPs
have been studied also in purely quantum systems [38–41], inspiring a search for EP-tuned quan-
tum effects and their unique applications [42, 43].

In this work, we show that a truly quantum effect, i.e., photon blockade (PB), can be well
tuned by the interplay of EPs and nonlinearity of the system. As a manifestation of the quan-
tization of light, PB refers to the process in which the absorption of one photon blocks the ab-
sorption of subsequent ones [44]. PB plays key roles in building single-photon devices and cre-
ating non-classical correlations for applications in quantum engineering, as already studied in
a wide range of physical systems [45–57]. So far, PB has been classified into three groups: (i)
Conventional photon blockade (CPB), which emerges when optical interactions detune the states
with high number of photons, leaving the few-photon manifold unaffected [45, 47, 58–62]; (ii) un-
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conventional photon blockade (UPB), which occurs due to destructive interferences among differ-
ent transition pathways [63–68]; and (iii) PB induced by the truncation of Hilbert space (TPB:
truncation-induced PB), as observed in quantum linear scissors [69–71]. For all these cases, single-
photon blockade cannot occur under two-photon or multi-photon resonance conditions [47, 61],
because the involvement of two or more photons indicate that the absorption of the first photon
favors also that of subsequent photons, i.e., resulting in bunched light.

Here, we show that, contrary to general belief, single-photon blockade under two-photon res-
onance can take place at chiral EPs in a nonlinear Kerr resonator. The basic principle underly-
ing this counterintuitive effect is the interplay of the EP-induced chirality and the nonlinearity-
induced anharmonic energy-level spacing. Complete localization of a single photon in either the
clockwise (CW) or the counterclockwise (CCW) mode occurs when the system is operated at
EPs. Namely, the asymmetric coupling between the optical modes of a microring resonator cre-
ates periodic EPs [4, 14] that impose a strong spatial chirality on the coalesced modes [14]. Ex-
actly at the EPs, the modes become fully chiral, such that the modes propagate in only one di-
rection. Thus, a single photon is localized in the CW or the CCW mode when the system is op-
erated at the EPs, leading to a switchable chirality. We note that this process does not rely on
introducing any gain into the system [1, 10, 13, 72].

2 Results and discussions

Our system is composed of a whispering-gallery-mode resonator that supports periodic EPs [4,
14]. The asymmetric coupling between the frequency-degenerate CW and CCW modes is tuned
by controlling the relative size and position of two nanotips or Rayleigh scatterers placed within
the mode volume of the resonator. The first nanotip induces a symmetric coupling between the
CW and CCW modes and lifts their frequency-degeneracy, leading to mode-splitting. The sec-
ond nanotip then breaks this symmetry, leading to periodic EPs that emerge as the relative an-
gle between the nanotips along the boundary of the resonator is varied [14] (see Figure 1). This
optical chiral coupling is described by the Hamiltonian:

Ĥj = ~J12â
†
1â2 + ~J21â

†
2â1, (1)

where â1 and â2 are the photonic annihilation operators for the CW and CCW modes of the res-
onator, respectively, J12(21) = ε1 + ε2e

±i2σβ describes the scattering rate and hence the scatterer-
induced asymmetric coupling between CW and CCW modes, 2εj=1,2 is the frequency splitting
induced by the j-th scatterer alone, and σ and β are the azimuthal mode number or relative an-
gle of the scatterers.

The Hamiltonian describing the Kerr interaction is given by [73–75]:

Ĥk =
∑

j=1,2

~χâ†j â
†
j âj âj, χ =

3~ω2χ(3)

4ε0ε2
rVeff

, (2)

where ε0 (εr) is the vacuum (relative) permittivity, χ(3) is the nonlinear susceptibility, and Veff is
the mode volume. In addition to photonic structures made from highly nonlinear materials [75–
79], Kerr-type nonlinearity can be achieved in cavity or circuit QED systems [45, 80, 81], cav-
ity free systems [82], magnon devices [83, 84], and optomechanics [54, 85, 86]. Then the effective

Hamiltonian of the system is given by Ĥi = ~ωâ†1â1 + ~ωâ†2â2 + Ĥj + Ĥk, where ω = ω0 + ε1 + ε2,

3



A
u
th
or

M
an
u
sc
ri
p
t

This article is protected by copyright. All rights reserved.

(a) Eigenenergies of the

non-Hermitian system at EPs

(c)

2-photon resonance

2χ

ψ
0

ψ
1

±

ψ
2

_

ψ
2

+,0

ω

ω

ω
L
= ω

ω
L
= ω

10
-3

10
-2

10
-1

1

10

0 0.5 1 1.5 2

Q
u

a
n

tu
m

 c
o

rr
e

la
ti
o

n
 g

(2
) (
0

)
1
1

(b)

Relative angular position β/̟

g(2)(τ)
11

1

Time delay γτ

0 5-5

10-1

10-2

EP EP ω
L
=ω

PB PB

width of antibunching

0.3 0.5 0.7

β/̟

χ(3)/εr   (x10-7)2

1.8

3.6

7.2

Figure 2: Non-Hermitian photon blockade (PB) at the EPs. (a) The energy-level structure of the eigenstates

indicates a two-photon resonance transition from ψ0→ψ−
2 for the light with ωL=ω. (b) g

(2)
11 (0) of the CW mode

versus β for ωL = ω. The inset shows the evolution of the second-order correlation g
(2)
11 (τ) as a function of the

time delay γτ , for β/π = 0.5. (c) g(2)(0) versus β/π for different values of Kerr nonlinearity [75–79]. The other
parameters are the same as those in Figure 1.

and ω0 is the resonance frequency of the cavity. The eigenvalues of the system in the zero-, one-,
and two-photon excitation subspaces are found as

E0 = 0, E±1 = ω ± δ1, E±,02 = 2ω + 2χ+ δ±,02 ,

δ0
2 = 0, δ1 =

√
J12J21, δ±2 = −χ±

√
χ2 + 4δ2

1. (3)

The corresponding eigenstates are:

ψ0 = |0, 0〉 ,
ψ±1 =

√
J12 |1, 0〉 ±

√
J21 |0, 1〉 ,

ψ±,02 =
√

2J12 |2, 0〉+ δ±,02 |1, 1〉+
√

2J21 |0, 2〉 . (4)

The EPs emerge when E+
1 = E−1 and ψ+

1 = ψ−1 . This imposes either J21 = 0 leading to ψ±1 =
|1, 0〉 (i.e., CW mode), or J12 = 0 which leads to ψ±1 = |0, 1〉 (i.e., CCW mode). For example,
when J12 = 0, we have

cos(2σβ) = − (Re[ε1]Re[ε2] + Im[ε1]Im[ε2]) /
(
Re[ε2]2 + Im[ε2]2

)
,

sin(2σβ) = − (Re[ε1]Re[ε2]− Im[ε1]Im[ε2]) /
(
Re[ε2]2 + Im[ε2]2

)
, (5)

and the corresponding J21 is

J21 = ε1 −
ε2
ε∗2
ε∗1. (6)

Similar results can be easily obtained for the J21 = 0 case. Therefore, the Hamiltonian EPs
(HEPs), which are the spectral degeneracies of the effective non-Hermitian Hamiltonian Ĥi, are
periodically located at [see Figure 1(a)]

βEP =
zπ

2σ
± arg (ε1)− arg (ε2)

2σ
, z = ±1, ±3, . . . (7)
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with ε1/ε
∗
1 6= ε2/ε

∗
2, and + (−) corresponds to the case with J12 = 0 and J21 6= 0 (J21 = 0 and

J12 6= 0). We also note that these chiral EPs can be closely related to the existence of hidden
parity-time symmetry, as shown in a very recent work [87].

2.1 Fully quantum model

The non-Hermitian Hamiltonian Ĥi does not take into account the effect of quantum jumps
and the associated quantum noise. Thus, it provides only the semiclassical picture of the pro-
cess. For a fully quantum picture, one should resort to the EPs of the system’s Liouvillian [88].

For this purpose, we rewrite Ĥi as the sum of a Hermitian and an anti-Hermitian part as Ĥi =
Ĥ i

+ + Ĥ i
−, with (Ĥ i

±)† = ±Ĥ i
±, and use the Lindblad master-equation approach with the Liouvil-

lian superoperator L given by [88]

Lρ̂ = −i(Ĥ i
+ρ̂− ρ̂Ĥ i

+) +
∑

j

D(ρ̂, Âj) +D(ρ̂, Γ̂), (8)

where D(ρ̂, Âj) = Âj ρ̂Â
†
j − Â†jÂj ρ̂/2 − ρ̂Â†jÂj/2 are the dissipators associated with the jump op-

erators Âj =
√
γâj, and Γ̂ =

√
−2iĤ i

− is the additional jump operator. We then find the Liou-

villian exceptional points (LEPs) as the degeneracies of the Liouvillian superoperator by solving
the equation [88]:

Lρ̂i = λiρ̂i, (9)

where λi and ρ̂i are the eigenvalues and the corresponding eigenstates of L.
As seen in the spectra of the Liouvillian superoperator L and that of the effective Hamiltonian

Ĥi depicted in Figure 1(a), the positions of the LEPs and HEPs coincide, that is they occur at
the same values of β. The features of EPs can also be clearly seen in the excitation spectrum,
where two spectrally separated resonance modes become overlap [4, 10]. Moreover, under weak-
driving condition, the occurrence of single-PB is closely related to the resonance mode in the ex-
citation spectrum [54].

We see that both HEPs and LEPs emerge at β = π/2 and 3π/2 in the cavity excitation spec-
trum, see Figure 1(b), with a good agreement between the semiclassical and fully quantum ap-
proaches. This agreement means that, in our system, the role of quantum jumps can be safely
ignored when locating the positions of EPs. Thus the semiclassical HEPs give a good approxi-
mation for the fully quantum LEPs in this case. This agreement was also found in e.g., a quan-
tum non-Hermitian system with coupled bosonic modes, with the same dynamic equations de-
rived from the Hamiltonian and the master equation [88]. Nevertheless, we stress that the role of
quantum jumps should always be checked in a specific quantum EP system. We note that, e.g.,
in a quantum two-level system [40, 88], significant differences between HEPs and LEPs were re-
vealed, which means that in that case only LEPs can be reliably considered (see more details in
Ref. [88]).

In the frame rotating with the drive frequency ωL, the Hamiltonian of the system becomes

Ĥ = ∆(â†1â1 + â†2â2) + Ĥj + Ĥk + ξ(â1 + â†1), (10)

where ∆ = ω − ωL, ξ = [γexPin/(~ωL)]1/2 is the drive amplitude with laser power Pin, and γex

is the resonator-waveguide coupling rate. The total cavity loss is given by γ = γex + γ0, where
γ0 denotes the intrinsic losses of the resonator with the intrinsic quality factor Q0 = ω0/γ0. The
experimentally accessible parameters are chosen as: Veff = 150µm3 [89, 90], Q0 = 1010 [91, 92],
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Figure 3: (a) The excitation pathway of the non-Hermitian case (left panel) shows the origin of photon blockade
(PB) at EPs. The right panel shows the excitation pathway of the Hermitian system realized by one nanotip
positioned near a resonator for J21 = J12 = J . (b) The normalized cavity excitation spectra of the CW (S11)
and CCW (S22) modes. In the non-Hermitian case (left panel), S11 (orange solid curve) and S22 (grey dashed
curve) are obtained for ωL = ω. In the Hermitian case (right panel), S11 (blue solid curve) and S22 (green dashed
curve) are obtained for J/γ = 2. (c) The deviations of the photon distribution Pm from the standard Poisson
distribution Pm with the same mean photon number m for ωL = ω (∆ = 0). The upper panel shows PB at EPs
(β/π = 0.5, orange bars), while the lower panel shows photon-induced tunneling (PIT) in the Hermitian case for

J/γ = 2 (blue bars). (d) Photon correlation g
(2)
11 (0) versus frequency detuning ∆/γ for the non-Hermitian (orange

curve) and Hermitian (blue curve) cases.

χ(3)/ε2
r = 1.8 × 10−17 m2/V2 [76, 77], ε1/γ = 1.5 − i0.1, ε2/γ = 1.485 − i0.14 [14], λ = 1550 nm,

and Pin = 4 fW [93]. The quality factor of the ring resonator Q0 has reached 1012 [91, 92], and
χ(3)/ε2

r = 2.0 × 10−17 m2/V2 for the semiconductor materials with GaAs [76, 77]. The materi-
als with indium tin oxide can reach χ(3)/ε2

r = 2.12 × 10−17 m2/V2 [78], and χ(3) can be further
enhanced to 2× 10−11 m/V2 by introducing other materials [75, 79].

Now we study the full quantum dynamics of the system by considering the effects of quantum
jumps, based on the Liouvillian superoperator L with Ĥ = Ĥ+ + Ĥ−:

˙̂ρ = −i[Ĥ+, ρ̂] +
∑

j

D(ρ̂, âj) +D(ρ̂, Γ̂), (11)

where ρ̂ (t) is the normalized density matrix of the system at time t, with tr(ρ̂) = 1. We analyze
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11 (0) obtained as a function of

∆/γ and β/π. CPB (±) (black curves) and PB at EPs (yellow star) indicate single photons with frequencies in
the range [ω − 3γ, ω + 3γ]. The colored circles and squares are examples for CPB (+) and CPB (−), respectively.

the cavity excitation spectrum Sjj(t) = 〈â†j(t)âj(t)〉/n0 (j = 1, 2) and Sjj(∆) = limt→∞ Sjj(t)

with n0 = ξ2/γ2, as well as the quantum second-order correlation g
(2)
11 (0) = 〈â†21 â

2
1〉/〈â†1â1〉2,

which can be measured in experiments [45, 47]. The condition g
(2)
11 (0) < 1 [g

(2)
11 (0) > 1] charac-

terizes PB (photon-induced tunneling) with sub-Poissonian (super-Poissonian) photon-number
statistics or photon antibunching (bunching) [45, 47, 61]. Photon antibunching can also refer to

two-time correlation effects [94], i.e., g
(2)
11 (0) < g

(2)
11 (τ).

2.2 Photon blockade with exceptional points

We first explore the quantum behavior of the system at EPs emerging at β = π/2 or 3π/2.
Figure 2(a) shows the energy-level structure of the eigenstates of the non-Hermitian system at
the EPs, which indicates a two-photon resonance transition from ψ0 → ψ−2 for the light with
ωL = ω. Here, the eigenstates ψ0, ψ±1 , and ψ±,02 are the superposition states of the CW and
CCW cavity modes [Equation (4)]. Very interestingly, under such a two-photon resonance condi-
tion, we find the single-PB effect, as clearly shown in Figure 2(b). We find that g(2)(0) ∼ 0.012�
1 and g

(2)
11 (0) < g

(2)
11 (τ), indicating strongly antibunched single photons at EPs, which is a sig-

nature of single-PB. Moreover, the width of the antibunching region related to this PB at EPs
can be extended by enhancing Kerr nonlinearity [Figure 2(c)]. This single-PB effect with two-
photon resonance, due to the interplay of the EPs and Kerr nonlinearity, can be observed in the
energy-level diagram of the bare states of the system [Fig. 3(a), left panel], which is otherwise
impossible since the two-photon resonance generally result in the PIT in conventional Hermitian
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systems [Fig. 3(a), right panel] [47, 61].
To understand the physical mechanism behind such a counterintuitive effect, as well as the

difference with the Hermitian case, we analyze the excitation pathways, as shown in Figure 3.
At the EPs of the system, the CCW (CW) mode couples to the CW (CCW) mode, i.e., J21 = 0
and J12 6= 0 (J12 = 0 and J21 6= 0); resulting in a predominantly CW (CCW) propagating mode.
For J21 = 0, we have only ψ1 = |1, 0〉 with eigenenergy E1 = ω in the one-photon subspace, as
well as ψ+,0

2 =
√

2J12 |2, 0〉 and ψ−2 =
√

2J12 |2, 0〉 − 2χ |1, 1〉, with eigenenergies E+,0
2 = 2ω + 2χ

and E−2 = 2ω, respectively, in the two-photon space. Light input in the CW direction with
ωL = ω resonantly couples to the transition |00〉 → ψ1 = |1, 0〉. The transitions from ψ1 = |1, 0〉
to ψ+,0

2 =
√

2J12 |2, 0〉 are forbidden because the energies of these states are detuned by 2χ from
the two-photon resonance energy of 2ω [see Figure 3(a)].

One may think that a transition to the two photon state |2, 0〉 is possible because the eigenen-
ergy of ψ−2 coincides with the two-photon resonance energy of 2ω. However a closer look reveals
two things: First, the transition to the |2, 0〉 state is governed by J12, which is negligible in a
system with CW drive and in a predominantly CW mode [see S11 � S22 ∼ 0 in the left panel
of Figure 3(b)]. Second, the |1, 0〉 state is intensively populated in the strongly nonlinear sys-
tem (χ > γ) under weak-driving condition (ξ < γ). Thus, once a photon is coupled into the
CW mode |1, 0〉, it suppresses the probability of the second photon with the same frequency go-
ing into the CW mode |2, 0〉. As a result, the interplay of EP-induced chirality and the Kerr-
nonlinearity-induced anharmonic energy-level structure produces an effective PB of the CW mode.
This PB at EPs is confirmed by the enhancement of the single-photon state and the suppression
of two- or more-photon states, which is clearly seen when the probabilities of the single-photon
state (P1) and more-photon states [Pm(m > 1)] are compared with the Poisson distribution Pm,
as shown in Figure 3(c).

In a system with one nanotip, the optical coupling is Hermitian and symmetric, J21 = J12 =
J , S11 ∼ S22 [see the right panel of Figure 3(b)]. The CW input light with ωL = ω leads to
one-photon excitation in the CW and CCW modes. For the input coupled to the CW mode,

|0, 0〉 ξ−→ |1, 0〉, the coupling J enables the transition of the single photon from the CW mode to

the CCW mode as |1, 0〉 J−→ |0, 1〉. Subsequently, a second photon can couple to the CW mode
through ξ leading to |1, 1〉. Finally, the photon in the CCW mode completes the transition back
to the CW mode through the action of J , which results in the state |2, 0〉. Thus, in this case,
two photons can be absorbed in the CW mode through the pathway [Figure 3(a)]:

|0, 0〉 ξ−→ |1, 0〉 J−→ |0, 1〉 ξ−→ |1, 1〉 J−→ |2, 0〉 . (12)

As a result, two- or more-photon probabilities Pm(m ≥ 2) are enhanced leading to photon-induced
tunneling [Figure 3(c)]. We conclude that for light with ωL = ω, PB with strong antibunched sin-
gle photons emerges at EPs, while a bunched stream occurs in the Hermitian case [Figure 3(d)].
This behavior is also seen in Figure 2(b). By tuning the system close to or away from EPs using

β as a knob, one can vary the value of g
(2)
11 (0) from bunching with g

(2)
11 (0) ∼ 5.37 to anti-bunching

light with g
(2)
11 (0) ∼ 0.012, i.e., up to 3 orders of magnitude.

Finally, we study the case where the drive input light has the frequency ωL = ω ± δ1. As seen
in Figure 4, one can observe conventional photon blockade [CPB(±)] at various values of the rel-
ative angular position β between the scatterers. The origin of CPB(±) can be understood from
the anharmonic energy-level structure induced by the strong nonlinearity [see Figure 4(a)]. In-
put lights with frequencies ωL = ω ± δ1 are resonantly coupled to the transitions from ψ0 to ψ±1 ;
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however, the transitions from the single-photon subspace ψ±1 to the two-photon subspace ψ±,02

are forbidden because the energies of these transitions are largely detuned from the two-photon
resonance energy 2ωL. As a result, the system can absorb only one photon, leading to PB and

antibunched single photons with g
(2)
11 (0) < 1 [Figure 4(b)]. In contrast to the CPB with fixed

frequencies in Hermitian systems [45, 47, 52, 54, 95], the CPB (±) and PB at EPs in our system
can generate single photons with frequencies in the range [ω−3γ, ω+3γ]. The frequency of these
photons can be tuned by varying β. This functionality can be useful in constructing frequency-
tunable single-photon devices.

3 Conclusions and outlook

In conclusion, we have shown that EPs provide a powerful new tool for quantum engineering
of single photons in nonlinear systems. Our study reveals:

(i) The interplay of EPs and Kerr nonlinearity creates a new type of single-photon blockade
effect which takes place at a two-photon resonance. In stark contrast with Hermitian two-photon
resonances which exhibit bunched light, mode-coalescence at EPs, together with the nonlinear-
ity, results in strongly anti-bunched single photons.

(ii) By tuning the system towards or away from EPs, quantum correlations of photons can be
well tuned from antibunching-to-bunching regimes or vice versa. We note that, together with
other methods (e.g., tuning the optical phases, see Ref. [96] for details), more degrees of freedom
can be achieved in steering quantum behaviors of single photons.

(iii) The frequency of single photons can be tuned in the range [ω − 3γ, ω + 3γ] by tuning the
relative angle of the scatterers β and the optical detuning ∆.

These observations suggest the important role of EPs in tuning quantum effects of various sys-
tems and achieving unconventional devices such as EP-controlled single-photon sources or EP-
enhanced quantum sensors. We also note that the two-photon resonance antibunching, as re-
vealed here, is also possible to occur in a wide range of other chiral quantum systems, such as
photonic-crystal membranes and resonator-emitter systems [97]. In a broader view, our work can
stimulate more explorations on EP-engineered quantum or topological effects [6, 98, 99]. With
quantum and/or topological EP devices at hand to manipulate strongly correlated photons, one
may envision exciting possibilities for building unconventional quantum information architec-
tures.
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A. A. Houck, “Dispersive Photon Blockade in a Superconducting Circuit,” Phys. Rev. Lett.,
vol. 107, p. 053602, Jul 2011.

[96] E. Z. Casalengua, J. C. L. Carreño, F. P. Laussy, and E. d. Valle, “Conventional and Un-
conventional Photon Statistics,” Laser Photonics Rev., vol. 14, no. 6, p. 1900279, 2020.

[97] P. Lodahl, S. Mahmoodian, S. Stobbe, A. Rauschenbeutel, P. Schneeweiss, J. Volz, H. Pich-
ler, and P. Zoller, “Chiral quantum optics,” Nature (London), vol. 541, no. 7638, pp. 473–
480, 2017.

[98] M. Hafezi, E. A. Demler, M. D. Lukin, and J. M. Taylor, “Robust optical delay lines with
topological protection,” Nat. Phys., vol. 7, no. 11, pp. 907–912, 2011.

[99] M. Hafezi, S. Mittal, J. Fan, A. Migdall, and J. M. Taylor, “Imaging topological edge states
in silicon photonics,” Nat. Photonics, vol. 7, no. 12, pp. 1001–1005, 2013.

16


