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The topologically protected one-way edge modes for light show a way to manipulate the interaction
between a single photon and a quantum emitter. We systematically study single-photon quantum optics
in a topological waveguide supporting the frequency-dependent one-way edge mode at the boundary of a
dynamically modulated photonic system, and compare the results of the single-photon interacting dynam-
ics with the quantum emitter in a unidirectional waveguide. As a major difference, a photon in a topological
waveguide propagates around the resonant site coupled to the quantum emitter due to the topological pro-
tection. Our results show that, despite different subtleties, photon-emitter interactions for one photon at
the edge mode and for one photon propagating in a unidirectional waveguide hold similar features. In
addition, we consider the interaction between the photon and a A-type three-level quantum emitter in
the topological waveguide, where we show the nonlocal correlated photon-state generation as well as
the single-photon reflection with the frequency conversion. Our work provides insight for understanding
the interaction between the topologically protected unidirectional-propagating photon and the quantum

emitter, which holds promise for potential applications in quantum-information processing.
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I. INTRODUCTION

Manipulation of the interaction between a single pho-
ton and a quantum emitter is beneficial for quantum-
information processing, which has attracted great interest
in the field of quantum optics [1]. Strong coupling can
be achieved in the waveguide quantum electrodynamics
platform, where the photon state in a waveguide inter-
acts strongly with a quantum emitter [2—15]. In particular,
recent developments in photonic nanostructures make a
chiral photon-emitter interacting process possible, which
leads to the research field of chiral quantum optics point-
ing to the nonreciprocal control of light-matter interaction
[16-21]. Among different technologies, the construction of
a specially engineered photonic crystal waveguide shows
an efficient way to couple the photon with the directionality
dependent on the helicity of the transition of the quantum
emitter [19].

Topological photonics has been extensively explored,
where the topologically protected one-way edge states pro-
vide a powerful approach for generating unidirectional
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photon transport that is robust against disorders [22]. It
has been found that all-dielectric materials can be used to
design topological photonic structures [23,24], supporting
helical edge states with photon spin-dependent propaga-
tion directions [25]. Such helical edge states, when coupled
with a nonreciprocal quantum emitter, can be used to
achieve chiral single-photon quantum optics [25]. More-
over, topological one-way waveguide is capable in design
at microwave frequencies in Weyl systems with the protec-
tion by the second Chern number [26]. On the other hand,
one-way edge states can also be created using the effective
gauge field generated by dynamically modulating photonic
structures with proper phase distributions in either spatial
space [27—29] or synthetic space [30—34]. In this dynamic
photonic structure, the topologically protected one-way
edge states can be prepared on demand.

In this paper, we study single-photon quantum optics
in dynamically modulated photonic structures support-
ing one-way edge states and hence forming topological
waveguides. Even though one-way edge states exist on
the edge of a two-dimensional system [35], we show
that light-matter interaction in these one-way edge states
can be largely described using a one-dimensional chiral
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waveguide model. In addition, we consider the photon-
atom interaction of a A-type three-level atom in the
topological waveguide where we explore the nonlocal cor-
related photon-state preparation and study the frequency
conversion process. Our work provides a theoretical
approach to study properties of single-photon transport in
topological waveguides, and highlight some of the oppor-
tunities for the manipulation of the single-photon transport
as created from the tunability in dynamically modulated
photonic structures. Such opportunities are potentially use-
ful for quantum communication and quantum computation
[36-39].

II. FORMALISM

We start with introducing formalisms for photon-emitter
interactions in the topological waveguide and the one-
dimensional unidirectional waveguide, respectively. Here,
by topological waveguides, we refer to the edge states of a
two-dimensional system in Fig. 1(a). The Hamiltonian (1)
then describes a two-dimensional system. In contrast, by
one-dimensional unidirectional waveguide, we consider a
true one-dimensional system in Fig. 1(b), which can be
described by the one-dimensional Hamiltonian (6).

We first consider a topological waveguide, which can be
achieved in photonic systems undergoing dynamic mod-
ulations. As shown in Fig. 1(a), the distribution of mod-
ulation phases being 6, = n6 along the x axis gives the
effective magnetic field, where 7 is an integer labeling the
site number along the x direction. Such a lattice can be
achieved either in a two-dimensional photonic crystal [27]
or a one-dimensional ring resonator array [31] with the
refractive index of resonators being modulated. For the lat-
ter case, the square lattice shown in Fig. 1(a) is in the
synthetic space, where the vertical axis gives the synthetic
dimension along the frequency axis. Moreover, artificial
boundary can be constructed along the frequency axis of
light [33] and the transition frequency of the quantum emit-
ter is assumed to be only near-resonant with the resonant

(a) ()

frequency at the artificial boundary. At the upper bound-
ary, we place a two-level quantum emitter (or atom), with
the excited state |e) and the ground state |g), coupling with
the lattice at the site (m,n) = (0,0), where m is an integer
labeling the lattice site along the y axis. Such a system can
be described by the Hamiltonian [27,31]:

¥ f —inf
H= Zg (cm,n—o—lcmﬂ + Cm—o—l,ncmﬂe "+ HC)

m,n

+ Z wOCyTn’ncm,n + Weg |€> (e|

m,n

+ K (CZ,O + CO,O) (oy +0-), (1)

where c:;,n(cm,n) is the Bosonic creation (annihilation)
operator for optical mode on the site (m,n), o ) is
the atomic raising (lowering) ladder operator, wy is the
resonant frequency for the mode on the site (m,n), and
w.g 18 the atomic transition frequency. g corresponds to
the coupling strengths between two nearest-neighbor sites
and « corresponds to the interaction strength between the
quantum emitter and the optical mode at the site (0,0).
Here, we set i = 1 for simplicity. Under the rotating-wave
approximation, the Hamiltonian, Eq. (1), becomes

_ i i —inf
Hrwa = E g (cm,nﬂcm,n + Cppi1 pCmne + H.c.

m,n

+ Ale) (el +x (cfgo + 004 ), @

where we define the detuning A = w.; — wy. The single-
excitation state of the topological-waveguide system is

=Y a0}, 10,80 +w®10,e),  (3)

m,n

where v,,, is the probability amplitude at the site (m, n)
and w is the probability amplitude for the quantum emitter

FIG. 1. (a) Schematic of a two-level
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at the excited state. The Schrédinger equation id |V) /dt =
Hgrwa |V) yields the following equations of motion:

i)m,n ) = —ig [Um,n—l ) + Um,n+1 ® + Um—1,n ® eiine
FUniia (1) €] = iew () 80850, (4)
Vo (1) = —iAw (t) — ikvog (1) . (5)

For comparison, we also model the photon-emitter inter-
action in the unidirectional waveguide as shown in
Fig. 1(b). Under the linear-dispersion approximation and
the rotating-wave approximation, the real-space Hamilto-
nian that describes this system takes the form [2,21,40]

H= /dx {—ivgcje (x) %CR x)
+18 (1) [ch @ o +orce @]} + Ale) el (6)

where c}g (x) is the creation operator that creates a right-
propagating photon at x, and cg (x) is the corresponding
annihilation operator. The single-excitation state of the
unidirectional waveguide system is

|%=/wmmm$mw@+w@mw.0)

Hence, with the Schrédinger equation, ¢z (¢,x) and w (¢)
follow the equations of motion:

0

d
(5+%5)mmm=4w@mm, ®)

w () = —iAw (f) — ik / dxs (x) ¢g (1,x) . 9)

We then use the formalisms established above to explore
the single photon interacting with the two-level quantum
emitter in the topological waveguide and the unidirec-
tional waveguide, respectively, by numerically solving
Egs. (4), (5) and (8), (9). For the topological waveguide
platform, we choose a lattice size 10 x 51, where m =
0,—1,...,—9,n=-25,-24,...,25,and 0 = 0.57. The
choice of the phase distribution supports an effective mag-
netic field and hence breaks the time-reversal symmetry of
the system. The topological properties can be shown from
the band structure as shown in Fig. 1(c), which is calcu-
lated by considering a strip with m € [—50, 0] and » being
infinite. The band structure is plotted versus the wavevec-
tor k,, showing topologically protected edge states in gaps
between bulk bands [27,31]. In particular, as labeled in
color in Fig. 1(c), there are a pair of edge states on the

upper boundary of the lattice, with different (right- and
left-propagating) directionalities. The wavepacket of the
single photon is injected at the site (0, —8), with the carrier
frequency shift € = w. — wy = —2g and the pulse band-
width § = 0.089g, to excite the right-propagating edge
state. The two-level quantum emitter is chosen to be res-
onant with the carrier frequency of the photon (wes —
. = 0) and has the interaction strength x = 0.2g in our
simulations. Therefore, the initial state can be written as
W (0)) = 10, g). The transmitted signal is collected at the
site (0, 6).

ITII. PHOTON TRANSPORT IN WAVEGUIDES
INTERACTING WITH A TWO-LEVEL ATOM

Figure 2(a) shows the spectra of the transmitted
wave in the topological waveguide without the atom
(|E? (weg — )|) and transmitted wave (|Er (wee — @) |)
for the photon propagating through the waveguide inter-
acting with the atom. One can see that the transmitted
spectrum follows the Gaussian shape, which gives a 100%
transmission due to the one-way feature of the edge mode.
For the frequency component near w,g, the pulse of the
photon experiences highly dispersive propagation due to
the coupling with the quantum emitter. Since the quan-
tum emitter is populated at the ground state for the initial
and final stage, the transmission process in this system can
be treated as a linear system, with the frequency response
defined as H (w) = E7 (w) /E; (w), where E; (w) is the
incident spectrum. One hence has the standard group delay
as [41]

do (w)
do

(10)

ty (w) =

where @ (w) = —ArgH (w), indicating the time delay of
the peak of pulse traveling through the system. We plot

(b s
z 9
s s
S
. N
= -
5o =
T 02 :i
¥ e
0.0/ =5 2% 37 0.0 15 o
T 010 005 0.00 005 0.00° %y 010 ~0.05 000 0.05 000"y
- (a)ag-a))/g =~ (a)eg-(o)/g ~
FIG. 2. Single-photon transport dynamics in (a) the topologi-

cal waveguide and (b) the unidirectional waveguide, with trans-
mitted field spectra of waveguides interacting with the atom
(|E7], red dash lines) compared to waveguides without the atom
(|E9 , black solid lines) against the left vertical axis, the spectral
phase (@, green dash-dotted lines) and the group delay (Z,, blue
dotted lines) for the transmitted field in the waveguide interacting
with the atom against the right vertical axis. The atomic transition
frequency is w,, = w, and the interaction strength is k = 0.2g.
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tg (weg — ) and @ (weg — ) in Fig. 2(a). One can see
the maximum of #, is at the transition frequency of the
quantum emitter. In simulations, one finds that the photon
propagating through the upper boundary of the lattice uni-
directionally without scattering back by the defect, which
is the site (0,0) coupled with the quantum emitter in
this case. Moreover, the photon is absorbed by the quan-
tum emitter even though it propagates following the edge
state of the system, and then is re-emitted by the quantum
emitter, which exhibits features of the group delay in plots.

To understand the transport features in the topological
waveguide, we next simulate the photon-emitter interac-
tion in a unidrectional waveguide and compare results in
both platforms. Equations (8) and (9) are used to perform
simulations with the same parameters, but v, = 1.15a x g
with a being the lattice spacing of the topological waveg-
uide such that the pulse propagating in the unidirectional
waveguide without the quantum emitter exhibits the same
group velocity as that in the topological waveguide. The
initial state is |¥ (0)) = |0, g). Simulation results are plot-
ted in Fig. 2(b). One notices that the properties of the
spectra and the group delays are similar to those for the
topological waveguide, except for an additional spectral
phase. Nevertheless, there is a natural question arising in
the comparison of photon transports in topological and
unidirectional waveguides: in the topologically protected
edge mode, the photon is supposed to propagate around
the defect, i.e., the site (0, 0) where the emitter is coupled,
which is different from the chiral mode in the unidirec-
tional waveguide, where the photon propagates through the
position at x = 0 and interacts with the quantum emitter
directly. Therefore, does the photon still interact efficiently
with the quantum emitter, which is coupled with the site
(0, 0) in the topological waveguide? To address this ques-
tion, in the following we study the parameter regime in
detail.

In Fig. 3, we show changes of the delay v between
the emitted field and the input field (which is defined
in the inset) as well as the total excitation, f Peedt, for
two types of waveguides, and also the normalized com-
parisons AT/t = (ftopological - funidirectional) / Ttopological and
similarly defined A [ pedt/ [ pe.dt between two waveg-
uides versus x. One can see that the delay t is large for
smaller «, and it decays towards zero once k is increased.
The relative difference A7/t shows that it is almost zero
for smaller « but it goes up to approximately 15% for x ~
g. The total excitation of the quantum emitter shows a rel-
atively large excitation when x ~ 0.1g. For k ~ g, it goes
to zero. The relative difference in two waveguides shows
approximately —5% at « = 0.1g, decreases to approxi-
mately 0 at « ~ 0.22g, and then increases to approximately
8% atk ~ g.

The dependencies of the group delay 7, (a)eg — a)) ver-
sus k are shown in Fig. 4. One can see that #, in both
waveguides exhibit a positive group delay for the majority
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FIG. 3. (a)Delay 7 (defined as the schematic in the inset), and

(b) the total excitation [ pe.d? for the topological waveguide (red)
and the unidirectional waveguide (black) versus the interaction
strength «. The relative differences (blue) between two types of
waveguides defined in the text are also given against the right
vertical axis.

of the parameter regime in the w-« space, but a large
peak near the resonant frequency w ~ w,, for small «.
In Fig. 4(c), we also plot the normalized comparison
Al‘g/ tg = (fg topological — tg,unidirectional)/ tg topological - It shows
that the relative difference At,/f, gives a positive value up
to approximately 17% for large «, while gives the nega-
tive value for smaller « at the nonresonant frequency. With
the proper choice of parameter, one can find the differ-
ence Af, — 0 between two waveguides. The group delay
exhibits a symmetric pattern over the detuning w., — @
for the unidirectional waveguide [see Fig. 4(b)]. However,
t, does not give a symmetric pattern for the topologi-
cal waveguide, because the dispersion of the excited edge
mode is not linear. Besides these subtleties with < 20%
difference discussed above, the overall features are very
similar in both waveguides.

The last question remaining is how to understand the
interaction between the light and the emitter while the
defect is introduced by the emitter and the topological edge
mode is supposed to propagate around it. We show the typ-
ical distribution of the field in a topological waveguide for
k = 0.2g in Fig. 5(a), which is a snapshot in the simula-
tion at # = 164.95g~!. The field intensity |Eg|? at the site
(0, —1), which is beneath the site (0, 0), gives a maximum
value around this specific time. We see that the edge mode
of the field propagates around the lattice site (0, 0). Figure
5(b) plots the normalized total intensity of |Ez|*> versus
k. For smaller «, the intensity is relatively small, and it
gradually increases and becomes saturated at « ~ 0.6. This
behavior is consistent with the change of the excited pop-
ulation in Fig. 3(b), as for smaller «, more population
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FIG. 4. Group delay #, in (a) the topological waveguide, (b)
the unidirectional waveguide, and (c) the relative difference of
the group delay At,/t, between two types of waveguides versus
Weg — w and k.

is excited while less field goes through the site (0, —1).
These results give reasonable explanations: for larger «,
the defect from the emitter behaves strongly, so the edge
mode is propagating around the defect and the excitation
of the emitter is small; on the other hand, for smaller «,
such a defect disturbs the system weakly, and hence light
can propagate through the site (0,0) and interact directly
with the emitter.
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FIG. 5. (a) Snapshot of field-intensity distribution in a topo-
logical waveguide for k¥ = 0.2g and ¢ = 164.95g~!. The lattice
site interacting with the resonant quantum emitter is indicated.
(b) Normalized total intensity of the field at the site (0,—1)
beneath the interacting site (0, 0) versus «.

IV. CORRELATED PHOTON STATE
GENERATION

Due to the similarity of photon-matter interactions in
both the topological waveguide and the unidirectional
waveguide, the topological waveguide gives a good can-
didate for manipulating the single-photon state. In this
section, as an example, we show that one can generate a
correlated single-photon state in the topological waveguide
coupled with a A-type quantum emitter, where two modes
of the photon correspond to two edge modes at the same
edge, but with opposite directionalities and with different
frequencies, shown in Fig. 1(c). Here, the single-photon
state reads

1
V1+Inl?

where the state [1,0z) (]0.15)) describes one photon prop-
agating towards left (right) while no photon propagating
towards right (left). |n|* corresponds to the ratio between
two states. Equation (11) describes a nonlocal correlated
photon state. This state is analogous to a state that is gen-
erated by sending a single photon through a beam splitter
[36], and hence |1|? can be associated to the reflectivity of
the beam splitter. However, here in the state of Eq. (11)
the two basis states are at different frequencies. Successful
preparation of such a correlated single-photon state in Eq.
(11) with different |n|? is useful for demonstrating quan-
tum logic gates [42—46] and for developments of quantum
technologies in quantum communication [47] and quantum
computation [48].

To generate the correlated single-photon state in Eq.
(11), we propose a A-type quantum emitter coupled with
the site (0,0) in the topological waveguide we discuss
above [see Fig. 6(a)]. The system can be described by the
Hamiltonian:

H = Zg <Cjn,n+lcm7” + C:r,,+],ncm,ne_in6 + HC)
m,n

W) = (110g) +n10.1z),  (11)

— Arlg) (g1l — Az lg2) (g2l

+ K1 (CS,OGI* + C0,00’1+) + K2 (CS,OUZ* + C(),()O’er) R

(12)

where k(o) denotes the interaction strength between the
transition |e) <> | gl(z)) and the optical mode at the site
(0,0). wy is chosen to be the corresponding zero energy

point in the band structure shown in Fig. 1(c). Ajp) =
Wegyp) — @o- We consider the state of the system as

W) => v, Oc,10.2)

+ Y v, (¢, 10.g) +w (@) 0,e),

m,n

(13)
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FIG. 6. (a) Schematic of an initially excited A-type quan-
tum emitter interacting with a topological waveguide under the
dynamical modulation. The spectra of the detected fields at the
left (green) and right (red) detection points for (b) k; =k, =
0.05g and (c) k1 = 2k, = 0.05g.

and perform simulations with initially preparing the quan-
tum emitter populated at the excited state |e), which can be
achieved by driving the quantum emitter with a classical
pump pulse. There is no input photon and we place two
detectors at sites (0, —6) and (0, 6), respectively. Parame-
ters for the topological waveguide here are chosen to be the
same as those in the simulation for Fig. 2. For transitions
in the quantum emitter, we set A; = 2g and A, = —2g,
which corresponds to the edge states in the top and bottom
gaps in Fig. 1(c), respectively.

We plot the simulation results with k; = x, = 0.05g and
k1 = 2k, = 0.05¢ in Figs. 6(b) and 6(c), respectively. For
the case with k| = k,, one can see that the signal at the
left detector shows a major peak near the frequency shift
2g while the signal at the right detector shows a major
peak near the frequency shift —2g. Two peaks at the same
strength indicate that the possibilities of generating the
photon at the frequency shift £2g propagating towards
left and right are the same. Since there is only one quan-
tum emitter coupled with the topological waveguide, only
one photon can be generated at a certain time window.
Hence, we demonstrate the generation of the correlated
photon state in Eq. (11) with ||? = 1. As for the case with
k1 = 2k, one notices that the peak of the signal from the
left detector is larger than the peak from the right detec-
tor. Therefore, it corresponds to the single-photon state Eq.
(11) with |n]> = 0.25.

The phase difference between the left-propagating pho-
ton state and the right-propagating photon state is fixed. In
principle, it can be adjusted by designing dipoles between
transitions |e) <> | g (2)> in the quantum emitter carrying

extra phase factors. Moreover, the edge states are topolog-
ically protected [27,31] in our proposal for the generation
of such a nonlocal correlated photon state with the extra
tunability of ||?. Such a state consisting of a linear super-
position of a single photon propagating at two different
directions can not be achieved in the unidirectional waveg-
uide considered above. The frequency difference between
two states can reach from 10 MHz to 10 GHz in the dynam-
ically modulated photonic systems [49—53]. Moreover,
it does not require radiative transitions in the quantum
emitter with opposite polarizations under the magnetic
field [25].

V. SINGLE-PHOTON REFLECTION WITH THE
FREQUENCY CONVERSION

In this section, we study the interaction between an
injected photon inside the topological waveguide and the
same A-type quantum emitter described in Fig. 6(a) in the
previous section. We choose the injected photon to be res-
onant with one of the transition in the emitter and explore
the critical coupling conditions for the reflection of the
single-photon state with its frequency getting converted. In
our numerical setup, we assume that the quantum emitter is
initially prepared in one of ground states, i.e., |22). A Gaus-
sian pulse with the central frequency at wy — 2g (resonant
with the transition |e) <> |g;)) and the width § = 0.089¢g
is injected from the left side of the topological waveguide,
which excites the corresponding right-propagating edge
mode. The photon can therefore excite the emitter and the
resulting emission gives either a right-propagating photon
at the input frequency or a left-propagating photon in the
vicinity of the frequency wy + 2g.

In Fig. 7, we summarize the simulation results with a
fixed k, = 0.1g, 0.2g, respectively, and «; being tuned.
Figures 7(a) and 7(b) plot the normalized spectra of the
left-propagating emission and right-propagating emission
for k, =0.1g and «k; = 0.2g with Awpy) =0 — wo +
(—)2g. For the left-propagation reflection, the frequency
of the photon state is shifted. One can see that there is
a dip for the spectrum of the right-propagating emission
and a hip for the spectrum of the left-propagating emission
near the resonance. The width of the dip (hip) is dependent
on both «; and «;. Nevertheless, the dip for the right-
propagating transmitted spectrum drops to zero only for
the case x| = k; for both x; = 0.1g and «; = 0.2g on the
resonance, where the reflection is up to 1 but its frequency
is changed. To better see the critical coupling condition
for the frequency conversion in the system, we plot the
field amplitude corresponding to the right and left emis-
sion at the resonance (Awg/; = 0) versus «; in Figs. 7(c)
and 7(d) for x; = 0.1g and «,; = 0.2g, respectively. The
critical coupling indeed happens at x; = k,. It indicates
that the input photon at the frequency wy — 2g propagating
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FIG. 7. Normalized spectra of the output left-propagating
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and the output right-propagating emission (dotted lines against
the right vertical axis) versus Awy for (a) k, = 0.1g and (b)
ky = 0.2g, with varying «; = 0.05g (black), 0.1g (blue), 0.2¢g
(cyan), and 0.4g (magenta). Awgq) = @ — wy + (—)2g. The res-
onant amplitude of the output left-propagating emission (green)
and the output right-propagating emission (red) versus «; for
(c) ko = 0.1g and (d) x, = 0.2g. The spectra are normalized by
the transmitted spectra as a function of Awyg in a topological
waveguide without the atom.

towards the right can be fully transferred to an emitted pho-
ton at the frequency wy + 2g propagating towards the left.
Here, we demonstrate the frequency upshift while a right-
propagating single photon is fully reflected. Similarly, a
left-propagating photon resonant with the |e) < |g;) tran-
sition can also get fully reflected while its frequency is
downshifted.

Moreover, we consider that the physical system is
unchanged but all signs of phases in external modulations
are changed. In this case, the direction of the effective
magnetic flux is flipped, and then the edge mode near
the resonant frequency wy + 2g is right propagating while
the edge mode near wy — 2g is left propagating. Hence,
all spectra studied above for the single photon interact-
ing with the A-type quantum emitter inside the topological
waveguide will be flipped with the mirror symmetry.

VI. SUMMARY

In summary, we provide a detailed schematic theoreti-
cal study of the single-photon interacting dynamics with
the quantum emitter in different types of waveguides. In
particular, we consider a topological waveguide, which is
associated with the one-way edge mode at the boundary of
a dynamically modulated photonic system. The lattice size
of such a two-dimensional photonic system is quite flexible
for potential experimental implementations since signa-
tures of edge states preserve if one decreases the number of
layers of the lattice [53]. By placing a two-level quantum
emitter inside the waveguide, the transport property of the

single photon exhibits a similar feature to that in a unidirec-
tional waveguide, regardless of the fact that the topological
protection makes the wavepacket of the photon transmit
around the defect, i.e., the resonant site coupled with the
quantum emitter. Different to the topological chiral waveg-
uide, where photon with different chirality propagates at
opposite directions [25], the dynamically modulated pho-
tonic systems potentially provide reconfigurable function-
ality [54] and exhibit frequency-dependence one-way edge
modes. It therefore provides a unique platform for us to
propose the generation of the nonlocal correlated photon,
where the system serves both functionalities of the photon
generation and the beam splitter with the tunable reflec-
tivity and hence exhibits potential applications in quantum
communication and quantum computation. Moreover, one
can achieve the full reflection of a single photon with
its frequency converted. Our work serves the purpose for
understanding the interaction between the topologically
protected unidirectional-propagating photon and the quan-
tum emitter, and holds promise for future applications
towards quantum-information processing in the photonic
platform with the rapid-developing dynamic modulation
technologies in the real space [49—51,55,56] and in the
synthetic space [52,53].
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