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Abstract

The purpose of this paper is to present a comprehensive study of a coherent feedback
network where the main component consists of two distant double quantum dot (DQD)
qubits which are directly coupled to a cavity. This main component has recently been
physically realized (van Woerkom, et al., Microwave photon-mediated interactions between
semiconductor qubits, Physical Review X, 8(4):041018, 2018). The feedback loop is closed
by cascading this main component with a beamsplitter. The dynamics of this coherent
feedback network is studied from three perspectives. First, an analytic form of the output
single-photon state of the network driven by a single-photon state is derived; in particular, it
is observed that coherent feedback elongates considerably the interaction between the input
single photon and the network. Second, excitation probabilities of DQD qubits are computed
when the network is driven by a single-photon input state. Moreover, if the input is vacuum
but one of the two DQD qubits is initialized in its excited state, the explicit expression of
the state of the network is derived, in particular, it is shown that the output field and the
two DQD qubits can form an entangled state if the transition frequencies of two DQD qubits
are equal. Finally, the exact form of the pulse shape is obtained by which the single-photon
input can fully excite one of these two DQD qubits at any controllable time, which may be
useful in the construction of 2-qubit quantum gates.

keywords. single-photon state, double quantum dot qubit, quantum coherent feedback

network, quantum control, open quantum systems

*School of Mechanical Engineering and Automation, Harbin Institute of Technology (Shenzhen), Shenzhen,
China (dongzhiyuan@hit.edu.cn).

tSchool of Automation Science and Engineering, South China University of Technology, Guangzhou, China
(aucuiwei@scut.edu.cn).

fGuofeng Zhang is with the Department of Applied Mathematics, The Hong Kong Polytechnic University,
Hong Kong (e-mail: guofeng.zhang@polyu.edu.hk).



1 Introduction

In the past few decades, quantum control has attracted much attention due to the rapid develop-
ment of quantum information science and technology. Efficient manipulation of the interaction
between photons (flying qubits) and finite-level quantum systems (stationary qubits) is neces-
sary for quantum control which enables quantum communication [17], quantum network [23]
and quantum filtering [3]. With the advancement of technology in quantum optics, the ultra-
strong coupling regime of quantum light-matter interaction is currently an active research field
[4, 25, 15]. The interaction between a DQD qubit and a nearby quantum point contact (QPC)
is investigated in [9, 10]. Particularly, Lyapunov-based control method is used in [9] to transfer
the charge qubit to its target state. In [10], the master equation for a DQD qubit is derived and
the measurement-induced backaction is considered. Moreover, a Hamiltonian feedback control
law is proposed to realize and stabilize the current convergent to the target value.

As the flying qubits, single photons are a promising candidate for quantum information pro-
cessing. For example, the strong nonlinear interaction between photons and optical emitters can
be used to engineer a single-photon transistor [6]. The operation principle of the single-photon
transistor is to use either zero or one photon in the storage step, then the subsequent trans-
mitted or reflected photons are controlled by the conditional flip of the “gate” pulse. Another
single-photon transistor is introduced in [27] to setup a circuit quantum electrodynamical (cir-
cuit QED) model, which consists of two two-level systems. Although no photons are exchanged
between the two transmission lines in this circuit, one photon can completely block or enable
the propagation of the other by the interaction between the two two-level systems. Recently,
the realization of an optical transistor is given in [7], which consists of a four-level system and
a stored photon to control the transmission of source photons.

From a control-theoretic point of view, analysis of quantum systems’ response to single-
photon states is an essential aspect of control systems engineering. The interaction of quantum
systems with single-photon states has been extensively studied, see e.g., [33, 13, 31, 42, 30, 44].
The transmission and reflection probabilities in terms of the stationary output photon state
are discussed by using the scattering matrix [33, 13, 31]. In [30], an analytical expression of
the output field state is derived for a class of quantum finite-level systems driven by single-
photon input states. Interestingly, it is shown that quantum linear systems theory [12, 13]
can be adopted to derive the pulse shapes of the output single-photon states. On the other
hand, the problem of quantum filtering for systems driven by single-photon states has been
attracting growing interest due to their promising applications in quantum communication and
measurement feedback control, see e.g., [19, 5, 11, 45, 12] and references therein.

Recently, the microwave photon-mediated interactions between semiconductor qubits have
been physically implemented in [36, 2, 38]. In this paper, we study an open quantum system

which has recently been physically implemented on a semiconducting platform [36]. In this



system, two double quantum dots (DQDs) are modeled as two charge qubits. These two DQD
qubits are separated from one another; however they are both directly coupled to a microwave
cavity. In other words, the cavity enables information exchange between the distant two DQD
qubits, which is important for quantum information processing. In [36], the dynamics of this
system is studied when it is driven by a laser (namely a coherent state). In this paper, we are
interested in its dynamics when it is driven by a single photon. For easy reference, this system
is called the coupled system G in our paper. Moreover, we cascade a beamsplitter with G to
form a quantum coherent feedback network as shown in Fig. 1, and aim to study the dynamics
of this coherent feedback network. The contribution of this paper is three-fold as summarized
below.

Firstly, an analytic expression of the output single-photon state is derived when the coher-
ent feedback network is driven by a continuous-mode single-photon state; see Theorem 1. To
establish this result, the Routh like table and the Sign Pair Criterion (SPC) developed in [31]
are utilized. Moreover, techniques for single photon processing developed in [12, 30] are also
employed. Theorem 1 is illustrated by using a single photon of an exponentially rising pulse
shape to drive the coherent feedback network. Differences among red detuned, blue detuned,
and red+blue detuned dynamics are demonstrated. In particular, it is observed that coherent
feedback is able to elongate considerably the interaction between the input single photon and
the system.

Secondly, the excitation of the DQD qubits by a single-photon input state is investigated.
In particular, it is demonstrated that red+blue detunings allow higher excitation probabilities.
Moreover, assuming that one DQD qubit is initialized in its excited state while the coherent
feedback network is driven by a vacuum input, an explicit form of the state of the coherent
feedback network is derived by means of the quantum stochastic Schrodinger equation (QSSE).
In particular, when the transition frequencies of the two DQD qubits are equal to each other, it
is shown that the output field and the two DQD qubits form an entangled state; see Theorem
2. This interesting phenomenon cannot occur if there is only one DQD qubit in this coherent
feedback network.

Finally, we study the problem of how to fully excite a DQD qubit by using a single photon
with a special designed pulse shape; see Theorem 3. To derive this result, both the Schrodinger
picture and the Heisenberg picture of open quantum systems have to be used together. A related
problem is studied in [29], where it is shown how to design a single-photon pulse shape to excite
an atom residing in a cavity (Cavity QED).

The rest of this paper is organized as follows. Some preliminaries are summarized in Section
2, which include notation to be used, open quantum systems and single-photon states. The
quantum coherent feedback network is presented in Section 3. The steady-state output field

state of the coherent feedback network driven by a single-photon input is derived in Section



4. Section 5 presents the master equations for the 1st DQD qubit and discusses the changes
of excitation probability with various system parameters. A single-photon inverting pulse is

designed in Section 6, which is able to fully excite a DQD qubit. Section 7 concludes this paper.

2 Preliminaries

In this section, we introduce the notation to be used in this paper. A concise introduction to
open Markovian quantum systems and continuous-mode single-photon states is also provided,
as the model studied in this paper lies in this framework.

Notation. Let i = v/—1 be the imaginary unit and |®g) the vacuum state of a free-propagating
field. Given a column vector of complex numbers or operators X = [z1,--- ,xn]T, the complex
conjugate or adjoint operator of X is denoted by X# = [z%,--- ,2*]T. Let XT = (X#)T. Clearly,
when n = 1, XT = X*. We use “f” instead of “¢” throughout this paper. [A, B] = AB — BA

denotes the commutator between operators A and B. Define two superoperators as

Lindbladian : Lo X £ —i[X, H] + DX,

(1)
Liouvillian : LLp = —i[H, p] + D}.p,

where DyB = ATBA — $(ATAB + BATA) and D4B = ABAT — 1(ATAB + BATA). We have
Tr[pLX] = Tr[X L p] for a density operator p and a bounded operator X. Finally, ® denotes

the tensor product.

2.1 System and field

Open Markovian quantum systems can be parameterized conveniently by the (S, L, H) formalism
[21, 18, 35, 41, 8, 22]. To be specific, for a quantum system driven by free-propagating Boson
fields, .S is a unitary operator for example a phase shifter or beamsplitter. The coupling between
the system and the fields is described by the operator L, and the self-adjoint operator H is the
initial system Hamiltonian. S, L, H are all operators on the system Hilbert space Hg. A free-
propagating field is described by its annihilation operator b(t) and creation operator bf(t) (the

adjoint of b(t)), which are operators on a Fock space Hp and satisfy the following properties
b(t) | @) =0, [b(t),b(r)] = [bI(t),b(r)] =0, [b(t),b'(r)] =d(t—7), Vt,reR.  (2)

The integrated annihilation operator and creation operator are defined as B(t) = fti) b(s)ds and
Bi(t) = ftto bf(s)ds, respectively, where tg is the time when the system and field start interaction.

An open quantum system exchanges energy/information with its environment — the free-
propagating Boson fields. Assuming S = I (the identity operator), the dynamical evolution

of the total system (the system of interest plus fields) can be described by a unitary operator



U(t,to) on the tensor product Hilbert space Hg ® Hp, which is the solution to the following
quantum stochastic differential equation (QSDE) [16, 3, 18, 20, 30]

dU (t, to) = {— (;LTL + zH) dt + LdB'(t) — LTdB(t)} Ult,to), t>to (3)

with the initial condition U(to,t9) = I. Let |¥U(t)) be the state (wavefunction) of the total

system at time ¢t > ¢g. Then in the Schrodinger picture it is well-known that
[W(t)) = U(t, to) [¥(to)) - (4)

On the other hand, we can also study the dynamics of the system in the Heisenberg picture.

Based on (3), the time evolution of a system operator X on Hg, defined as
J(X)=X() £ U)X 0 DU(1), (5)
is given by [3, 18, 20, 30]
djr(X) = ji(LaX)dt + ju([LY, X])dB(t) + 5 ([X, L)dB(¢). (6)

As terms dB(t) and dB'(t) are involved in the time evolution of j;(X), it is an operator on the
tensor product Hilbert space Hg® Hp. In this way, the system takes information from the input
fields. After system-field interaction, an output field is generated, which in the input-output

formalism is given by [3, 18, 20, 30]
ABow (1) = L(t)dt + dB(2), 7)

where Boy;(t) = UT(I ® B(t))U(t) denotes the integrated output annihilation operator. Clearly,
Bout(t) is an operator on the tensor product Hilbert space Hg ® Hp. Thus, the output fields
carry the system’s information which can be measured. More discussions on open quantum
systems can be found in, e.g. [37, 39, 11, 1, 26, 28, 45].

2.2 Continuous-mode single-photon state

A continuous-mode single-photon state in the time domain can be defined as
|B1) £ BT (€) @), (8)

where £(t) is the temporal pulse shape which satisfies ||| £/ [* |€(t)]?dt = 1, and

e [ et (9)

Simply speaking, (8) means that a photon is generated by the creation operator bf(t) from

the vacuum |®g) with probability |£(¢)|?, thus the normalization condition ||£]| = 1 guarantees



that exactly one photon is generated. Fourier transforming (8), yields the continuous-mode

single-photon state in the frequency domain,
@)= [ elinlbllinldo 20). (10)

where square brackets are used to indicate that the designated operators or functions are in the
frequency domain. Generally speaking, the continuous-mode single-photon state |®;) in (10)
describes a single photon which is coherently superposed over a continuum of frequency modes,
with probability amplitudes given by the spectral density function {[iw]. In other words, the
probability of finding the photon in the frequency interval [w,w + dw) is |£[iw]|?,
the probability of finding the photon in the time interval [t,t + dt) is [£(¢)|?. More discussions

on single-photon states can be found in, e.g., [24, 13, 32, 44].

or equivalently,

3 Coherent feedback network

In this paper we focus our sight on the dynamics of the quantum coherent feedback network as
shown in Fig. 1. In this section, we describe the mathematical model.

The coupled system G consists of two DQD qubits which are directly coupled to a microwave
cavity. The system G has been recently physically implemented in a semiconductor platform
[36]. It is worthwhile to notice that the two DQD qubits are separated from each other, thus
their interaction is mediated by the microwave cavity which plays the role of a bus. In this
paper, we add a beamsplitter which cascades with G, thus forming a coherent feedback network
with input by and output bs.

____________________________________________________
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Figure 1: Schematic of the coherent feedback network.

In the (S, L, H) formalism, the beamsplitter Sy, in Fig. 1 has parameters (Sp,0,0) where

[t

2 L (11)



with p being the reflection parameter (0 < p < 1). We consider the two DQDs are in the
Coulomb-blockade regime with strong intradot and interdot interaction, respectively. Thus,
each DQD can be spanned by two basis states |0) = [1,0) and |1) = |0,1). With furthermore
transformation, each DQD has a ground state |g) = a|0) — 5|1) and an excited state |e) =
B10) + a|1), where a and f represent the relationship between the coupling strength and the
energy offset. In this paper, a DQD qubit has a Hamiltonian of the from

.. (12)

Hpqgp = 5

where o, = |g)(g] — |e)(e| is a Pauli matrix, and wy is the transition frequency between |g) and
le), which is typically around 5 GHz [30, 15]. It should be noted that the transition frequency
wp is normalized as unit 1 throughout this paper. Therefore, the two DQD qubits in Fig. 1 are

expressed with the (S, L, H) parameters

1
(Spqp, , Lpgp, » HpgD, ) = (—, —) §5wkgz,k)7 k=1,2, (13)
where dwy = w —wp (kK = 1,2) is the detuning between the transition frequency wj of the
kth DQD qubit and the carrier frequency w, of the input field. Moreover, dw; > 0 means
the red detuning, while the blue detuning is effected by dwp < 0. As the DQD qubits are
directly coupled to the cavity, instead of fields, they have no S and L parameters. Under the

rotating-wave approximation (RWA), the Hamiltonian of the coupled system G is

2 2

Hgys = dwpa'a + % Z dwpo, i + Z grsin Oy (o_ ga' + oy ra), (14)

k=1 k=1

where dw, is the frequency detuning between the cavity and the input field, and o_ = |g) (e],
o4+ = |e) (g| are the lowering and raising operators of the DQD qubit. The third term in
(14) models the direct coupling between the two DQD qubits and the cavity. (A more detailed
description of direct coupling between quantum systems can be found in [10, 41]). The microwave
cavity is lossy, in other words, it exchanges energy with its environment. Let its coupling strength

be denoted by k. Then, in the (S, L, H) formalism, the coupled system G is parameterized as

2 2
(Ssys, Lsyss Hsys) = (1, Vka, dwrata + % Z dwpo 1 + ng sin Hk(a,,kaT + 0+7ka)> . (15)
k=1 k=1
Remark 1. The coupled system G has recently been physically implemented on a semiconducting
platform [70]. The system Hamiltonian Hgys in (15) is the same as that in [70], cf. [70, (C7)].
The system G studied in [70] is driven by a laser which is modelled as a coherent state with
amplitude «. In this paper, the input is either the vacuum or a single-photon state, in either of
these two cases o« = 0. As a result, the coupling operator in [30, (C13)] reduces to \/Kexca, which

is Lgys in (15) where k is used instead of Kext. Finally, the nonradiative losses and dephasing



processes are neglected in our paper. An interested reader may refer to [50] for more details
of the physics and practical implementation of the coupled system G. Finally, for notational

sitmplicity, we denote gi sin 8y by I'y in the remainder of this paper.

By means of the (S, L, H) parameters in Eq. (15), the quantum stochastic differential equa-

tions for the coupled system G in the Heisenberg picture can be derived as,

d_,l z‘éwl 0 —iFlaz,l 0_-1 0
O.',,Q - 0 ’L'(SU.)Q —'L.FQO'ZQ g2 - 0 bl,
a —iI'y =iy —idw, — % a \/E (16)
by = \/Ea + b1.

Clearly, (16) is a bilinear system. Let the coupled system G be initialized in the state |g1) ®
|g2) ®|0); in other words, the two DQD qubits are in their ground states and the cavity is empty.
Moreover, let the input field b; to the coupled system G be in the vacuum state |®). Denote

|®) = [91) ® |92) ®|0) ® | Do) , (17)

and X(t) =[ o_1(t) o_a(t) a(t) ]*. Then, following the proofs of Lemma 3 and Theorem 5

in [30], it can be shown that

(DX (1) = A(RIX () + B(®[ba(t),

(18)
ba(t) = CX(t) + b1 (),
where B=[0 0 —/k |7, C=-BT, and
i&wl 0 —iFl
A=| 0  idwy  —ily : (19)

K

—iFl —iFQ —iéwr—§

Next, we look at the closed-loop system. The beamsplitter Sy, in Fig. 1 is a static system,

— b()
s[4 -

By the linear fractional transform |11, Section 4.4], the coherent feedback network in Fig. 1 can

be expressed in the (S, L, H) formalism as

1—
(Stotala Ltotal; Htotal) = <17 \l ﬁLsym Hsys> . (21)

Remark 2. By comparing the (S, L, H) parameters (21) of the quantum coherent feedback net-
work and (15) of the coupled system G, it can be seen that only the coupling operator has been



changed by the beamsplitter. More specifically, r is replaced with & = ;—Ziﬁ. Thus, the coupling
strength between the coupled system and the input field, or the decay rate of the cavity, can be
tuned by changing the beamsplitter reflection parameter p. Clearly, the coherent feedback network

reduces to the open-loop coupled system G when p = 0.

By (21), only the coupling strength is changed by the beamsplitter. As a result, similar to
(18), the QSDEs for the quantum coherent feedback network acting on (®| is

(X (1) = A(RIX () + B(®|bo(t),

N (22)
bs(t) = CX(t) + bo(t),
where
i5W1 0 —ZT‘l T
A=| 0 b, iy |, B=]o 0 —VR|, C=-B". (23)

—iFl —iFQ —i(swr—%

(Recall that & = *£x as defined in Remark 2.) System (22) is of the form of a linear quantum

1+p
system. By linear systems theory ([12, 28, 30]) we get
_ t
(®]balt) = Ce1 (@] X to) + [ gl — 7) (@] bo(r)dr (24)
to

where the impulse response function gx(t) is given by

5(t) + CeB, t >0,
~(t) = - 25
6t { ) o (25)
whose corresponding transfer function is
Gls] = 2T% (s — idwa) + 2T'3(s — idw1) + (s — i0w1 ) (s — i0ws) (28 — & + 2idw,) (26)

212 (s — idwa) + 2T'3(s — idwi) + (s — i0w1 ) (s — i0ws) (28 + & + 2idw,)’

It can be verified that G[s] is an all-pass filter, which only modulates the phase of the input
light. It can be easily seen that the coupled system G is an all-pass filter too.

4 The steady-state output field state

4.1 The steady-state output field state

In this section, assuming the coupled system G is initialized in the state |g1) ® |g2) ® |0) and
the input field by is in a single-photon state, we aim to derive an analytic expression of the

steady-state output field state in the output channel b3. We begin with the following lemma.

Lemma 1. All the eigenvalues of the matriz A have non-positive real part. Moreover, the matriz

A is marginally stable if and only if dwy = dws.



Proof. Firstly, as the eigenvalues of the matrix A+ AT are {0, 0, — &}, all the eigenvalues
of the matrix A have non-positive real part. In what follows, we show that the matrix A is
marginally stable if and only if dw; = dws. Let A be an eigenvalue of the matrix A. Then the

characteristic polynomial equation is

A+ (p1 4+ @1i) A2 + (p2 + q2i) A + (p3 + g3i) = 0, (27)
where
b1 = ’%7
g1 = 2(0w, — dwy — dwa),
Py = 4]_“% + 4F§ — 4dw1dws + 40w dw, + 40wodwy., (28)
g2 = —2R(dw1 + dwa),
p3 = —4/%5(.;)15(.«)2,
q3 = —S(F%(Swg + F%&m + dw1dwadwy).
The generalized Hurwitz matrix [34] is given by
p1ogqt p3 0 0
I qi p2 g2 0 0O
0 ) 0
M = Y41 Q22. p3 . (29)
0 1 qizv p2 g2 O
0 0 p1 @i ps O
0 0 1 qui p2 g3
Let A; be the j-th order determinant of M, j =1,...,6. Then the Routh like table gives
A
Ri=1, Ry=p1, Rj="1=,j=3,...,6. (30)
Aj_g

All the three pairs of points P; (R, R2), P2(Rs, R4), P3(Rs, Rg) have the same signs (Rs and Ry

are pure imaginary) is equivalent to
Ri1Rs >0, R3Ry <0, RsRg > 0, (31)

which is equivalent to dw; # dwy. Consequently, according to the Sign Pair Criterion (SPC)
[34], all the eigenvalues ); of system matrix A are in the L.H.S. of the complex plane if and only
if 6wy # dwsy. Thus, the matrix A is marginally stable if and only if dw; = dws. O

With the aid of Lemma 1, we are ready to prove the main result of this section.

Theorem 1. Let the quantum coherent feedback network be driven by a single-photon input
state (10), and the coupled system G be initialized in the state |g1) ® |g2) ® |0). Then the steady-
state (tg — —oo and t — o0) output field state of this quantum coherent feedback network is a

single-photon state with the spectral density function

nliw] = Gliw]éliw], (32)

10



where the transfer function G is given by (26).

Proof. The proof follows the techniques first developed in [12] for linear quantum systems
and further generalized in [30] to the quantum finite-level systems. The result holds if the

following critical conditions hold
C1. CeAlt=10) (B| X (t5) — 0 as ty — —oo;
C2. The transfer function G[s] has no roots on the imaginary axis.

Clearly, if the matrix A is Hurwitz stable, then both C1 and C2 are naturally satisfied.
Hence, by Lemma 1, it suffices to check the marginal stability case of dw; = dws. Let dwi =

dwo = dws. Then the system matrix A can be factorized as
A=V7TAY, (33)

where Ay = diag {\s1 , As2, As3} with the eigenvalues

)\slzi&us,

Nea = g |~ = 206w, + i) = (R o+ 2060, + @)~ 16(TF +T3)

s2= 7 [ =R = 2i(0wr + ws K+ 2i(0wr + ws 142/ (34)
1 - . ~ . 2 2 2

Mg = |~ = 260+ ws) /(5 + 20+ w0)) — 16(3 +T3)|

We denote V' = {v;;} and V1 = {w;;} with i,5 = 1,2,3. It can be directly calculated that
v13 = 0, vo3 = 1, v33 = 1, and w3; = 0. Consequently, we have
CeAt=10) (§| X (1) = OV LMV (B] X (tg) — 0, (35)

as tg — —oo. Thus, Condition C1 holds. Moreover, by means of (33) and (34), the impulse

response function gs(t) in (25) can be calculated as
9a(t) = 6(t) + CV LMV B = 5(t) — & <w326)‘52t + wggew) , >0, (36)

Consequently, the transfer function G[s] in (26) is of the form
~ w32k w3zk
G[s]=1-— — . 37
[s] P W (37)
As A\go and Ag3 are both in the L.H.S. of the complex plane, the roots of é[s] are in the L.H.S.

of the complex plane too. Thus, Condition C2 holds. Consequently, employing the techniques

developed in [12, 30] one can show that the steady-state output field state is a single-photon
state with pulse shape given in (32). O

We end this subsection with a final remark.
Remark 3. From the proof of Lemma 1, it is easy to see that Lemma 1 does not depend on the
specific value of K; hence it also holds for the matriz A. Moreover, when u = 0, the coherent
feedback network reduces to the coupled system G. As a result, Theorem 1 is also true for the

coupled system G.

11



4.2 Simulations for the pulse shape of single-photon output state

In this subsection, we illustrate Theorem 1 by driving the coherent feedback network with a

single photon of the rising exponential pulse shape

(3+iwp)t
5<t>={ Ve o jig (38)

where w), is the carrier frequency of the input light field. It can be shown that in the frequency
domain this pulse shape has the Lorentzian spectrum and « is the full width at half maximum
(FWHM), [24, 44]. In what follows, both the open-loop case (namely the coupled system G)
and the closed-loop case (namely the coherent feedback network) are simulated.

First, we look at the open-loop case. The simulation results are shown in Fig. 2. We have

the following observations:

e Firstly, it can be observed that the real parts of the output pulse shapes are monotonically
increasing for t < 0. When t > 0, they start to oscillate and eventually settle to 0; see the
black solid, red dot-dashed, blue dotted, and purple solid curves in Fig. 2(a). Recall that
the pulse shape of a single-photon state is the probability amplitude of the single-photon
state, which gives the probability of finding the photon. Hence, the oscillating nature of
the output pulse shape 7n(t) implies that the photon might be absorbed and emitted by
the two DQD qubits from time to time, thus giving rise to the quantum Rabi modes.
(This is indeed confirmed by the simulations in Subsection 5.1.) Rabi oscillations often
appear in the Jaynes-Cummings model (interaction between an atom and a resonator or
cavity), where the atom alternately emits photons into the resonator and reabsorbs them.
It is interesting to see that the Rabi-oscillation-like phenomenon can be observed in the
coupled system G driven by a single photon. It is noteworthy to mention that the quantum
state collapse and revival phenomena [/, 25] cannot emerge in this scenario as the photon

eventually leaves the system due to the lossy nature of the cavity.

e Secondly, the pulse shape of the output single photon for the red detuning case and that
for the blue detuning case have the same real parts (see the coincidence between the red
dot-dashed curve and the blue dotted curve in Fig. 2(a)); whereas their corresponding
imaginary parts are axisymmetric (see the red and blue dashed curves in Fig. 2(b)).
Consequently, the phases of the temporal pulse shapes of the output single photons in these
two cases are opposite to each other, which indicates that detunings affect significantly
phase-matching. Moreover, this is consistent with the all-pass filter property of the coupled

system G, in which only the phase of the output single-photon state is changed.

e Thirdly, when the three components are tuned into mutual resonance (dw; = dwe = dw, =

0), the imaginary part of the output pulse shape remains 0 all the time (the black dashed

12
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Figure 2: The green curve is

solid curve in Fig. 2(a) is the real part of the output pulse shape when the three components (two
DQD qubits and the microwave cavity) are tuned into mutual resonance dw; = dwy = dw, = 0,
the corresponding imaginary part is presented in Fig. 2(b) by the black dashed curve. Similar
descriptions are applied to the other three cases: red detuning (dw; = dws = 1 x 1073wyg), blue
detuning (dw; = dwy = —1 x 1073wyp), and red+blue detunings (w1 = 1 x 10 3wy, dwy =
—1 x 1073wp). The two DQD qubits are equally coupled to the cavity 'y = I'y = 1 x 10~ 3wy.

(@)

&(t)

Re[n(t)], dw1=6w,=6w,=0

------ Re[n(t)], 6wy=6w,=1x10"3wy

-------- Re[n(t)], 6wy=6w,=-1+10"2wp
Re[n(t)], wy=1%10"3wp, 6w, =- 6w

&)

Im[n(t)], Sw1=6wy=6w,=0

Im[n(t)], 6wy=6w,=1%10"3wy
Im[n(t)], dwy=6wa=-1%10"3wy
Im[n(t)], Swy=1x10"3wp, Swy=- 6wy

the pulse shape of the single-photon input state {(¢). The black

Moreover, k = v = 1 x 1073wp and dw, = 0.
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curve in Fig. 2(b)). The same result can be found when the detunings for these two DQD
qubits with the opposite signs (the purple dashed curve in Fig. 2(b)). Hence, phase shift
can be eliminated in these two scenarios. These phenomena can be verified theoretically.
Here we only demonstrate the mutual resonance case. Since the input pulse shape &(t)
in (38) is purely real, it suffices to prove that the impulse response function gg(t) is a

real-valued function. In the resonance case, g;(t) can be calculated to be

ga(t) =46(t) — K (cosh [%t} — gsinh [Zt}) e"it, (39)

where y = /w2 — 16(I'2 +T%). Clearly, no matter whether y is real nor not, gg(t) is
always a real-valued function. Therefore, in the case of mutual resonance, the imaginary
part of the output pulse shape remains 0 all the time. The case of red+blue detunings can

be easily verified.

e Finally, compared with the cases of mutual resonance, red detuning and blue detuning, the
oscillation of the output single photon is more obvious for the case of red+blue detunings
(the purple solid curve in Fig. 2(a)), which means that the incident photon escapes from
the coupled system much more slowly than that for the other three cases. Since the incident
photon escapes from the coupled system much slowly in the case of red+blue detunings,
it results in a relatively higher excitation probability for DQD qubits, which is shown in
Fig. 6 of Subsection 5.1.

Next, we look at the closed-loop case. Choose the beamsplitter reflection parameter p = 0.6.
The other parameters are set as those for Fig. 2. The simulation results are shown in Fig. 3. It
can be seen that in contrast to the open-loop case, the oscillations of both real and imaginary
parts of the output pulse shapes in all cases persist for a much longer time; in other words,

coherent feedback elongates the interaction between the system and the input single photon.

5 The excitation probabilities

In Section 4, we studied how the coherent feedback network in Fig. 1 processes a single photon
input. In this section we investigate a closely related problem: how the DQD qubits are excited
by an input single photon? In particular, we compute the excitation probabilities of the first
DQD qubit, thus it is named the target DQD qubit in this section.

5.1 The excitation probability of the target DQD qubit

In this subsection, we firstly present the reduced master equations for the target DQD, then we

demonstrate them by some simulators.
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(a)

1.0
— &(t)

0.8 Re[n(t)], 6wy =6w;=6w,=0
""" - Re[n(t)], 6wi=6w,=1x10"2wp

Co I I— Re[n(t)], 6wy=6w,=-1x10"2w,

0.4 Reln(t)], 6wi=1x10"3wp, Swo=- 6wy

0.2

0.0

-0.2
-5 0 5 10 15
wot

— &)

----- Im[n
----- Im[n(
----- Im[n
----- Im[n

)], Swq=6wp=6w,=0

t)], Swq=6w,=1x10"3wy

t)], Swq=6wy=-1%10"3wy

t)], Swq=1%10"3 wy, Swo=— 6w,

Figure 3: The single-photon input pulse shape £(¢) is plotted with the green curve, while the real
and imaginary parts of the output single-photon pulse shapes for the cases of mutual resonance,
red detuning, blue detuning and red+blue detunings are shown as black, red, blue and purple
curves in Fig. 3(a) and (b), respectively. The two DQD qubits are equally coupled to the cavity
I't =Ty =1 x 1073wy. We choose k = =1 x 1073wy, dw, = 0, and px = 0.6.
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Recall that |®1) is a single-photon state and |®g) is the vacuum state of the input field.

Denote the expectations
w"(X) = (@ |je(X)[n®n), m,n = 0,1, (40)
where |n) is the initial state of the coupled system G, and by (6)
djt(X) = ji(Lioar X )dt + dBT(£)jo([X, Liotal]) + ji([Ll gy, X1)dB(t) (41)

Wlth EtotalX == —Z[X, Htotal] + LtOtalXLtOtal 2 LtOtalLtOtalX XLIOtalLtOtal' Deﬁne matrices

-_mn

p™™(t) by means of

Te[p™ (1) X] £ @™(X), m,n=0,1. (42)

The following result presents the master equations for the quantum coherent feedback net-

work driven by the single-photon state |®1) in the Schrédinger picture.

Lemma 2. [19, //] Master equations for the quantum coherent feedback network driven by the

single-photon state |®1) in (8) in the Schrdodinger picture are given by

p(t) = Liyap" () + €O (1), L) + € (D[ Ltotar, 50 (1)),
() = Liogap™(t) + EOB™ (1), Ly
=01 rr 01 * (43)
P (1) = Liggap () + € () [Liotar, 2 (1)),
ﬁoo (t) Z:01;’:11?00 (t) 3
where the initial conditions are
p1(0) = p(0) = [n)(nl, "°(0) =p"(0) =0, (44)

with |n) being the initial state of the coupled system G.

In what follows, we focus on the density operator of the target DQD qubit by tracing over
the cavity and the 2nd DQD qubit, the reduced density operator for the target DQD qubit is
given by

ppQD, (t) = Trpgp, [Treav[A(t)]] = (920[5(£)|920) + (921[5(t)[g21) 4 (e20p(t)[€20) + (ea1[p(t)[e21).
(45)
Let the input single-photon state |®;) have a Gaussian pulse shape,

f0 = (%) Lo (-5 - to?). (46

where €) denotes the photon frequency bandwidth, tpeak is the peak arrival time of the photon

and fixed to be 3wqg in the following simulations. The initial state of the coupled system G is
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*103 153,
s T =110"wg, T,=0.1"10"w,

P 11073, _1*1073,
I“J 107w, [‘271 10 wy

o
0 |
*1073 w103,
emen T =110 7wy, Ty=2"10"w,

Figure 4: The excitation probability of the target DQD qubit with different couplings I's. The
decay rate of the cavity is k = 1.5 x 1073wy, the photon frequency bandwidth Q = 2.75k.
(dwy = dwg = dw, =0 and p = 0.2.)

— _o%1073,
0uw,=2"10"w,

£ 5 R PO 441073, b
£ Sw,=4"10"w,

Figure 5: The excitation probability of the target DQD qubit with different detunings dws. The
decay rate of the cavity is k = 1.5 x 10 3wy, the photon frequency bandwidth € = 2.75x, the
couplings are I'y = 'y = 1 x 10 3wy, and p = 0.2.
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chosen to be |n) = |g1) ® |g2) ® |0). The excitation probabilities of the target DQD qubit are
simulated.

In Figs. 4 and 5, we plot the excitation probability of the target DQD qubit with different
couplings and detunings, respectively. It can be observed that the excitation probability of the
target DQD qubit can be significantly improved by reducing the coupling I's or increasing the
detuning dws of the 2nd DQD qubit, which results in a weak interaction between the cavity and
the 2nd DQD qubit.

------- red detuning
091 = = blue detuning
red+blue detunings

tation pr

Figure 6: The excitation probability of the target DQD qubit with the cases of red detuning,
blue detuning and red+blue detunings. The decay rate of the cavity is k = 1.5 x 1073wy, the
photon frequency bandwidth € = 2.75k, the couplings are I'y = 'y = 1 x 1073w, and p = 0.2.

In Fig. 6, we plot the excitation probability of the target DQD qubit for three cases of red
detuning (dw; = dws = 1 x 1073wy), blue detuning (dw; = dws = —1 x 1073wp) and red+blue
detunings (dw; = 1 x 1073wy, dws = —1 x 1073wyp). It can be observed that when the detunings
for the two DQD qubits are with the same sign, the excitation probabilities of the target DQD
qubit are identical for the two cases of red detuning and blue detuning. On the other hand, one
can increase the excitation probability by setting the two DQD qubits to red+blue detunings
(the green dashed curve), which is consistent with the discussions on the oscillation of the output
pulse shapes in Fig. 2.

Finally for comparison, we consider the cases that the coherent feedback network is driven
by the vacuum state |®g) instead of the single-photon state; however, one of the DQD qubits is
in its excited state or there is a photon initially in the cavity. The simulation results are shown
in Fig. 7 in which all three transitions are tuned into mutual resonance dw; = dws = dw, = 0.

In Fig. 7, it can be observed that the excitation probability of the target DQD qubit
approaches 0.25 when the two DQD qubits are equally coupled to the cavity and the initial
state of the coupled system is |e1) ® |g2) ® |0) or |g1) ® |e2) ® |0). This result is consistent with

the vacuum Rabi mode splitting with two identical qubits as studied in [11], where the photon
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0.9

Figure 7: The excitation probability of the target DQD qubit with different initial states. We
choose T'y =Ty =1 x 1073wy, k = 1.5 x 1073wy and p = 0.2.

is in each of the DQD qubit with the probability 1/4.

Remark 4. It is noteworthy to mention that the discussions above is based on the assumption
that all three transitions are tuned into mutual resonance dwi; = dws = dw, = 0. Not only that,
when the two DQD qubits are both equally red- (blue-) detuned with the single-photon input state
dwi = dwsy # 0, simulations show that eventually the excitation probability of the target DQD
qubit settles to the same value as that for the mutual resonance case. However, when the two
D@D qubits are with red+blue detunings dw; = —dwy # 0, the excitation probability is eventually
0, which means that the single photon eventually escapes from the quantum coherent feedback

network.

5.2 An analytic result

The simulation results in Fig. 7 indicate that, when the quantum coherent feedback is driven
by a vacuum state while one of the DQD qubits is initially in the excited state, the excitation
probability of the target DQD qubit eventually settles to a non-zero value. In this subsection,
we present an analytic result to explain these simulations.

The main result of this subsection is the following theorem.

Theorem 2. Assume that the first DQD 1is initialized in the excited state, the second DQD is
initialized in the ground state, the cavity is initially empty and the quantum coherent feedback
network is driven by the vacuum input state, i.e., the initial joint system-field state is |e1g20®y).
If the central frequencies of the two DQD qubits are not equal (or equivalently dwy # dwa ), then
the steady state of the two DQD qubits is a pure state |Ppqp(o0)) = |g1g2). Otherwise, the
steady-state of the joint system-field system is

[W(00)) = 51(00) |91920®1) + 52(00) 91620 [Po) + 53(00) €1920[®o) , (47)
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where |®1) is a single-photon state in the output field, and

a o' 1
_ - - = 4
s1(00) = S ma(00) =~ gt s(0) = g (45)
with « = T'1 /Ty, As a result, the steady state of the two DQD qubits is a mixed state of the form
ppap(00) = [51(00)*[g192) (9192 + [52(00)[?|gre2) (grea| + s2(00)s3(00)*[g1€2) (€192
+s3(00)s2(00)*[e1g2) (grea| + |s3(00)|?[e192) (e192]. (49)

Proof. As there is only one excitation, the joint system-field state |¥(t)) is of the form

t
[W(t)) = 81(75)/ n(7)b' (7)dr] 91920 | ®9) + 52(t) 91620 |®0) + 53(1)[€1920 |Po) + s4(t)]g1921|Po) ,

’ (50)
where the initial condition is s2(0) = s4(0) = 0, s3(0) = 1. n(7) denotes the pulse shape of
the single-photon output state with ||| = 1. As the integral is 0 at ¢ = 0, it is not necessary
to impose an initial condition on s1(¢). Thus, we just assume s1(0) = 1. The normalization
condition for |¥(t)) is

¢ 4
|81(t)|2/ n(r)Pdr+ " |s; (1) =1, (51)
0 =
and in the stationary state (t — oo)
4
> lsj(o0)* = 1. (52)
j=1

By (3)-(4) and |
equation (QSSE)

alv(n) ={-

, Eq. (11.2.18)], we have the following It6 quantum stochastic Schrédinger

(5Ehba + it e+ LaB' ()} 00
= { [— 10w, — E&Ul — 55&)2 - 2] s4(t) — il s3(t) — ’LFQSQ(t)}|glggl | Do) dt
+ | - %(5% — dwz)sa(t) — lT284(t)} |g1€20 |Po) dt

_Z_ .
+ 5((5&)1 — (5002)83(75) — ZF184(t)] ’61g20 "I’o> dt

- ; ]
+ | — 5(5&)1 + 5(«]2)81(15) / n(T)bT(T)dT] \gngO |‘I>0> dt + \/ES4(t)dBT(t)]g1g20 ’¢‘o> .
L 0
(53)
On the other hand, differentiating (50) with respect to t, yields

d’\I/(t» =$4(t>‘glg21 ’@0) dt + 52(t)’g1€20 ’@0) dt + 53(t)’61g20 |<I)0> dt

t 54
+ [51(t)/0 U(T)bT(T)dT} 191920 | o) dt + s1(t)n(t)d BT (t)|g1920 | Do) - oy
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By comparing the first 3 terms in (53) and (54), one gets that

§a(t) = —%(ml — Swa)sa(t) — ilasa(t),
§3(t) = %((5&11 — Sw)s3(t) — iTysa(t), (55)
34(75) = | — iéwr — %5&)1 — %5&)2 — g S4(t) — iFlsg(t) — iFQSQ(t)

with the initial condition [s2(0) s3(0) s4(0)] =1[0 1 0].
In what follows, we find the stationary solution of (55) by sending ¢ — oc.

If dwy # dwo, it can be readily shown that the stationary solution is
s2(00) = s3(00) = s4(c0) =0, s1(00) = 1. (56)

Thus, in this case, the stationary state of the coherent feedback network is
(o]
W(oo)) = [ a0 (r)drlongn0 [90) = 1m0 (57)

where |®;) = fo T)dT |®g) is a single-photon state. In other words, eventually the two
DQD qubits are in the ground state, the cavity is empty, and the output field contains a single
photon.

If dw; = dwy, substituting I'y = al's into (55) and solving it under the initial condition
[s2(0) s3(0) s4(0)] =1[0 1 0], we get

Fll_‘g Nt ALt/ ~ . . 1Nt 1 ALt I
)= —= |(=eM 2 216 210w, ) + Nye 1t 4 Mper2t — 2\
s2(t) 2(I? + T2)\, [( & )R A 2uun o+ 2] + * °)
1 ,
t) = ———— | 272N, + AN, 2Nt — AN T2t
83( ) 2(F%+F3)A, |: 3+ 1 16 ) (58)
210 (—eM! + e2f)
34(t) = V. ’
3
where |
N = 1 [—Fs — 2i(0wg + dw,) — \/—16(1“% +13) + (F + 2idws + 2i5wr)2] ;
1
= [—R — 2i(wn + Owy) + \/ —16(I2 +T2) + (i + 2idws + 2z’5wr)2] : (59)

Ny = \/=16(TF + T3) + (& + 2idwn + 2idw,)2.
Sending ¢ — oo, we obtain

S sa(o0) = s si(o0) =0, (60)

s9(00) = —

By the normalization condition (52), we have |s1(00)|? = Furthermore, if we let the phase

a2+1
of s1(c0) be absorbed by the pulse shape 7, then s;(c0) is a positive number \/aogﬁ In this

21



case, the stationary state of the whole system is Eq. (47). Finally, by tracing over the cavity
and the field, the steady state of the two DQD qubits is given by

poD = (001 |W(2)) (¥ (2)|[0D1) + (0Do|W(t)) (¥ (t)[0]Lo) . (61)
Substituting (47) into (61), yields (49). O

Remark 5. When the two DQD qubits have the same central frequency, by Theorem 2 we see
that in the steady state the output field and the two DQD qubits are in a superposition pure
state (47), which means that a photon exists simultaneously in the output field and inside the
2-DQD qubit system. If a =0, i.e., the first DQD qubit is decoupled from the other components.
In this case, the whole system is in the state |e1g20|®o). This is confirmed by (49). On the
other hand, if o = oo, then the second DQD qubit is decoupled. In this case s1(c0) = 1 and
s9(00) = s3(00) = 0 and Eq. (47) reduces to |g1g20®1), in other words, the output field contains
a single photon, both DQD qubits are in the ground state and the cavity is empty.

Remark 6. By comparing the last two terms in (53) and (54), one gets that
) ?
s1(t) = —5(0wr + dwa)si(?), (62)
sityn(t) = VaEsa(t), (63)

with the initial conditions s1(0) = 1 and s4(0) = 0. As the system of equations (55) is linear,
s4(t) can be obtained. Moreover, si(t) can be obtained from (62). As a result, the pulse shape

n(t) in both cases (dw1 = dwe and dwy # dws) can be calculated.

Remark 7. Comparing the expression (49) with the bright states |+),3 for the coherent input
case in [70, Fig. 2/, each DQD qubit being in its excited state shares the same ratio of probability
I'2/T3 = o%. However, in contrast to the fized probability 1/2 in [0, Fig. 2], the probability of
ag—il, which

is also the probability of the single-photon escaping from the coupled system. By Theorem 2, it

the two coupled DQD qubits in the ground state |g1g2) is controllable with the value

can be seen that the steady state of the two coupled DQD qubits is independent of the cavity decay
rate k and beamsplitter parameter . when the quantum coherent feedback network is driven by

vacuum input.

6 Full inversion of the target DQD qubit

The discussions in Subsection 5.1 tell us that the target DQD qubit cannot be fully excited by
the single-photon input state with a Gaussian pulse shape. In this section, we study whether
there is a desired input pulse shape with which the input single photon is able to fully excite
the target DQD qubit. For simplicity, assume that all three transitions are tuned into mutual
resonance, i.e., dwi = dwso = dw, = 0.

The following lemma can be proved in the similar way as that for [30, Lemma 3].
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Lemma 3. Let the initial state for the coherent feedback network be |®) = |g1) ® |g2) ®|0) ® |Pg)
in (17). Then
Ult, to)|®) = e't|®). (64)

As e only adds a global phase to the state of the whole system, we ignored it in the
following discussions.

The following theorem is the main result of this section, it gives an analytic form of the pulse
shape of the single-photon input state, by which the input single photon can fully excite the
target DQD qubit at a prescribed time.

Theorem 3. Assume that the two DQD qubits are initialized in the ground state and the cavity
is empty, i.e., the initial state of the coupled system G is |n) = |g1) ® |g2) ® |0). If the pulse
shape of the single-photon input state is

ZiFk\/ﬁ <ekq /i27161"% (t—r)

\/R2 — 162

where t is the terminal time of the single-photon input pulse shape, then the k-th DQD qubit

Dk(T) =

—e

—R44/R2—16T2
4””>>, r<tk=12  (o5)

can be transferred from the ground state |gi) to the excited state |eg) at the controllable time t.

Moreover, in this case, the other DQD qubit must be decoupled from the cavity.
Proof. Conjugating both sides of (22) yields
XH@le) = xH(0)|@) AT + b (1) @) B, (66)
whose solution is

XI)|0) = | 011 ()|P) 04a(1)|®) al (1)|@)

. t (67)
X (tg)eAT (10 @) + / BT A -1 (1) D)
to
Define exponentially rising functions
T
(r) o
(1) = BTeAT(tfr), r <t. (68)
v3(r)
Then define
vi(r) n(r)O(t —r)
v(r) | = | (r)©t—r7) |, (69)
v3(r) v (r)O(t—r)
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where O(s) is the Heaviside function. Similar to the proof of Theorem 1, by sending ty — —o0,

the solution (67) can be derived as

| 01 @IB) 0ia(0)]®) af@)]@) |
-/ Z[m(r) va(r) valr) | 61 (r)|@)dr (70)

:[BT(yl)y@ B (12)|®) BT(V3)|<I>>}7

where Bf(1;) is the creation operator as defined in (9), which can generate a single-photon state

with the pulse shape v;(t), i = 1,2, 3. Particularly,
011(1)|@) = BY(11)|®), 042(1)|®) = B (1n)[®). (71)
Without loss of generality, let £ = 1. Let the single-photon input state be
|®1) = BY(11) |®0) = BT (i) | o) - (72)

By the Schrodinger equation (4), the state of the quantum coherent feedback network at time ¢

can be calculated as

5
®
5
L
®
G
®
iy

= 04,1(t0)|®)

= le1) ® |g2) ® |0) @ [Do) ,
where (71) has been used in the 3rd step and Lemma 3 is used in the 4th step. By the last step
of (73), it is obvious that the 1st DQD is fully excited. In what follows, we derive the explicit

expression of the input photon pulse shape, which transfers the state of the 1st DQD qubit at
any controllable time ¢. Actually, by (23) and (68), one can obtain

i(r) = — VR[S ) Y )
72 — 1642

where g2 = I'? 4 T'2. It should be noted that as |®1) = BT(71) |®o) is a single-photon state, the

input pulse shape 71 (r) must satisfy the normalization condition

, T <t, (74)

/_75 o1 (r)2dr = 1, (75)
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which in turn yields g?/g? = 1. Thus, the pulse shape #;(r) in (74) is exactly that in (65) for
k = 1. Moreover, in this case, we have 'y = 0, in other words, the 2nd DQD qubit must be
decoupled from the cavity. Similar derivations can be applied to the case of the 2nd DQD qubit.
O
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Figure 8: The excitation probability of the 1st DQD qubit for different terminal time ¢. (u = 0.2,
Kk ="T.5x 103wy, I'1 = 1 x 1073wy, and 'y = 0.) The terminal time of the single-photon input
pulse shape, also known as the controllable time for the DQD qubit excitation, is given by ¢t = 0,

t =4, and t = 8, respectively.

In Fig. 8, the excitation probabilities of the 1st DQD qubit with different terminal times of
the single-photon input pulse shape are plotted, which demonstrate that the pulse shape (65) of
the single-photon input state can be used to fully excite the target DQD qubit at a controllable
time t. Interestingly, when the decay rate x of the cavity and the coupling I'y satisfy & < 41y,
the matrix A has a pair of complex eigenvalues, thus the Rabi oscillation phenomenon can be
observed both in the master equations for the 1st DQD qubit (Fig. 9) and the corresponding
output single-photon distributions (Fig. 10); see the curves for I'y = 3 x 1073wy and T} =
5x 1073wy in Figs. 9-10. This reveals consistency between the atomic excitation and the output
photon distribution.

Finally, let the pulse shape of the single-photon input state be

|©1) = |71 BT (1) + 72 B (72) | [@o) , (76)

where 77 and ¥ are those in (65), and the complex numbers 1 and o satisfy |11 + 72I'2|? =
I'? + T3 so that the state |®1) in (76) is normalized. According to Theorem 65, a single-photon
input state Bf (D) |®) is able to fully excite the 1st DQD qubit at time ¢ when the 2nd DQD
qubit is decoupled from the cavity, and likewise, a single-photon input state Bf(i) |®¢) is able
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Figure 9: The excitation probability of the 1st DQD qubit under different I';. We fix the
terminal time ¢+ = 0 and choose p = 0.2, kK = 7.5 x 1073wy, and I'y = 0. The coupling between
the 1st DQD qubit and the cavity is chosen to be I'y = 1 x 1073wy, I'1 = 3 x 1073wy, and
'y = 6 x 1073wy, respectively.
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Figure 10: The probability distributions for the output single-photon states with respect to the
three cases discussed in Fig. 9, in which Rabi oscillation phenomena occur when the decay rate

of the cavity and the coupling satisfy & < 41';.
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to fully excite the 2nd DQD qubit at time ¢t when the 1st DQD qubit is decoupled from the
cavity. We are interested in how the DQD qubits are excited by a single-photon state that is
a superposition of B () |®¢) and Bf(i%) |®o), namely |®1) in (76). Actually, by the proof of
Theorem 3, it can be readily shown that the state |¥(t)) of the total system at the terminal
time ¢ in (73) is

(1)) = (nlergz) + v2lg1e2)) [0Do) . (77)

In other words, the two DQD qubits form a superposition state and are decoupled from the
rest of the coherent feedback network. The excitation probability of the 1st DQD qubit with
the single-photon input state (76) is shown in Fig. 11. In Fig. 11, it can be observed that the
maximum value of the excitation probability is only 0.5 when the two DQD qubits are equally
coupled to the cavity. However, the excitation probability can approximately attains 1 if I'y is

sufficiently larger than I'y, as predicted by Theorem 3.
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Figure 11: The excitation probability of the 1st DQD qubit, we fix the terminal time ¢ = 4 and
choose = 0.2 and k = 7.5 x 10 3wy.

7 Conclusion

In this paper, we have studied in detail the dynamics of a quantum coherent feedback network
of two distant quantum double dot (DQD) qubits which are directly coupled to a cavity. We
have derived an exact form of the steady-state output single-photon state when the network is
driven by a continuous-mode single-photon input state. By means of the analytic result, we have
analyzed the influence of red, blue, and red+blue detunings on the network dynamics. We have

also investigated the excitation probabilities of DQD qubits when the network is driven by a

27



single photon of Gaussian pulse shape. On the other hand, when the input is vacuum while the

1st DQD qubit is in its excited state, the analytic expression of the state of the whole system
(field plus the network) is derived, which shows that the output field and the two DQD qubits

can be entangled. Finally, we have shown explicitly how to design a temporal pulse shape for a

single photon so that it can fully excite a DQD qubit in the network.
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