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Abstract

The purpose of this paper is to study the dynamics of a quantum coherent feedback network composed of two two-level systems
(qubits) driven by two counter-propagating photons, one in each input channel. The coherent feedback network enhances
the nonlinear photon-photon interaction inside the feedback loop. By means of quantum stochastic calculus and the input-
output framework, the analytic form of the steady-state output two-photon state is derived. Based on the analytic form, the
applications on the Hong-Ou-Mandel (HOM) interferometer and marginally stable single-photon devices using this coherent

feedback structure have been demonstrated.
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1 Introduction

The last few decades have witnessed rapid advances in
experimental demonstration and theoretical investiga-
tion of quantum control systems due to their promis-
ing applications in a wide range of areas such as quan-
tum communication, quantum computing, and quan-
tum metrology [1], [32], [20], [3], [26], [49], [10], [47],
[2], [39] [54], [44], [35], [58]. From a signals and sys-
tems point of view, quantum linear systems, prepared
in Gaussian states and driven by Gaussian input states,
have been well studied; results like quantum filtering and
measurement-based feedback control have been well es-
tablished [20], [36], [49], [35]. In addition to Gaussian
states there are other types of non-classical states, for ex-
ample single- and multi-photon states. Roughly speak-
ing, a light field is in an ¢-photon state if there is a def-
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inite number of £ photons in this field. A continuous-
mode ¢-photon state is characterized by the frequency
(or equivalently, temporal) profiles of these photons. In-
teraction between photons and quantum finite-level sys-
tems has received considerable attention recently, as the
precise control of the interactions between photons and
matter is fundamentally important for quantum infor-
mation processing [21], [22], [27], [40]. Two-photon in-
teraction induced by finite-level systems is of particular
interest since it introduces nonlinearity to the steady-
state response.

Photons do not interact in free space. Physically, the
interaction can be mediated by quantum finite-level sys-
tems (quantum emitters). A simple example is the inter-
action of two photons by coupling to a qubit. In [42,12],
two-photon transport properties have been studied by
considering a one-dimensional waveguide coupled to a
qubit. Intuitively, the response of the systems can be
engineered by exploiting various configurations of quan-
tum emitters. A scattering matrix analysis has shown
that any localized quantum emitter inevitably induces
frequency mixing and entanglement between two pho-
tons [12,50]. The response of a two-level system to two
continuous-mode photons has recently been investi-
gated in [8]. These two photon can either co-propagate
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or counter-propagate along the waveguide. By means
of a transfer function approach, the output field states
for both cases are derived analytically. The problem of
two photons scattering off a two-level emitter residing
in a 1D waveguide is studied in [28], where it is demon-
strated that photon transport properties depend on the
excitation of the emitter. Moreover, correlations and
entanglement between the two output photons induced
by a two-level emitter are also investigated. The effect of
the pulse shapes of two counter-propagating wavepack-
ets on the correlations of the output photons is studied
in [29], where the output intensity spectra are studied
when the input photons are of Gaussian pulse shapes. In
[30], both time and frequency correlations between out-
put photons are discussed. Furthermore, the relation-
ship between induced photon-photon correlations and
the atomic excitation efficiency is investigated. When a
two-level system is driven by two counter-propagating
indistinguishable single photons, it is shown in [8] that
the maximal excitation probability attains at v = 5k
for rising exponential pulse shapes, and 2 = 2 *x 1.46k
for Gaussian pulse shapes. In [43], quantum filters for
a Markovian quantum system driven by an arbitrary
number of photons in a single channel have been derived.
Quantum filters are constructed in [9] for a two-level
atom driven by two counter-propagating photons, where
numerical analysis reveals interesting scaling relations
between atom-photon coupling strength and photonic
pulse shape for maximum atomic excitation. The scat-
tering of two photons from two distant qubits embedded
in a 1D waveguide has been studied in [56,25]. Due to the
distance between the two emitters, non-Markovian ef-
fects exist in this setup, as numerically demonstrated by
means of the Lippmannn-Schwinger equation in [56] and
analytically investigated in terms of a Green function in
[25]. The generalizations to an array of multiple emitters
can be found in [13]. An experiment that demonstrates
photon-mediated qubit-qubit interactions is performed
in [45]. By increasing the number of emitters, stronger
photon-photon correlation can be obtained, which often
provides more control options for generating entangled
quantum states, engineering transmission properties,
and synthesizing quantum gates [41,23,4,5,24,11]. The
reason for the stronger correlation with multi-qubit set-
ting is that photons could interact multiple times at the
emitters, or interact at several different sites [4,5]. As an
application, a controlled-PHASE (CPHASE) quantum
gate is proposed in [5]. Moreover, persistent oscillations
of quantum correlations [56] have been observed if the
two photons are allowed to bounce back after interact-
ing with a qubit. Inspired by [56,25], we investigate the
steady-state response of a two-qubit system driven by
two continuous-mode photons; Fig. 1. We model the sys-
tem such that photons can be fed back after interacting
with the other qubit, which provides a way for the pho-
tons to interact multiple times using a minimum number
of qubits. This coherent feedback configuration could
be realized using standard waveguide quantum electro-
dynamics (QED) devices [40], [27]. One-dimensional
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One-dimensional waveguide with two integrated qubits

Fig. 1. Traveling photons are confined to a one-dimensional
waveguide, which means they can only travel in two oppo-
site directions. Due to the coupling between the photon and
each qubit at the interaction location, the photon will ei-
ther keep the original traveling direction or be reflected with
probabilities that sum to 1, leading to a coherent feedback
mechanism.

waveguides can be realized in photonic nanostructures,
or transmission lines in superconducting microwave
circuits. Each qubit can be realized as an artificial su-
perconducting circuit that is directly integrated with
the waveguide. Alternatively, the qubit can be realized
as an atomic ensemble or a single atom embedded in a
cavity that is strongly coupled to the waveguide.

Numerical and analytical results have been obtained for
a similar configuration which includes a feedback mech-
anism [56,25,13]. These previous works have considered
two photons interacting with two distant qubits, which
results in numerical and exact solutions characterizing
spatial propagation of the photon wave functions. Non-
Markovianity has also been considered in these works. In
this paper, an alternative quantum network formalism
is adopted [19,14,16,15]. Based on Markovian quantum
stochastic differential equations (QSDESs), this control-
theoretic approach studies the steady-state response
which captures the time-correlation of the output pho-
tons. Moreover, this formalism facilitates a network
analysis which is applicable to any generic configura-
tion. For example, the physical configuration in Fig. 1
can be translated using the SLH language [16,6] into a
standard coherent feedback network structure; Fig. 2.
The feedback network has two input channels, each con-
taining one photon described in terms of its continuous-
mode pulse shape. Two-photon scattering via a single
qubit has been studied with the quantum network for-
malism [37,8] or an equivalent input-output formalism
[12,7] before. However, the steady-state response has
not been solved for a marginally stable system, which is
our case. (The notion of “a marginally stable system”
is interpreted in Remark 2.) In this paper, the steady-
state output of a coherent feedback network with two
continuous-mode photons as the input has been derived
for the first time. A novel two-photon process has been
found in the nonlinear response of the system. Based on
the analytical results of the system response, it is possi-
ble to synthesize photonic systems to achieve desirable
dynamics using the enhanced nonlinearity. We have
demonstrated the results with a tunable HOM design
and a marginally-stable single-photon device.

The rest of the paper is organized as follows. The co-
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Fig. 2. G1 and G2 are two-level systems. The coherent feed-
back network is driven by two photons, one in each input
channel designated by br, and br respectively. bout,1, and
bout,r denote the two output channels.

herent quantum feedback network and two-photon in-
put state are introduced in Sec. 2. The main result of
this paper, an analytic form of the steady-state output
two-photon state, is presented in Sec. 3. Two direct ap-
plications are discussed in Sec. 4. Sec. 5 concludes this

paper.

Notation. z* denotes the complex conjugate of a com-
plex number x or the adjoint of an operator x. The com-
mutator of two operators X and Y is defined as [X, Y] £
XY — YX. For a column vector X = ][z,] with number
or operator entries, X% = [z] and XT = (X#)T. I is
the identity matrix and 0y the zero matrix in CF**, 0ij
denotes the Kronecker delta and §(¢) denotes the Dirac
delta.

2 Coherent feedback network and input state

In this section, we introduce the coherent feedback net-
work, as is shown in Fig. 2. We also introduce the two-
photon input state for this feedback network.

2.1 Coherent feedback network

The open quantum system under study can be properly
modeled using a triplet (S, L, H) [19,16,53,6]. Here, S is
a scattering operator, and the system is coupled to the
photonic fields through the operator L. H is the inherent
Hamiltonian of the system. The overall dynamics of an
open quantum system interacting with the input fields is
governed by a unitary operator U(t,ty), where tg is the
initial time of the interaction. The dynamical equation
of U(t,to), t > to, is given by [19]

dU(t,to) = (b1 (£)L — L Sb(t) — (%LTL H)YU(t, to)dt

(1)
with U(t + dt, to) = U(t, t()) + dU(t, t(]) and U‘(t()7 to) =
I ® I being the identity operator of the composite sys-
tem. b(t) is a vector of annihilation operators for the
input field modes. Physically, b(t) and b¥(t) can be un-
derstood as the annihilation and creation of photons in
the fields at time ¢. Note that Markovian approxima-
tion has been invoked in the derivation of dU (¢, o). The
Heisenberg-picture evolution of a system operator X can
be calculated by X (t) = U*(t,t0)(X @ U (t, o), with I

being the identity operator on the fields. The dynamical
equation of X (t) is then given by the following QSDE
[19,16]

X(t) = £1(X(1))
+b1(8)STIX (1), L(1)] + [LT(2), X (1)) Sb(t) (2)

where

LH(X() £ —i[X (1), H(t)] + LT(6) X (t) L(t)
—%L(t)TL(t)X(t) — %X(t)LT(t)L(t)

is the Lindblad operator and the other two are noise
terms. Moreover, the output boyt () is related to the in-
put b(¢) via the following relation [17]

bout (t) = U™ (t,t0)(I @ b())U (¢, o), (3)
whose dynamics is given by
bout (t) = L(t) + Sb(?).

The coherent feedback network, as shown in Fig. 2, has
two inputs represented by annihilation operators by, and
br respectively. G; and G2 are two-level systems, whose
ground and excited state vectors are |g;) and |e;) (j =
1,2) respectively.

Assumption 1 The coherent feedback network in Fig.
2 is assumed to satisfy the following conditions.

e The central frequencies of the two input fields by, and
br are the same, denoted by w,.

o (G1 and Gy have the same transition frequency between
the ground state and excited state, denoted by wy.
Thus, the detuning frequency is w. = wy, — Wq -

e (G1 and Gy have the same coupling strength k to the
optical fields.

Under Assumption 1, the triplet (S, L, H) for the two-
level systems are given by [16,53,6,35]

1
Gj= (-[27 [1] \/EU,J, U;Caz,J) ci=12 (4

where o_ ; = |g;) (e;] is the lowering ladder operator
and o, ; = |e;) (ej] — |g;) (95| is the Pauli Z operator
for the system G;. As the coupling operators are the
lowering ladder operators, the two-level systems G; and
G2 undergo amplitude damping, [34, Chapter §].

As can be seen from the above equation, there are two
coupling channels for each G, which model the interac-
tion with the left-going and right-going photons. Recall
that g is the time when the system and its inputs start



to interact. What we are interested in this paper is the
steady-state dynamics of the coherent feedback network
in the limit t) — —oo and t — o0; i.e., the interaction
occurs in the remote past and we look at the dynamics
in the distant future; see e.g., [12], [54], [51], [37]. Define

L

a = —iw, — K. (5)

Substituting the (S, L, H) parameters in (4) into the sys-
tem equation (2) and the input-output relation (3), it
can be readily shown that the QSDEs for the two-level
system G are

<'7_71(t) =ao_ 1(t) + VKo, 1(t)bL(t) + VKo, 1()ba(t),
bs3(t) = VKo 1(t) + bu(t),
out R(t) \/>U— 1( ) + b4(t)7

Likewise, the QSDEs for the two-level system G2 are

G- 2a(t) = ao_ o(t) + VKo 2(t)bs(t) + VEo, 2(t)br (1),
bout,L (t) = \/EO——,Q (t) + b3 (t)a
ba(t) = VKo_ o(t) + br(t), > to.

Consequently, the QSDEs for the coherent feedback net-
work in Fig. 2 are

t>to.

bouc (1) = Vi C “—’18 T bn(), > to, (6b)
where
11
and
A bL (t) A bOut L(t)
bin t) = s bout t) = )
( ) [bR(t)] ( ) [bout,R(t)]

are input and output fields for the feedback network
respectively.

In what follows, we present the Fourier transform of op-
erators and functions to be used in the sequel. For the
vector of inputs by, (¢) in the time domain, we define its
Fourier transform as

bin[iw] = dt e hn(t), weR.  (8)

th

The inverse Fourier Transform is
bin(t) = —— /ood Wy il E >4y, (9)
in(t) = w e b liw], > 1o.
V2T oo 0

Remark 1 As mentioned above, the initial time to will
be sent to —oo later, thus Eq. (8) is indeed the con-
ventional Fourier transform. The same is true for the
Fourier transform of other operators or functions to be
presented in the sequel.

The adjoint b} [iw] of by, [iw] is obtained by conjugating
both sides of Eq. (8), specifically,

bl [iw] = S el (1), weR.  (10)

Wto

Noticing

lim / dt e™' = §(w), (11)

to——o0 2
and the commutation relation

[Bin (1), b, (r)]

we have that for arbitrary wi,ws € R,

:5(t—7‘)12, t/f’Ztm (12)

lim[bifien], b, s

= lim
to—— OO2’]T

/ dt e —i(wr— wz)t[z = 5(0.11 — wg)IQ

Similarly, we denote the Fourier transform of the vector
of outputs bout () DY bout [iw], whose adjoint is denoted

by bout[ w]. Finally, the Fourier transform of o_(¢) is

oo

1 .
— dt e “'o_(t), 13
vl NN

o_[iw] =
whose adjoint is

| Y
— dt e“to (), (14
=, (0, (1)

where o (t), the raising ladder operator, is the adjoint
of o_(t).

oplivw] = (o [iw])* =

2.2  Two-photon input state

In this subsection, we introduce the input to the feed-
back network in Fig. 2. The left-going input field is in the
continuous-mode single-photon state bf (£1,) |0L), where
|0) denotes the vacuum state of this field, and the op-
erator b, (£r,) is defined to be

nie) 2 [ noe o

to



with &, € Lo(R,C) satisfying the normalization con-

dition ||&L]| = ,/LZO |€n(t)|2dt = 1. In other words,

l&L|| = 1 guarantees that the state bf (£1,) |0r,) is normal-
ized. The physical interpretation of £(t) is that |£(¢)|?dt
is the probability of finding the photon in the time in-
terval [t, ¢ + dt). Similarly, the right-going input field is
in the continuous-mode single-photon state b} (ér) |Or),
where |Og) denotes the vacuum state of this field, and
the operator bg ({r) is defined to be

br(6r) £ / T n (s (1)t

to

with g € Lo(R, C) being the temporal pulse function
of the photon and satisfying ||¢r|| = 1. The adjoints of
br. (&) and br(€r) are

br.(6n) = (bu(éL))” =/too br(t)éL(t)dt,  (15a)

b (6r) 2 (br (6r))" = / bh () (D)dt,  (15b)

to

respectively. Thus, the two-photon input field state is
[Win(to)) = bL.(¢L)bR(¢r) [OLOR) - (16)

Similar to Eq. (8), the Fourier transform of a function
€€ Ly(R,C) is

oo

1
B vV 2T to

whose inverse Fourier transform is

&liv] dt e (L), (17)

1 > wt ¢fs
f(t)zﬁlmdue Eliv], t > to. (18)

Example 1 For the purpose of demonstration, we con-
sider two single-photon states of Lorentzian-type pulse
shape

1 al; )
- =L 1
\/ﬂi(u—wo)—%” J 7R7 (9)

which in the time-domain are

&(0) = I,
a f\/ije(gﬂ“’o)t, t <0,

&liv] =

, j=L,R. (20)

Here, w, is the central frequency of the fields, as discussed
in Assumption 1. In particular, when v, = yr = 7,
the two photons have the same pulse shape &1, = €r = €,

given by
1
VA (21)

g[”/} = \/ﬂi(V—wo) .

NS

For Lorentzian-type pulse shapes, v is commonly called
the full width at half mazimum (FWHM); see, e.g., [31,
Chapter 2]. It has been shown that a Lorentzian-type sin-
gle photon, which has a temporal pulse shape of the form
(20), is able to excite a two-level atom fully; see, e.g.,

(48], [51], [38].

More discussions on continuous-mode single- and multi-
photon states can be found in, e.g., [31], [27], [52].

3 Steady-state output field state

In this section, we derive the steady-state output field
state of the 2-qubit coherent feedback network driven by
two photons, as described in the previous section.

3.1 Basic set-up

Let the two-level systems G; and G2 be initialized in the
ground states |g1) and |g2) respectively, and the input
be in the two-photon state as given in Eq. (16). The
abbreviation |0) = |g1g2) is used for the ground state.

Assumption 2 The initial joint system-field state is

|¥(t0)) = [Win(to)) [0) = bL,(§L)bR (§R) [0LORO) -

In the Schrédinger picture, the system-field state under-
goes a unitary evolution. At time instant ¢ > ¢, the joint
system-field state is

[W(t)) = Ut to) [¥(to)) -

In the steady-state limit (g — —o0,t — o0), the pho-
tons are in the two output channels, leaving the two-level
systems in their ground state. Then the steady-state out-
put field state |¥y,) can be obtained by tracing out the
system state; i.e.,

|\Ij0ut> = hm

to——o00,t—00

Olw(t)) - (22)

As the system-field interaction does not generate pho-
tons, i.e. the combined system is passive, |Uqyt) is a two-
photon state with the time-domain basis

1 [ o0
{2/ dpl/ dp? ‘1Lp1 1LP2> <1L;D1 1Lp2|7
—o0 —o0

/ dpl/ dp2 ‘lellsz><1Lp11Rp2|’
1 o0 o0
5 dp1 dpa |1RP11RP2> <1R1011RP2‘ ’ (23)

where the notation

1) = 05(8)10;), t>t0, j=L,R  (24)



denotes the instantaneous generation of a left-going
(right-going) photon at time ¢ in the fields. By inserting
Eq. (23) into the RHS of Eq. (22) and noticing Eq. (3),
we obtain

[P out) (25)
= lim

S g [ o [t
X/ dtl/ dty &L(t1)Er(12)

to

X (OLORO| bout,L (P1)bous, 1. (p2) b, (t1) bR (t2) [01,0R0)
+ lim / dpl/ dpa [1ip, 1rp, )

to——0o0

« / o / dts € (t1)Er(t2)

to

X (0LORO| bout,L.(P1)bout,r (P2)07, (t1)bg (t2) 01,0 0)

/ dp1/ dp2 |1rp, Irps)
/ dtl/ dts &1,(t1)ER(t2)
to to

X (0LORO|bout, R (P1)bout, R (P2)b1, (t1)bR (t2)[|0.0RO).

+ lim

to——o0

Note that since U (¢, t0)|0,0r0) = 6(¢)|0.0r0), |6(¢)| = 1
holds by Lemma 3 in [38], an irrelevant overall phase
factor 0(t) has been omitted in Eq. (25). Next, we go
to the frequency domain by applying the Fourier trans-
form to the time variables ¢1,ts and p1, p2, respectively.
According to Egs. (9) and (18), we have the following
frequency-domain counterpart of Eq. (25)

|\I’out> (26)
1

:5 / fL [Z'I/l]gﬁ[il/Z] |1Lw11Lw2>

w1,w2,V1,V2

X <OLOR0| bout,L[iwl]bout,L[iWQ]bi [ZUl]bE [/L.VQ} |OLOR0>

4 / v i Jéniva] |11, Thus)

Ww1,W2,V1,V2
X <0LORO| bout,L[iwl]bout,R[iWZ]bi [Z'Vﬂb;{[il/z] ‘OLORO>
1

+ 5 / fL[iVl}fR[iV2] |1Rw1 1Rw2>

w1,W2,V1,V2

X <OL0R0| bout,R[iwl]bout,R[iWQ]bi [lyl]bl*a [Z’VQ} |0L0R0> s

where we have used the abbreviation

/ E/ dwl/ dLUQ/ dl/l/ dl/g.

w1,wW2,V1,V2

Hence, in order to find an analytical expression for
|Pout), we have to calculate the following quantities:

<0L0R0|bout,L [iwl]bout,L [iWQ] bi [Zl/l]bﬁ [iVQ] |0L0R0> 5
(27a)

<0LORO|bout,L [iwl]bout,R [’iwg} bi [iul] b% [iVQ] |0LORO> s
(27b)

<0LORO|bout,R [iwﬂbout’R [iWQ] bf [’Ll/l]b;{ [iVQ | OLORO> .
(27¢)

The terms (27a)-(27c) characterize the input-output re-
lation of two photons. For example, Eq. (27a) charac-
terizes the process of transferring two input counter-
propagating photons at frequencies vy, s to two left-
going output photons at frequencies wi,ws. The expres-
sion of the steady-state output field state |¥Uqy) in Eq.
(26) is fairly complicated. The purpose of the next sub-
section is to present a much simpler version of it; cf.
Theorem 1.

3.2 The steady-state output state

Define a matrix
a —kK
—K

where « is given in Eq. (5). It is easily found that the
eigenvalues of the matrix A are —2k — iw, and —iw,.
Clearly, A is marginally stable as it has an imaginary
eigenvalue. A being only marginally stable has a great
impact on the derivation of Eq. (27a)-(27¢). To be more
specific, the standard procedure to solve Eq. (27a)-(27¢)
is to relate boys () which is the time-domain counterpart
of bout[iw], to bin (t) via Eq. (6b), see, e.g., [12]. Then the
remaining task is to solve the corresponding dynamics
of o_ ;(t). For example, the following equation is a key
part in the derivation

Wwe + K K
. (28)

K Wwe + K

] (29)

;] — VRC (00RO bin (t),

which is based on Eq. (6a) and the fact that

<OLORO| O'Zﬂ‘(t) = <0LORO| Uv.r (t, to)O’ZJ‘U(t, to)
— (0L0RO| . (30)



Integrating both sides of Eq. (29) from t( to ¢ yields

(01,0RO [0_71(75)]

0_2 t

= e1=10) (01,05 0|

a,l(to)]

0'_72(t0)

t
_ / dr /R C0L0R0|bin (7). (31)
to

When A is Hurwitz, the first term in the RHS of Eq.
(31) can be removed by taking the steady-state limit
to — —oo. However, since A is only marginally stable in
our case, the initial time constant ¢y has to be included
in the calculation and the steady-state limit can only
be taken when appropriate. Furthermore, in contrast to
the Hurwitz stable case, quantum It6 calculus has to
be explicitly invoked for the calculation of the nonlinear
terms, which can be seen from the proof of Lemma A.1
in the APPENDIX.

For later use, we define a matrix function

5(t) — kCe'C, t >0,
A{o RCENC, 1> (32)

ga(t) =
0, t<0.

Remark 2 Formally, Equations (29) and (6b) define a
linear system with system matrices (A, —/kC,/cC). In
this sense, ga(t) defined in Eq. (32) is of the form of
an impulse response function, which is very commonly
used in classical linear systems theory. Actually, impulse
response functions play an important role in quantum
linear systems theory, see, e.g., [46, Chapter 7], [20],
[49, Chapter 6], [54], [51], [38], [35], [55] and refer-
ences therein. Moreover, since the matriz A in Eq. (28)
is marginally stable, the linear system given by equations
(29) and (6b) is marginally stable in the sense of linear
systems theory. With slight abuse of notation, we also say
that our coherent feedback network in Fig. 2 is marginally
stable.

For the time domain function gg(t) defined in Eq. (32),
we define its Laplace transform to be

Gls] 2 /O it ge(ye. (33)

Substituting Eq. (32) into Egs. (33), we obtain

. 1 w4 w:. 2K
Gliw] =
W+ we — 2tk 2k W+ w,
s Oy, [iw] _ O1 [iw] Oafiw] (34)
Orliw] | | Ozfiw] O1]iw]

The following lemma presents expressions for the quan-
tities in Eqgs. (27a)-(27¢).

Lemma 1 In the limit tg — —oo, Eq. (27a)-(27c) can
be calculated by

<0LORO|b0ut,L[iwl]bout,L[iw2]b£ [iVl]b;{[iVQ]lOLOR(»
:92[iV2](5(w1 — 1/2)(5((,02 — Vl)
f(whwz,l/sz)]

f(wlaw27yl7y2)

+ 2\/E@L[’L'UJ1] l (35&)

<OLORO|bout,L[iwl]bout,R[iwﬂbi [il/ﬂbf{[iyg] ‘OLORO>
:@1[2.1/1]5(&]1 - V1)§(WQ — 1/2)
f(wlaw27yl7u2)]

(35b)
f(wh wa, V1, Vz)

+ Zﬁ@L[iwl] l

<0L0R0|b0ut,R[iw1]bout,R[iw2]bi [Zl/l]bf{ [Z’VQ} |OL0R0>
:(92[2'1/1]5(w1 — 1/1)6(0.)2 — Vg)
f(w17w2,V17V2)]

f(w17w27ulay2)

+ 2\/E9R[iw1] [ (35C)

where

flwi,wa, v1,v2) =g(wi,wa, v1,12)0(11 + 12 — w1 — wo)
VE

_ ma(W1 — 1/2)(5(1/1 — (JJQ)

with

g(w1, w2, v1, o) (36)
N K32 V1 + Vs + 2w, — 4ik
I (w1 + we + 2iK) (wg + we — 2iK)
V1 + vo + 2w,
(11 + we — 2iK) (V2 + we — 2iK) (11 + Vo + 2we — 2iK)

X

The proof of Lemma 1 is given in the APPENDIX.

Remark 3 The Dirac delta function §(v1+vo —w1 —wo)
in f(wi,ws, 1, v2) relates to the nonlinear frequency scat-
tering of two photons. The output photons with frequen-
cies w1 and wy can be generated by any pair of inci-
dent photons with frequencies vy, vo satisfying vy + vy =
w1 Fws. That is, the frequencies of the input photons may
not be preserved.

Remark 4 Compared with the result for a two-photon
single-qubit system [12], there is an additional coefficient
(r1 +vo +2w.) /(v + V2 + 2w, — 2iK) in g(wr, we, V1, V2)
that is associated with the nonlinear frequency scattering.
Apparently, this term characterizes a two-photon process,



where the two photons are taken as a single object with the
frequency vy +vs and interact with the combined two-qubit
system with the detuning frequency 2w.. In particular,
when the two photons are in resonance with the combined
two-qubit system, i.e. v1 + vy + 2w, = 0, the nonlinear
frequency scattering can be completely suppressed, which
is impossible for a single-qubit system.

On the basis of Lemma 1 presented above, we are able
to derive the main result of this paper.

Theorem 1 The steady-state output two-photon state
in Eq. (26) can be calculated as

|\I/0ut> (37)
1 . -
:i / dwldwg TLL [wl,o.)g]bf [zwl]bL [ZUJQ] |OLOR>
wi,wW2
+ / dwidws Ti R [wl, wﬂbi [Zwl]b;{ [iwg} |OLOR>
wi,wW2

1 . s
+ 5 / dwldw2 TRR [wl, OJQ]bE[ZOJ]]bR['LUJQ] |OLOR> 5

wi,w2
where

T w1, wo) (38a)
=(1+ T(w1))S(w2)érliw1]ér [iw2] + x(w1,w2),

Tir[wi, we) (38b)

=TT fnlenlion)

+8(w1)S (w2)&r [iwa]€r [iwr] + x (w1, w2),

Ty [w1,ws] (38c)
=(1+ T(w2))S(w1)éLliw1]€r[iws] + X (w1, w2)

with
w; + we + 2iKk 21K
T(w;) 2 = ¢ ;) 2
(w:) W; + we — 20K’ (w:) w; + we — 21K’
(39a)
o0
X(wi,wa) £ 2\/ET(W1)/ dvy & [iv ]

x Erli(wr + w2 — v1)]g(wr, wa, vi, w1 +wa — 1),
(39Db)

Proof. Applying Lemma 1 to Eq. (26) proves the theo-
rem. ]

Remark 5 It can be readily verified that the function
X(wi,ws) defined in Eq. (39b) satisfies x(wi,ws) =

X(wa2,w1). Again, the nonlinear frequency scattering
term x(w1,ws2) can be suppressed under the condition of
two-photon resonance v + vo + 2w, = 0, c¢f. Remark 4.
The physical meanings of the steady-state output field
state |Wous) in Eq. (37) is clear: it is a superposition
state composed of three terms, which are two photons in
the left-going channel, one in each channel, and two in
the right-going channel respectively.

The following result presents a special case of Theorem
1.

Corollary 1 Sending k — 0 while fixzing all the other
parameters, the steady-state output field state becomes

[ Wout) (40)
ZL dwlﬁL [zwl]bf [iw1]|OL> L dwggR[iWQ}bE[iw2]|OR>.

That is, the left-going output channel contains a single-
photon packet &1, and the right-going output channel
contains a single-photon packet Eg. On the other hand,
Sending kK — oo while fixing all the other parameters, the
steady-state output field state is

|\I]0ut> (41)
_ /_ oy Er [icon )07 [i] O) /_ durse [iws ] [iws] Or).

That is, the left-going output channel contains a single-
photon packet g, and the right-going output channel con-
tains a single-photon packet &,.

Remark 6 On one hand, when the coupling strength k
is small, the interaction between the two-level systems
and the input photons is weak. In the limit Kk — 0, the
left- (right-) going photon will be in the left (right) output
channel. This interprets in Eq. (40). On the other hand,
in the strong coupling limit kK — 00, each two-level system
acts as a mirror so that each input photon is bounced
back. This interprets Eq. (41).

3.8 The probabilities

Let Py, denote the probability of finding two photons in
the left-going output channel byt 1,, Prr the probability
of finding two photons in the right-going output channel
bout,r, and Ppr the probability of finding one photon
in each output channel, respectively. By Theorem 1, we



Fig. 3. The two continuous-mode output photons are either
left-going or right-going simultaneously, with equal proba-
bility. There is no possibility of finding one photon in an
output channel and the other in another output channel.

have

1
P =- / |TLL[W17W2]|2 + Tty [wr, wo Trn [wa, wi),

4
w1 ,w2
Pin = / Tunlwr w2,
wi,w2
1 .
Prr = 1 / |TRR[W17W2]|2 + Tigwi, wo] TRi [wa, wi].
wi,w2

In particular, when &1, = &g, we get

1
P, = Prr = 5 / |TLL [w17w2]|2 ) (42&)
wWi,w2
Pr = / |TLR[¢L117"L’2]|2 . (42b)
w1 ,w2

4 Synthesis of systems using the coherent feed-
back structure

4.1 Tunable Hong-Ou-Mandel (HOM) interferometer

The HOM effect refers to a two-photon interference effect
that occurs when two identical photons enter a balanced
beam splitter, one in each input port [18]. In our case,
the left-going and right-going input photons enter the
system in different ports; Fig. 1. In the classical HOM
experiment, due to the destructive interference, the two
output photons appear in the same output port, with
equal probability. In our case, it means that the two
photons simultaneously leave the network from either
the left- or right-going channel with equal probability;
Fig. 3.

By Corollary 1, if K — 0 or kK — oo while all the other
parameters are fixed, in the steady state there will be
one photon in each output channel. In this subsection,
we show that controlling the detuning w,. can turn the

coherent feedback network into a tunable HOM interfer-
ometer. Notice that the detuning w, is indeed physically
controllable using artificial qubits [33], [56], [25].

w1 I
-
0.0001748
0.0001518
0.0001288
w1 0.0001058
0.0000828
0.0000598
0.0000368
0.0000138
Fig. 4. |TLr (w1, ws) |2 with parameters

v =1l,w, = 1,k = 1.5, we = 0 (for the upper subfigure),
and w. = 3 (for the lower subfigure).

Assume &, = €g = & Let w. = (k for some ¢ > 0.
According to Egs. (56) and (39b), for any given w,wq €
R, limy 00 X(w1,w2) = 0. As a result

lim TLR[OJl,LL)Q]

K—>00

(w1 + CR)(wo + CR) — 4K

= nli—)nc}o (@1 + Cr — 2ir) (o + Cr— Qiﬁ)ﬁ[iwl]g[iwz]
-4 .
:m [iw1]€iwa].

Thus, when ¢ = 2, limy_, o TLr[w1,w2] = 0. Then, by
Eq. (42b), lim,, o PLr = 0. In a similar way, it can be
shown that lim,_,o P, = lims oo PRR = % That is,

0.2128

0.1848

0.1568

0.1288

0.1008

0.0728

0.0448

0.0168



two photons simultaneously appear in the left- or right-
going channel with equal probability. This is the famous
HOM interference phenomenon. Let us look at an exam-
ple. In Fig. 4, the identical input photons have a wave-
packet of Lorentzian type with FWHM v = 1 and car-
rier frequency w, = 1. In the upper subfigure the detun-
ing frequency w, = 0, while in the lower subfigure the
detuning frequency w, = 3 = 2k. It can be seen clearly
that in the lower subfigure T1r[w1,ws] is very close to
zero. Indeed, when w, = 2k, numerical simulations show
that PLg — 0 as k — oo.

In that follows we demonstrate that the continuous-
mode setting discussed in this paper is also applicable
to the single-mode setting. Let the two single-photon in-
put states be those in Example 1. In this case, &[iv] =
Erliv] = [iv]. Notice that

. T R /2 —
}/IE}JK[W” 7n£ll>l%)7r(u—wo)2+('y/2)2 -

(v — wp).

(43)
In other words, in the limit v — 0, the inputs turn to
monochromatic lights, i.e. photons with single frequency
w,. It is easy to verify that lim,_. x(w1,ws) = 0, where
X(w1,ws) is defined in Eq. (39b). Now consider w, +w,. =
Bk in which w, is no longer a fixed value but dependent
on k. By Eq. (43), it can be shown that

i [ 10+ T ) S € efiea]
= |(1 JFT(WO))S(WO)F = (3245‘ 4> :

As a result, when 8 = 2, by Eq. (42a), limy .0 PLr =
Prr = % Similarly, it can be shown that lim,, .0 PLr =
0. In other words, the two photons simultaneously leave
the network from either the left- or right-going channel
with equal probability.

4.2 Marginally stable single-photon device

Asshown in [51], [38], the interaction between a two-level
system and a single photon can be fully analyzed using
a transfer function approach. Similarly, if the coherent
feedback network in Fig. 2 has a single-photon input
(e.g., the left-going input field by, contains a single pho-
ton while the right-going input field by is in the vacuum
state), then essentially the network dynamics can be in-
vestigated by means of linear systems theory. Unfortu-
nately, as the matrix A in Eq. (28) is not Hurwitz stable,
the linear transfer function approach in [51], [38] is not
applicable. However, the general input-output analysis
presented in Section 3 indeed works in the single-photon
case.

Let us assume that the left-going input field by, is still in
the single-photon state b} (£1,)|0L), and the right-going
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input field by is in the vacuum state |Og). Then, the joint
system-field state is

|W(t)) = Ul(t, to)by,(§1) [0LORO) -

In the steady-state case (tg — —o00,t — ), the single
photon leaves the feedback-connected two-level systems
in their ground state. As a result, the steady-state output
single-photon state is

(O[w(t))
(0] U(t,t0)br,(&L) [0LORO) .(44)

lim
— —o00,t—00

|\I/out> = t

= lim
to——o00,t—00

With the time-domain 1-photon basis for the input field
given by

{ [ vt ol [ |1Rp1><1Rp1|},

Eq. (44) can be simplified as

‘\I/out>
= Jim [ o) [ anan)
X <OL0R0| bout,L(pl)bi(tl) |OL0R0>

oo oo
+t0E>I£100 /—oo dp: |1R;D1>/ ditq gL(tl)

to
x  (01,0R0| bout,R(pl)bi (t1) |0L,0RO) . (45)
As with the two-photon case, we go to the frequency do-
main by applying the Fourier transform to the time vari-
ables t; and pj, respectively. In the frequency domain,
Eq. (45) becomes

‘\Ilout> (46)
_ / €1 [i1] 1, ) (0L0RO| boue.t [iw1]7 [iv1] [0L0RO)
+ / §L [iyl] |1Rw1> <0LORO| bout,R[iwl]bi [iul] |OLOR0> .

Therefore, we have to calculate the following quantities:

<OLOR0| bout,L[iWI]bi [Z'Vﬂ |OLOR0> 5
<OLOR0| bout,R[iwl]bE [iul] |0LORO> .

(47a)
(47b)

First, we consider Eq. (47a). By Eqs. (6b) and (75) in
the APPENDIX we have

(0L0RO| bout,1,(p1)by [iv1] |0LORO)
“1Pr (0p OR 0] O [iwr |bin [iw: |65 [iv1] [0L,ORO) .

(48)

1
= [e¢
\/27r/

w1



Using (61) in the APPENDIX, in the limit ¢y — —oo,
Eq. (48) can be simplified to be

1 .
—— [ 1 (0,050
\/ﬁ/ (0.0r0)
w1

X (@1[iw1]bL [iwl] + @2[iw1]bR[iw1])bf [iVl] |0L0R0>

1 .
:7%@1[7;V1]€“j1p1. (49)

By Eqgs. (48)-(49), we have

<OLORO| bout,L[iwl]bi [iV1] |0L0R0> = @1[1'1/1]5((,01 — 1/1).

(50)
Eq. (47b) can be calculated via a similar way as
<OLORO| bout,R[iwl]bf [iV1] |0LORO>
1 ; 1 .
= —— | e "P1 ——Oyfivg e Pt
N / var o2l
p1
= @2[iV1]5((4J1 - Vl). (51)

Substituting Egs. (50) and (51) into Eq. (46) yields the
steady-state output single-photon state, which is

|\Ilout>
— [t (25 b linl + Sl ) 10,08
¢ T
_ / (G[z’w] [&EW] D b (i) |0LO0R) - (52)
Denote
L wtwe 14+ T (),

77L[W] = me[W} = TﬁL[W]»
mliw] = ——2 g [iw] = S(w)éfiw],

W+ we — 2tk

and substitute them into Eq. (52) yields

[Wout) = / (1 [iw]bf [iw] + g [iw]bg [iw]) [OLOR) -
; (53)

2+ Inwiw]] = [€L[iw]|*.

| W64t ) is normalized since |0y, [iw]
Clearly,

ti 1) = [ do &b fi]00) @ (0n). - (540)

i [Wou) =I00)© [ ds (~eufis]) b0
= (54b)

which are consistent with Eqgs. (40)-(41).
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Remark 7 According to Eq. (52), the pulse shape of
the photon in the output channels is obtained by linearly
transforming that of the input photon by Gliw]. This looks
like a linear dynamics. Indeed, as shown in [51,58], the
interaction between a two-level system and a single pho-
ton can be fully analyzed in a transfer function approach.
Unfortunately, as the coherent feedback network studied
in this paper is only marginally stable, the linear transfer
function approach in [51,38] is not applicable. However,
as shown above, the general framework presented Section
3 indeed works.

Remark 8 It is worthwhile to notice that Eq. (54b) is
consistent with [57, Fig. 3] for single-photon Fock-state
scattering. That is, for strong coupling, a two-level atom
appears as a mirror so that the input single photon is
reflected. This is true even with the existence of a nonzero
detuning we.

5 Conclusion

In this paper, we have studied a coherent feedback
network which consists of two identical qubits and is
marginally stable. The coherent feedback network can
be physically realized by integrating a two-qubit system
with one-dimensional waveguide, which is suitable for
applications in nano-photonic quantum networks and
information processing on-chip. Due to the feedback
loop, the two input photons can be confined between
the qubits with a probability, leading to multiple times
of photon-photon interaction and enhanced nonlinear-
ity. The previous works [56,25,13] have not analyti-
cally solved for the steady-state system response when
the network is only marginally stable and modeled by
Markovian QSDEs. In this paper, we introduce the
input-output formalism and study the system response
in the steady-state limit [54,12] which fully captures the
time-correlation of the output photons. More impor-
tantly, by Theorem 1 we have provided an end-to-end
solution that exactly describes the input-output relation
for two generic continuous-mode photons.

A novel two-photon process has been found in the non-
linear response of this coherent feedback network, which
provides additional options for controlling the nonlin-
earity. In particular, under a condition of two-photon
resonance the nonlinear frequency scattering can be
completely suppressed, which is never possible for two
photons that interact via a single qubit. The coherent
feedback system is readily integrable with the exist-
ing nanophotonic circuitry. Since one- and two-photon
operations are sufficient for universal optical quantum
computing, the method of this paper is easily scalable to
practical-sized quantum information processing circuits.
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Appendix.

In order to prove Lemma 1, we need to establish Lemma
Al

For i = 1,2, define functions

fui(wi, wa, 11, 1) (55a)
£ (0,0R0| br[iw1]o— ;[iws] b [iv1]b% [ive] |OLORO) ,
and
fr,i(wi,wa, v1, 1) (55b)
£ (0,0R0| bR [iws ] o ;[iws]b} [iv1 b5 [iva] |0L0RO)

respectively.

Lemma A.1 The functions defined in Egs. (55a)-(55b)
satisfy

fra(wr, wa, vi,v2) = fro(wi,we, v, 1)
= fra(wi,w2,v1,10) = fro(wi,ws, v, o)
= g(wi, w2, v1,12)0(V1 + V2 — w1 — wa)

N

VY S(w —

i(we + we) + 2K (56)

1/2)§(V1 — (UQ).

Proof of Lemma A.1. For the matrix A defined in Eq.
(28), we have its matrix exponential

A _ piwe—r coshk —sinhk . (57)
—sinhk coshk
Thus,
eAtC — e—(iwﬂ+2n)t0. (58)

Substituting Eq. (58) into Eq. (31), together with the
commutation relations in Eq. (12), we get

(0L,ORO| [0_%2] br,(r) [0LORO)
g_2
= (0LORO| lzlgl bg(r) |0L0RO)

¢
= ,\/E/ dr e Wet20(E=T) (7 — 1)

1
i H (59
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Applying the Fourier transform to Eq. (59) with respect
to the time variable r yields

o_1(t
(00RO [ Al )] b} [iw] |0L0R0)
o 2(t)
o_1(t
= (00RO [ Al )] b [iw] |0L0RO)
o_a(t)
1 — o= @ri(wetw)) (t—to) [
iy ]Sl € : . (60)
2w (We + w) — 2ik 1

Adjoining both sides of Eq. (60) and by Egs. (10)-(12),
it is straightforward to show that
(0L,0R 0| by, (¢)b7 [iw] |0,0R0)
= (0p,0R0| by (¢)bR [iw] |0L,0R0)

1 .
— ezwt’

Ver

By means of Eqs. (6a) and the fact that 0, = 20,.0_ —1,
fua(wi,p2, 11, Vz)]

as tp — —o0. (61)

Jr2(wi,pa, V1, v2)
with respect to the time variable po yields

differentiating the vector functions l

i fL,l(wlap27V17V2)
3102 fL,Q(w17p27V17V2)

—A lfL,l(WhPm V1,1/2)]

fL,z(W1,p2,V17V2)

+ 26 (01, 00| by [ic1] [0“(1’2)
o42(p2

x (OLORO| 0 — 1(p2)o— 2(p2)by [iv1]bR [iv2] [0L,0RO)
+ 2\/E <0LORO| bL [iwﬂ

] |01,0r0)

opa(p2) 0
’ 0,00
. [ 0 U+,2(p2)] 0L0n0)
x (0r,0rO0| [0,1??2)] (bL(p2) + br(p2))
0—.2(P2

X bi [’Llll]bl*{ [731/2} |OL 0R0>

— VK li] (0L0RO| bL[iw:] (br(p2) + br(P2))
X bi [ZVl]bﬁ [Z’VQ} |OLOR0> . (62&)

The non-homogeneous terms of the ODEs (62a) can be
calculated using Egs. (60) and (61) except

IT;;(t) £ (0L0RO0| o— ;(t)o— ; (£)b] [iv1 b [iv2] |OLORO)
(63)



whose initial condition are

IL;5(to)
= <OLORO| O'_)i(to)O'_J' (to)bi [Zl/l]bl*a [iyg] |OLOR0>
=0.

(64)

Re-write Eq. (6a) in the It6 form,

do_ 1(t) = ao_ 1 (t)dt + ko, 1 (t)o_ o(t)dt
+Vko2,1(t) (dBL(t) + dBr(t)),

do_ o(t) = ao_ o(t)dt + ko, 2(t)o_ 1 (t)dt
+Vkoz 2(t) (dBL(t) + dBr(t)),

where dBj(t) = tHdt bi(T)dr are Itd increments, (j =

L,R). By It6 calculus we have

d(o—1(t)o- (1))

=ao_1(t)o_ (t)dt + ko, 1(t)o_1(t)o_ o(t)dt
+Vko. 1 (t )a 1(t) (dBL(t) + dBr(t))
+ao_1(t)o_ 1(t)dt + ko_ 1(t)o_ 2(t)o, 1 (t)dt
+VKo_1(t)o.,1(t) (dBL(t) + dBR( )
+ro.1(t)? (dBL(t) + dBr(t))?

=2a0_ 1(t)o_1(¢),

where the fact
U_,l(t)O'ZJ(t) = 0'_71(1*,), 0'271(75)0'_71(25) = —0'_71(15)

have been used to derive the last step. Therefore dll;; =
2adl;,dt, which, under the initial condition (64), has the
trivial solution

Hll(t) = O7 t Z t(). (65)
Similarly, it can be shown that
Hgg(t) = 0, t Z to. (66)

Next, we look at II;2(¢) (which equals IIo;(¢)). By Ito
calculus,

A1 (D a()
=ao_1(t)o_o(t)dt + ko, 1 (t)o? o(t)dt
+Vko1(t)o— 2(t) (dBr(t) + dBr(t))
tao_ 1 (t)o_ o(t)dt + ko, o(t)o? | (t)dt
2

(67)

)

+Vkos2(t)o— 1 (t) (dBL(t) + dBr(t))
+KZ0’Z71( )O'z o(t (dBL(t) + dBR( )) .

)

Noticing

(0L0RO| 021 (t)02 2(t) (dBL(t) + dBr(t))*

x b [i11 b [iv] |0L0R0)
= (01,0r0| d By, (t)?b5 [iv1]b} [iv2] |01,0R0)

+ (01,0 0| dBR (t)?b} [iv1]b% [iv2] |0r,0R0)

+ 2(0L,0R0| dBy(t)dBg ()b} [iv1]b [iva] |0L0R0)
=0,

Eq. (67) yields

dll ;s (68)

= 2(1H12dt -

\/\/2571-61'1/175 (0LORO| (o= 1(t) + o 2(t))

X bE [iZ/Q] |0L,0r0) dt

_ VR it (0, 050] (0

\/ﬂ J(f) + 07’2(t))bi [illl] |0L0R0> dt.

Moreover, by Eq. (60) we can explicitly calculate the
non-homogeneous terms of Eq. (68) and get

dITio
) 1— —(2k+i(wetr2))(t—to)
—2all pdt — 2i—eitri+va)t 2~ € : dt
2 (We + 1) — 2ik
_ 2iiei(1/1+1/2)t 1 — e~ (2rtilwetra))(t—to) dt
o7 (We + 1) — 2ik ’

which in the limit ¢7 — —oo reduces to

14112
:20[]._.[12
K

1 + 1 i(v1+va)t
T \(we +1v2) —2ik  (we+1p) — 2ik ’

whose solution is

IT15(t)
_ij 2w, + V1 + vy — 4ik
7 ((we + v2) — 2ik) ((we + v1) — 2iK)

t
X/ e2o¢(t7r)ei(ul+u2)r

to
. K 2w, + v + vo — 4ik
iz
T ((we + v2) — 2ik) ((we + v1) — 2iK)
ei(u1+u2)t

, as tp — —oo. (69)

x—
i(v1 +12) — 2

As a result, the Fourier transform of the ODEs (62a)
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with respect to the time variable p, can be written as

) [fL,l(W17w27VlaV2)1
w2

fL,Q(w17w27V1; VQ)

. [fL,l(wl,wz,um)]
fL,Q(wl,w2,V1,V2)
25/2 2w, + 1 + 1o — ik
T ((we +v2) — 2ik)((we + v1) — 2iK)
(5(V1+V2*(U1*(U2) 1
X . .
(we +w1) + 2ik) (i(v1 + v2) — 2a) | 1

K32 2We + 11 + 1o — 4k

T (@ +02) — 2im) (e + 1) — 2im)
1
1

—\/Eé(wl — V1)5(V2 — w2) [1] .

5(V1 + vy —wy — WQ)
(we +wr) + 2ik

(70a)

fL,l(W17p27V17V2)

The expression of [ ] is then derived

fL,z(Wlapz,Vth)

W1, P2, V1,V
using Eq. (70a). The expression of [fR’l( 1P2 V1, 12)

fR,2(w17p27 Vi, Vz)
can be obtained similarly, which completes the proof. B

Proof of Lemma 1. By Lemma A.l, we can write

fL,l(wluo‘)Q?VlvVQ) = fL’Q(LU17w2,V1,V2) = fR’l(UJ17w27V1,V2) =

fro2(wi,wa,v1,v2) = f(wi,wa,v1,12). Fourier trans-
forming both sides of Eq. (31) with respect to the time
variable t yields

o_ 1liw] ]

o_ afiw]

1 /oo g - o_ 1(t0)
=—— [ dte e Miem Ao (0 050 |
V2T to g_2 t())

0o t
_ \/\/2571— dt e—iwt/ dr eA(t—T)C <0LORO| bin(r)'
to to

First, we look at the second term on the right-hand side
of Eq. (71). By Egs. (9) and (58), we get

\/E oo

vV 27‘(’ to

VR i
= S i(wc T w) C <OLOR0| bln [ZCU].

(0LORO| [ (71)

t

dt eim/ dr eA(tfr)C<OLORO|bi“(T)
to

(72)

Next, we look at the first term on the right-hand side of
Eq. (71). Performing eigen-structure decomposition on

14

iw — A gives

(w4 we) 0
0 2k 4 i(w + we)

w—A=V V,

where the columns of the matrix

vV A

1 [-11
V2|11
are eigenvectors of the matrix iw — A. Then

/OO dt 6—(iw—A)t _
to

0 —it(w+tw 1 _1
+55(W+W(:)6 (wwe)to [_1 . 1

e—(2/€+i(w+wu))t0

2 (2k + i(w + we))

Thus, the solution of Eq. (71) is obtained as

(0080 [0,1 (1]

o_ 9iw]
1 e @mti(wtwo)to

T V2r2(26 ti(w + we))

o 1(to) 1

— At

Ce

X <0LOR0|
U,’Q(to)

1 =« . 1 -1
+776 w + We e_z(w'i'wc)tﬂ
V2 2 ( ) -1 1
xe At (0L 0R0| [

Ve
2k + i(we + w)

O'_yl(to) ‘|

o_2(to)

C <0L0R0| bin [zw] .

Similarly, we can establish the following equation.
bout.1[tw
(01,080 mL[.]
out,R[Zw]
B \/E e—iwto
C Ver 26 +i(w+we)
+G[zw] <OLOR0| bin [zw]

C (01,010 lU,l(to)]

o 2(to)



By Eq. (6b) and Eq. (75), we have

(0LORO| bout,L (P1)bout,L (p2)b7, [iv1]bR [iv2] |0L0RO)
(76a)
1 .
= dwy €"Pr (01,00
V@;/ 1 (0r.0RO
X bout L[Zwl] out L( 2)b£ [iVl]bE[iV2] |OLORO>
K 00 eiw(p1—to)
~ o okt i(wn + we)
X <OL0R0| (- 1(to) + 0 2(t0))

x [1 1]l”“gﬂb;[iul]bg[m]oLoRo> (76b)
0—2(P2

J eiwl(]h—to)
/ wi 2% + (w1 + we)
X (0L0RO| (0 1(to) + 0 2(t0))

x b, (p2)by, [iv1]bg [ive] |0LO0RO) (76¢)
\/ﬂ/ dw €1w1p1®L[Zwl] <0L0R0‘
. 0— 1(p2)
bin W1 11 ’

il 1] 7207

X by [iv1]bR [ive] |OLORO) (76d)
\/ﬂ/ dwl ezw1p1 <0L0R0| @L[zwl}

X bin [iw1])br, (p2)b] [iv1])bg [ive] |0L,0RO) . (76e)

Firstly, notice

(0LORO[ (0,1 (t0) + 0 2(t0))
X bL(pg)bi[ZVl]bﬁ[Zl/Q] |0L0R0> =0.

Secondly, by (61), in the limit tg — —o0, Eq. (76e) can
be simplified to be

1 > )
— dwy €""P1O5[iwy] (01,00
T [ e Slin] (0LORO)
><6(w1 — 1/2)5(&)2 — 1/1)
= iGQ[Z'VQ]G“’““e“’”’z.

2T

Thirdly, denote

hij(p2, vi,v2)
£ (0r,0r0| o— ;(to)o— ; (p2)bi [iv1]bE [ive] |0L0RO)

(78)
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and substitute Eq. (78) into Eq. (76b) yields

ZQ?‘(‘/

1,j=1

2
= kV/2me~ (Brtiwe)(pr—to) Z hij(p2,v1,v2),

ij=1

eiwl (pl 7t0)

1 5o hij(p2, 11,
2/£+i(w1+wc) ](p2 1241 VQ)

(79)

where the fact

oo eiwt 2we_(2”+iw0)t, t>0,
/ — —dw =
—oo W+ (26 +iwe) 0, t<0

(80)
has been used. Since limy, , o, e~ (2#Fwe)P1=to) — (
Eq. (76b) goes to 0 as tg — —oo. Finally, Eq. (76d) can
be written as

f(whpz, V1, V2)

f(wlapZa Vi, 1/2)

2Vk

\/72771_ dw1 6iw1pl®L[iwl] l

] . (81)

Consequently, in the limit ty — —oo, Eq. (76a) becomes

<OLORO| bout,L (pl)bout,L (pZ)bE [Zl/l]b;{ [Z.VZ} |OL 0R0>

(82)

1 . . .
[ @2 [,“/2] etV2P1 ot1P2
2m

2 > i s P2, V1,
\/E/ d(.dl ewlpl@L[iwl] [f(wl P2, 1 VQ)] '
™ J—

f(w17p27l/17 VQ)

By applying the Fourier transform to Eq. (82) we ob-
tain Eq. (35a). Egs. (35b)-(35¢) can be established in a
similar way. |
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