Chapter 25

Non-Markovian Dynamics of Qubit
Systems: Quantum-State Diffusion
Equations Versus Master Equations

Yusui Chen and Ting Yu

Abstract In this review we discuss recent progress in the theory of open quantum
systems based on non-Markovian quantum state diffusion and master equations. In
particular, we show that an exact master equation for an open quantum system
consisting of a few qubits can be explicitly constructed by using the corresponding
non-Markovian quantum state diffusion equation. The exact master equation arises
naturally from the quantum decoherence dynamics of qubit systems collectively
interacting with a colored noise. We illustrate our general theoretical formalism by
the explicit construction of a three-qubit system coupled to a non-Markovian
bosonic environment. This exact qubit master equation accurately characterizes the
time evolution of the qubit system in various parameter domains, and paves the way
for investigation of the memory effect of an open quantum system in a
non-Markovian regime without any approximation.

25.1 Introduction

Recent advances in open quantum systems, quantum dissipative dynamics and
quantum information science have attracted enormous interest in examining the
quantum dynamics of open systems in various time domains and coupling strength
ranges. Although the Lindblad master equation is a powerful theoretical tool to
study an open quantum system under the Born-Markov approximation, such a
Markov method will not be valid when the system is strongly coupled to an
environment or the surrounding environment has a structured spectrum. In this case,
it is inevitable to employ a non-Markovian quantum approach. However, unlike in
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the case of the standard Markov regimes, deriving the evolution equation that
governs the density operator for a non-Markovian open quantum system is a long
outstanding open problem. The recently developed non-Markovian quantum state
diffusion (QSD) approach [1] offers an alternative way of solving the
non-Markovian open quantum systems. However, from a more fundamental point
of view, particularly in conjunction with the investigation of quantum decoherence
and non-equilibrium quantum transport, a non-Markovian master equation
approach that can be applied to both strong coupling regimes and structured
medium is also highly desirable.

In this paper, we report a systematic theoretical approach that can be imple-
mented easily for realistic quantum systems such as multiple-qubit systems [2]. The
paper is organized as follows. In Sect. 25.2, we describe the principle ideas of
establishing stochastic Schrdodinger equations for a generic open quantum system
coupled to a bosonic bath. We further present our recent work on developing a
systematic non-Markovian master equation based on the stochastic non-Markovian
QSD approach in Sect. 25.3. In Sect. 25.4, as examples, we study both two-qubit
and three-qubit systems analytically with our new master equation approach. Some
technical details are left to appendices.

25.2 Non-Markovian Quantum-State Diffusion Approach

The model under consideration is a generic open quantum system linearly coupled
to a zero-temperature bosonic environment. The total Hamiltonian may be written
as (setting i = 1) [3-5]:

Hiy = Hsys + Hips + Hey
X 25.1
= Hgys + Z (gkLb];i: + gkLTbk) + Z COkabk, ( )
k k

where Hjy, is the Hamiltonian of an arbitrary quantum system of interest, such as
spins, atoms, quantum harmonic oscillators, cavities etc. The operator L is an
arbitrary system operator, describing the coupling between the system of interest

and its environment. bk(b;[) is the bosonic annihilation (creation) operator of kth
mode in the environment, satisfying the usual commutation relations for bosons,
lb, b)) = S and by, b] = [b], b)) = 0.

In the interaction picture with respect to the environment, the total Hamiltonian
can be rewritten as (the rest of this paper is discussed in the interaction picture),

Hi = Hyo+ > (gkLb,J[ei“’k’ +giLlbe ). (25.2)
k
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With the total Hamiltonian, the evolution for the state of the total system [y}, (¢))
is governed by the standard Schrodinger equation,

athbzot(t» =—i

11WS+-j{j(gkLbIa“”-%gZLTbkefwﬂ)]|wmxr». (25.3)
k

For a real-world problem, solving above Schrodinger equation in a
non-Markovian regime is by no means an easy task due to the complexity arising
from a large number of environmental variables and strong system-environment
coupling. Therefore, it is desirable to develop a dynamical approach for dealing
with a reduced density operator describing open quantum systems only. The
quantum-state diffusion approach was developed based on a special choice of
environmental basis consisting of a set of Bargmann coherent states

lz2) =121) ® |z2) ® - ® |zx) ® - - -. For each mode, the Bargmann state is defined
as

1
jax) = ¢ |0),

satisfying the following properties,

bi|zk) = zi|z)s

0
blla) = 5120

It should be noted that the Bargmann states completeness identity is given by,

d*z 2
[= | 22l
/ —e |2) (zl,

where d?z = d*z,d’z, - - -. Then the state |i/,,,(¢)) for the combined total system can
be expanded as,

W) = [ e ) 1)
- /&e_zzlw,(z*» @ 2), (25.4)

7'E

where

W (2)) = (@)

Note that [/,(z*)) is a pure state in the system’s Hilbert space, containing the
complex variables z* that will be interpreted as complex Gaussian random vari-
ables. For reasons to be explained later, |i,(z")) is called a quantum trajectory
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[1, 6]. Remarkably, the reduced density operator p, at time point ¢ for the system of
interest can be recovered by the quantum pure state as shown below. By definition,
the reduced density operator p, may be obtained from p,,, by performing the partial
trace over the environmental variables. For this purpose, we choose Bargmann
coherent states as our basis,

P = trenv(ptot)
d’z _.p
:/?e i (@Y o) (Wil 2)

2 2
= [N W)
=M (|, (2)) (W, (2)]), (25.5)
where the symbol
() = d?zze—\zlz(-) (25.6)

stands for the statistical average over the random variables z* [1, 6, 7].
From (25.3), one can derive a stochastic differential equation for a quantum
trajectory when the environmental bath is in a vacuum state [1],

(")) = —ile] | Hoys + ij(gku)jew ) | Wi 1)
= [—iHSys + Lz — it Z g %e’wl ¥, (%)), (25.7)
X k
where
g =—iy g™ (25.8)
k

is a complex Gaussian process.
In a more general situation where the environment is in a thermal equilibrium
state

e*ﬁzk wkbj-bk
penv<0> = # y

t
where ff = k,%T and Z is the partition function Z = tr(eiﬁ 2 bk), the bath cor-
relation function can be written in the following form
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2 Wy
= th
S laf coi o

7Cos it —s) —isinwg(t —s)|.

For the zero temperature case, the correlation function reduces to

(1, )|r— = Zlgkl ~on(t=s) (25.9)

It is interesting to note that the stochastic process defined in (25.8) satisfies,

M (z)
M (zz) =
M(Z)z5) = alt,s).

0,
0, (25.10)

Equation (25.10) shows that z; typically represents a non-Markovian Gaussian
process characterised by the correlation «(z,s). Taking the Lorenz spectrum as an
example,

r 1

J(w) = —
(@) 27 (0 — wy 4 Q) + 72

we can explicitly show that the correlation function takes a very simple form,
r L
a(t,s) = 7%(*“/ i)t (25.11)

which is commonly called the Ornstein-Uhlenbeck type correlation function. 2.
represents the central frequency of the environment and ! is the correlation-time of

the environment. When the parameter y — oo, the Ornstein-Uhlenbeck correlation
function recovers the well-known Markov approximation described by a Dirac delta
function,

o(t,s) = I'(t,s).

In (25.7), the term % [/,(z*)) can be cast as a functional derivative by using the
'k

chain rule,

* —im, * —iw, 62 5
i itle ) )= i3 gl / 5o 52 W)

0

= —LT/dsoc(t,s)éiZ*\lﬁt(Z*»-
o A
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By defining the O operator,

0

@W;(?)% (25.12)

o(t,s,2) |y, (2")) =
the non-Markovian quantum-state diffusion (QSD) equation driven by the complex
Gaussian process z; is written as,

O,(2")) = (_iHsys—l-LZ,* — Lo, z*))lw,(z*», (25.13)

where O(t,z*) = [, dsa(t,5)O0(t,s,2").

The exact non-Markovian QSD equations are generic for open quantum system
models represented by (25.1). Note that these non-Markovian stochastic equations
are derived from the generic microscopic Hamiltonian (25.1) or (25.2) without any
approximation. For practical numerical simulations, it is useful to recast the QSD
equation into a time convolutionless form by introducing a time-local operator O.
The dynamical equation of the O operator can be determined by its consistency
condition,

0 o o 00 .
e W20) = g W)

Putting the definition of O operator (25.12) and the QSD (25.13) into above
equation, the dynamical equation of O operator is given by,

0,0(t,5,2") = [—iHyy + Lz — LTO(1,2"), 0(1,5,2")] — LT % . (25.14)
ZS

with the initial condition
O(t,s =1t,7") = L. (25.15)

For many interesting models, such as dephasing models [8], multiple-qubit
dissipative systems [9-12], and quantum Brownian motion [13], the exact
non-Markovian QSD equations have been established [5, 14—17]. Consequently,
one can study the non-Markovian behaviors of quantum decoherence and quantum
entanglement, based on the numerically recovered reduced density operator p,.
However, from a more fundamental point of view, it is known that the corre-
sponding non-Markovian master equations are very useful in describing quantum
dissipative dynamics, quantum transport processes, and quantum decoherence.
Therefore, it is of great interest to establish a generic relation between the stochastic
QSD equations and their master equation counterparts.
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25.3 Non-Markovian Master Equation Approach

After discussing the non-Markovian QSD approach, we will study the relationship
between the non-Markovian QSD and master equation approaches in this section.
As a fundamental tool, the master equation governs the evolution of the reduced
density operator for an open quantum system. However, deriving a systematic
non-Markovian master equation for a generic open quantum system is a rather
difficult problem. Up to now, exact master equations are available only for some
specific models, such as the dephasing model, qubit dissipative model, and
Brownian motion model [5, 7, 13-26]. Traditionally in quantum optics, in the case
of weak coupling and broadband approximation, one can adequately describe the
dynamics of atoms coupled to a quantized radiation field by a Lindblad master
equation [27],
— L T — t
Op, = [—iHyys, p/] > (L'Lp,+p,L'L —2Lp,L"), (25.16)

where p, is the reduce density operator of the system of interest, L is the Lindblad
operator and I' represents a decay rate. However, when the Born-Markov
approximation ceases to be valid as shown in many cases involving strong cou-
plings and structured spectrum distributions, non-Markovian dynamics has to be
invoked. It is shown that the non-Markovian dynamics can bring new interesting
physical phenomena, such as a regeneration of quantum entanglement, slow
quantum coherence decay and so on. In this section, we show a systematic way of
deriving the non-Markovian master equations from stochastic QSD equations.

As shown in (25.5), the reduced density matrix p, can be formally recovered by
taking the statistical average over all the quantum trajectories,

pr = A ()W (2)]]-

From this starting point, we can write down the formal master equation as,

py = (=i, p+ LA P) — LT#[0(, )P + MPILT 4 1P,0 (1, 2)]L,
(25.17)

where P, is the stochastic projection operator P,(z,z") = |¢,(z*)) (¥,(2)|.
By applying the Novikov’s theorem [8],

1
oP
wp) = [ dsaz)uf,
0 S
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it is easy to obtain the following results,

Mz P = MP,OT],

i (25.18)
M|z,P,) = M[OP,).

The detailed proof of the above results can be found in the Appendix 1.
Therefore, the formal master equations can be written as

ip, = [=iHye, p]+ L, R(@)] — LT, RT(1)]. (25.19)

where,
R(t) = .4 (P,0T).

As a note, we point out that non-Markovian master equations may provide a
possibility to find an exact analytical solution. Even in numerical simulations, in
some cases, such as small quantum systems, a master equation can significantly
reduce computational complexity. Generally, the O operator contains noise terms,
therefore, the term .#(OP,) is still hard to derive analytically.

Example Here we consider the one qubit dissipative model as an example to show
how to use Novikov’s theorem to derive an exact master equation. The total
Hamiltonian in this case is given by [1, 8],

w . .
Hu = 20.+0. 3 gbfe™ +0. 3 gibe ",
k k

Then, the non-Markovian QSD (25.13) can be explicitly written as,

(")) = (—i%az +0-z —a, O)Y,(z)). (25.20)

And the O operator takes the form of
O(t,s) =f(t,s)o_, (25.21)

where the coefficient function f(z,s) satisfies the initial condition f(z,7) = 1 and it
obeys the equation of motion,

Of(t,5) = ioof + FY,

1

F(t) = /dsoc(t,s)f(l, s).

0
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Here we choose the Ornstein-Uhlenbeck type correlation function (25.11) as an
example, such that the coefficient function F(z) satisfies

d I'y . )
—F(t) = — —yF F+F
p (1) == = yF +ioF +F7,

Using Novikov’s theorem (25.18), we have
M(OP,) = F(t)o_p,,
AP0 = F (o

Then the exact master equation can be shown explicitly as

. * *
op; = [_15617 p)— (Fo,o-p+Fpo.o_—(F+F)o_poy). (2522)

Next, we check its Markov limit: writing the correlation function in the form
a(t,s) = I'é(t,s), (25.23)
then F () can be calculated as

t

F(t) = /dsfé(t, $)f(t,5) :g.

0
The master equation in the Markov limit is easily obtained from (25.22),

w

. r
op, = [*lzo-za pt] - E(O—Jro-fpt +p040-—20_p04), (25.24)

which clearly takes the standard Lindblad form.

25.4 Multiple-Qubit Systems

In this section, we discuss a multiple-qubit system coupled to a common bosonic
environment. The multiple-qubit model is of interest in quantum information as it
represents a quantum memory realised by two-level systems such as spins or atoms
[28-34]. Studies of dissipation and decoherence for multiple qubit systems are
useful to understand quantum decoherence control and quantum disentanglement
processes. Such studies can help us to develop new theoretical and experimental
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strategies to control quantum decoherence [35-37]. Here, we consider a generic
N-qubit model,

H, = Hsys +L Z gkb,]:ei‘"” + LT Z glﬂgbkefiwkz7
k

k
Ho =S Ygitg it 4 gigit]
sys — 2z Xy x7x yoy ’
j

J

where L = Zj Kjo! is the dissipative coupling operator of the system, «; is the

coupling constant for j” qubit. The non-Markovian QSD equation is written as
() = (=it + Lz = LTO) |y, (2")), (25.25)

where O operator is determined by the following equation,

8,0(t,5,7") = [—iHy, + Lz — LTO(®1), 0(t,5)) — L %Z(:), (25.26)

S
together with the initial condition O(r,s = 1) = >~ K07 .

Differing from the previous simple example, O operator is no longer free of
noise when the size of the system increases. In general, the O operator is typically
involved with noise z*. Note that O operator can be formally written in the func-
tional expansion of noise [8],

t t t

O(t,s,7°) = Oo(t,s) + /dslz;01(t,s,s1)+ /dsl/dszz;z;‘202(t,S,sl,52)+ e
0 0 0
(25.27)

where Oy is the zeroth order, which does not contain noise z*; also, operators O,, by
definition do not contain noise. For a simple example, the one qubit case, O =
f(#,s)o_ is a special case in which O operator only contains the Oy term. The initial
conditions for each term of the O operator are [13],

Oo(t,s =1t) =L,
On(t,s =1) =0.

Substituting (25.27) into (25.26), we have a set of coupled differential equations
for each term O, in the O operator (Appendix 2),



25 Non-Markovian Dynamics of Qubit Systems ... 619

8,00(t,5) = |—iHyy, — LT 0o (1), 0o(t,5)] — L1011, 5),
8,01(t,5,51) = [—iHyys — L10(1), 01(t,5,51)] — [LTO1(1,51), 00(2, )]

(25.28)
_ LT(OZ(t,sl,s) + 01 (1, 5,51)),

etc.,
together with the boundary conditions

O4(t,s,t) = [L, Og(t,s)],
02(1‘, S, l‘,Sl) +02(I, s, Sl,l‘) = [L, 01(t,s, S])],

etc.

As we have shown in (25.19), explicitly finding R(¢) is the key to determine the
exact master equation. In the next section, we will exhibit the detail of deriving R(¢)
for some important qubit systems.

25.4.1 Two-Qubit Systems

For simplicity, we take the two-qubit system as our first example to show the details
of our analytical derivation. The two-qubit system has generated enormous interest
due to its relevance in quantum computing and quantum information. For example,
the entanglement measure for a qubit system takes a particular simple form for the
two-qubit system known as concurrence [38]. The Hamiltonian for the two-qubit
model is given by,

Hyy = Hyys + L Z gkaeiw"’ 4Lt Z gibre ™,
% k

w1 (005
Hye=—0.+ =

L= K1617+K2(i

2 1.2, 12
o; +Jy (axax + ayay) ,

2

As discussed above, the non-Markovian QSD equation is given by,
O () = (=it + Lz = LTO) (), (25.29)

where the O operator can be written as

t
O(t,5,2") = Oo(t,5) + /dslz;ol(t,s,sl), (25.30)
0
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where,
Oo(t,s) = fi(t,s)a" +1(t,5)0” +f5(t,s)0l0” +fi(t,s)a' a2, (25.31)
Oi(t,s,51) = fs(t,5,81)0" 0> . (25.32)

Inserting the explicit form of O operator into the equation of motion (25.26),

t

0,00 = [—iH,y — LTOO, Oo) — L]L/droc(t7 )fs(t,1,8)0" 0, (25.33)
0

8,0, = [~iHy,, 01] — [L10y, 0] — [LT01, 0], (25.34)

we have the evolution equations for the coefficient functions as

6f1 = iCO]f] — 2in), 3+ (KlFl +K2F3)f1 +K2(F4 — Fl)f3

K (25.35)
+ (k1 Fy + 12 F3)fy —72F5,
Oifs = iwnfy — 2iJnfa + (K1F4 + Kze)fz + (K1F4 + K2F3)f3
+x1(F3 — F2)fa — EFS,
Ofs = imnofs = 2ilyfi +11(F3 — Fa)fi + (K1 Fy + 12F3)f>
o (25.37)
+(K|F4+K2F2)f:g —?F5,
Ofa = iwnfy — 2ifo + (1 F4 + 12 F3)fi +12(F4 — F1)f>
s (25.38)
+ (K1 F1 4+ 12 F3)fa —7175,
Ofs = i(w +w + (k1 F1 +K1Fs + k2 F) + 10 F'
fs = i(w 2)fs + (K1 F) 1Fa+ k2F) + 100 F3)fs (25.39)

+ (K1fi — Kifs +1of2 — Kof3)Fs,

where Fj(7) = [jdro(t,0)fi(t,7) G =1,2,3,4) and Fs(t,s) = [, dro(t, 1)fs(t,1,5).
Based on the previous discussion, we have the initial conditions as

fi(t,t) =K1, folt, 1) = K2, (25.40)
fé(t7 t) = Oa f4(t7 t) = 07 (2541)

fS(tatvsl) 207 (2542)



25 Non-Markovian Dynamics of Qubit Systems ... 621

and the boundary condition,
Filty5,1) = 20113 (8, ) + fi(1,5))- (25.43)

For this two-qubit model, R(t) = .# (P,OT) can be evaluated explicitly. By the
ansatz of O operator,

R(t) = .4 (P,0")

¢
= %(PZO(-[ +P1/dS1Zsla'lt<l,S1)).
0

Since both Oy and O; are free of noise, therefore, we have,

R(1) = p,0) + / dsy M (2, P)O) (8,51). (25.44)
0

Applying Novikov’s theorem (25.18), we obtain,

1

Mz P) = / dsaa(st, 2).4(0(t, 2)P,)

0
t t

:/dSQOC(S],SQ) 00(I,S2)pt+/dS301([,S2,S3)ﬂ(Z:3P,) .
0 0

Repeatedly applying Novikov’s theorem, we get,

t

M P) = / dssa(ss,53). 4 (POT (1,53))

0
t t

- / dsga(ss, s4) | M (P,OY(1,54)) + / dss M (Pizs;)O) (t,54,55) |
0 0

In general, repeating the Novikov theorem may generate an infinite number of
terms. However, as shown below, for our two-qubit model, we can get a closed
equation in a finite number of steps. Note that, if we put all the results back into
R(t), we have
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t t

R(t) = p,OI—l— /ds1 /a’szoc(sl,sz)Oo(t7 sz)p,ai[(t,sl)
0 0
t t t

+ /dSl/dSQOC(S],Sz)/dS301(Z,SQ,S3)(ﬂ(Z;PZ)OI([7S1). (2545)

0 0 0

It is easy to check that,
ﬂ(z;PJO}L(I,S,Sl) =0,
since

0:{0]L =0,
ojol =o.

The two identities are called “forbidden conditions” [2], which result in a closed
noise-free R(¢) operator,

t t

R(l‘) = p,O;r—i- /dsl/dszoc(sl,sz)Oo(t, .Yz)ptO;[(t,Sl). (2546)
0 0

Finally, we determine the exact non-Markovian master equation for the
two-qubit system in a bosonic environment. Here, we explicitly exhibit R(¢) with
coefficient functions:

1 2 1.2 1 2
RI(t) = (Fio" + Fad® + Fs0'0® + Fa' 6)p, L (25.47)

+aldp, [ri(t)a', +n(t)o? +ri(t)ala’ +n(t)a', a7],

where r;(t) = [y dsy [ods:o(s, $:)f (1,5)Fs(t,51). (j = 1,2,3,4).

In Fig. 25.1, we show the dynamics of quantum entanglement in the two-qubit
system. For calculational simplicity, we choose the Ornstein-Uhlenbeck type of
correlation function (25.11) in our numerical simulation. Figure 25.1a shows a few
single-trajectory paths, numerically simulated by the non-Markovian QSD equa-
tion. In Fig. 25.1b, we use 100-trajectory averaged (dash-dotted curve) and
1000-trajectory (dashed curve) averaged reduced density operators p, to simulate
the entanglement dynamics. Also we show the result simulated by using the
non-Markovian master equation (solid line). The non-Markovian dynamics for
1000 quantum trajectories shows a high degree of agreement with the master
equation approach.
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(a) 1 (b) 1
,'v
'l
T/ 5
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Fig. 25.1 Quantum entanglement in two-qubit system, initially prepared in a Bell state
% (]10) +101)). We show the results: a a set of single-trajectory evolution (dashed), and b 100

trajectories averaged (dash-dotted), 1000 trajectories averaged (dashed) and master equation
(solid). The parameters are set as: w; = wy =, kK] =Ky = 1, Jy, =0 and y = 0.1

25.4.2 Three-Qubit Systems

As another interesting example, in this section, we extend our derivation for the
two-qubit system to the case of a three-qubit model. With the derived
non-Markovian master equation, we study quantum decoherence and quantum
disentanglement in a multiple-qubit system. Although there is no convenient
computable measure of entanglement for multipartite systems, we can still inves-
tigate the entanglement transfer between two qubits in a multiple-qubit system. The
total Hamiltonian for the three-qubit system (shown in Fig. 25.2) is,

Htol = Hsys +LZ gkbzeiwkt +LT Zgakefiwkl’
k k

-

Hsys = )

2
J ] Jjit1 Jj i+l
— ol +Jy E (Jx% +oy0,7 ),
Jj=1 Jj=1

where L = Z}L Kjo/ is the Lindblad operator coupling the system to the envi-
ronment. The non-Markovian QSD equation in this case is given by,

O (&) = (=it +Le; = LT0) 1y, (). (25.48)

For the three-qubit dissipative model, the O operator contains up to the
second-order of noise and can be written in a functional expansion as
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Fig. 25.2 Schematic of the Qubit 1 Qubit 2 Qubit 3

3-qubit system coupled to a
common environment @ @ @

Common Environment

t t 1

O(t,5,2") = Oo(t,s) + /dslz;Ol(faSaSl)‘f' /dS1/dsZz?;z;;Oz(t,s,sl,Sz)~
0 0 0

Here, we do not explicitly show the form of O operators. However, we still have
the boundary conditions and initial conditions from the O operator evolution
equation. The evolution equations for Oy, O; and O, are

8,00(t,5) = [—iH,y, — L 0o, 0o) — L1041, 5), (25.49)

00\ (t,5,51) = [~iHyys, 01] — [LT 0y, 0] — [LTO, O]

’ ! (25.50)
— LT(OZ(I, §,51) + Oa(t,51,5)),

3;02(t,s,s1,s2) = [71'['1_;%?, 02} — [LTO(), 02] - [LTOZ, 0()]
—LTO1(t,51), O1(t,5,52)] — [LTOL(2,52), 01 (2,5, 51)]-
(25.51)

The boundary conditions are

O:(t,s5,t) = [L, Oo(t,5)],
O, (t,s,t,51) + Ox(t,5,81,1) = [L, O1(¢,s,51)].

The initial conditions are

Oo(t,s =1)
Ol(l,S = Z‘,Sl)
Os(t,s = t,51,52)

L,
:0,
=0
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And the “forbidden conditions” are

000, = 0,
0,0, =0,
0,0, = 0. (25.52)

Equations (25.49-25.51), together with their initial conditions fully determine
the O operator. In order to derive the exact master equation, the last step is to

evaluate R(t) = .#[P,01] in the form

1 t t

R(1) = p,0) + / ds,. 4z, PO (1, 1) + / ds, / dsll (23,2, P)OL (1,51, 53)-

0 0 0
(25.53)

Similar to the two-qubit case, employment of the Novikov theorem (25.18) and
the forbidden conditions (25.52) leads to R(z) of (25.53) in the form

t t

R:p,O:)u— /ds1/dszoc(sl,sz)Oo(t,sz)p,O}L(I,sl)
0 0
t

/dvl/dvz/d93/d94oc(?1,v2) (s3,54)01 (1, v2,93)p,0g(t 54)0 ]L(t,sl)

0
+ /dsl/dSQ/dS3/dS4OC(S1,S3)OC(S2,S4)00(I,S3)00(l, s;;)p,@j(hshsz)

0 0 0
+ /dsl /dSQ/dS’;/dS40((S1,S3)OC(S2,S4)01(I,S3,S4)pt(_)1(l‘,sl,82).
0 0 0 0

(25.54)

The detailed derivation of this can be found in Appendix 3. With the exact form
of R(t), the exact non-Markovian master equation may be explicitly obtained,

Oip, = |~iHyyy, pi] + L, R — [LT, RT). (25.55)

It should be noted that in the above derivation, the correlation function o(z, s)
can have an arbitrary form. Therefore our derivation of the exact master equation is
completely general.

In Fig. 25.3, we plot the entanglement dynamics of a pair of qubits in the 3-qubit
model with four different initial states, including a separate state and three
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Fig. 25.3 The dynamics of entanglement between qubit 1 and qubit 2 (see Fig. 25.2) with
different initial states. a [L11), b (|111)+|000))/v2, ¢ (|100)+|010)+|001))/+/3,
d (]110) + |101) + [011))/V/3

maximally entangled states (GHZ state and W state). Without loss of generality, the
concurrence between qubit 1 and qubit 2 is studied. In Fig. 25.3a, b, since the initial
three-qubit states are |111) and \/ii(|111> + |000)) respectively, there is no entan-

glement between the qubit-pair considered. When we choose different memory
times 1/y (taking Ornstein-Uhlenbeck noise as an example again (25.11)), the
degrees of the generated quantum entanglement are different. When y = 0.4, a
typical non-Markovian regime, the maximally generated entanglement is much
higher than that in the case with y = 1.5 representing the Markov limit. In
Fig. 25.3c, d, the initial GHZ state of the three-qubit system is maximally entan-
gled, and the reduced density matrices for qubits 1 and 2 are also entangled. When
y = 0.4, the early revival of entanglement in both cases is a typical non-Markovian
feature.

Furthermore, we consider the entanglement transfer between two pairs of qubits.
In Fig. 25.4, we prepare a Bell state for the qubit-pair 1 and 2. The idea is to observe
the way entanglement transfers from qubits 1 and 2 to qubits 2 and 3. Because of
the symmetry of the model, the behaviors of quantum entanglements Cy3 and Cy;
are identical. In Fig. 25.4a, c, the correlation parameter y = 0.4 is fixed, therefore
these two graphs show the short-time behavior of non-Markovian entanglement
evolution. For different initial states, the speed of generating quantum entanglement
is also different. In Fig. 25.4b, d, with the environment close to the Markov limit
with y = 1.5, we see that the entanglement drops to its final steady state quickly, as
expected. It is interesting to note that the quantum entanglement between a pair of
qubits does not actually vanish for a long time. Contrary to the two-qubit system
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Fig. 25.4 The dynamics of quantum entanglement between three qubit-pairs Cj, (qubit 1 and 2,
solid) and Cy3 (qubit 1 and 3, dashed). Left column shows a non-Markovian regime with y = 0.4.
Right column shows a regime close to Markov limit (we choose y = 1.5). a and b use the same

initial state (]11) 4-]00)) ® |0)/+/2; while ¢ and d use the initial state (]10) 4-|01)) ® |0)/+/2

dissipatively coupled to a bosonic environment, most two-qubit entangled states
will be disentangled eventually, except for the Bell state (|10) — |01))/+/2, which
preserves the quantum information due to the decoherence-free subspace. However,
as shown in Fig. 25.4b, d, quantum entanglement can be stored in a pair of qubits
robustly. This result can be naturally extended to N-qubit systems; the capacity of
storing quantum information will increase as the size of quantum system is
enlarged.

25.4.3 A Note on General N-Qubit Systems

We remark that the previous derivations for the two-qubit and the three-qubit sys-
tems can be extended to the more general case of N-qubit systems, with the Lindblad
operator L = Zj k;o/ . The general procedure for generalizing our results to N-qubit
systems is highlighted as follows. First, we need to determine the maximum order of
noise in the O operator. It is easy to prove that LN *! = 0 for a N-qubit system, and
the last term of the O operator, Oy_;, must be in the form of IN. And the highest
order of noise in the O operator is N — 1 [11]. For example, the O operator contains
the first-order noise in the two-qubit model, and up to the second order of noise in the
three-qubit models. Similarly, there is at most N — 1 order of noise for the
N-qubit models. Second, we need to determine the “forbidden conditions”.
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The close condition for qubit is (o7 )2 = 0. One can see that if two O operator
components O; and Oy satisfy this condition j+k > N — 2, then O;0; = 0.

Therefore, generally, one can obtain the explicit form of R(¢f) = .# (P,OT), by
calculating

%(Zsl .. 'Zsz_,v,]Pt) = / - / dsy - - dSZj <H OC(Szthzj)) M [(H 55* )P[‘| .

0 0 ;o
(25.56)

Once the closed form of the R(#) operator is obtained, the exact master equation
is determined.

25.5 Conclusion

In this paper, based on the non-Markovian QSD approach, we analytically and
numerically investigate multiple-qubit systems dissipatively coupled to a
non-Markovian zero-temperature bosonic environment. We have explicitly
demonstrated how to establish an exact non-Markovian master equation from the
corresponding quantum state diffusion equation. Our approach is very flexible in
the sense that it can be readily modified to solve many other types of models such as
hybrid systems consisting of qubits, qutrits, continuous variable systems and
multiple-environment systems, to name a few [39]. The time-local exact master
equation approach studied in this paper represents a new advance in our investi-
gations of non-Markovian quantum dynamics and non-equilibrium quantum
dynamics. We expect that our newly developed theoretical approach will be useful
in attacking many real-world problems.

Appendix 1

Here we supply a proof of the Novikov theorem. To make the proof more generic,
we calculate the term .#(z.P,), where 7 and ¢ are two independent time indexes. In
this, .# (z,P,) is the limit case in which t = 7. By the definition of ensemble average
in (25.6), we have [8]

d2
M (2:P;) = / feflﬂzzrp,. (25.57)
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where |z = 3, |«|* and d?z = d?z1d%z, - - -. With the definition of
Ze =1, gize ", we have

d221 d222

%(ZTPI) = TT .- H el < Zg e 1wu> ..

Since all z; are independent to each other, the above integration can be simplified

d? dz dz;
ZrPt _ lZg* zwm( / Zn 7|z )/ Ay, 7|zk\ %P,
n#k

Integrating by parts, then we have,

/dedzz'ef‘z"‘ZZth
s
:/dzkdzz (_i*ekkz)["t
T 0z
dzkdzz a |Zk‘ _‘ 2 6
= P, al” Z_p
/ . [( oz e ot

k
= / _dzkdzlt ol ipt'
n 0z

as

Then

. *  —1oxT d2Z —|z? 9
ﬂ(ZrPt)Zlnge g /76 l 5P

P
- 0z

Using the functional derivative chain rule,

85*

8 0
M (z.P;) —lZg* 7"”“/ 2 el % —P,
0

t

dZ
:/_Ze*\z\z/dsoc(r,s)O(t,s,Z*)P,,
Tf

0
t

M (2P,) = / dsa(z, $).M[0(t, 5,2")P].
0
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Now we have the Novikov theorem,

ﬂ@mz/wﬂmaﬂwmfw¢

0
t

M(ZP,) = / ds. (2 2,).4 [P0 (1,5,2)).
0

In the limit T = ¢, we obtain

zﬂ(ZrPt) = ﬂ(O(l‘, Z*)Pr)7

_ (25.58)
M(ZP) = M (PO (1,2)).

Appendix 2

Inserting the expansion series of O operator (25.27) into the O operator evolution
(25.26), we have

t
8,0(l, S) = 8100<l‘, S) +Z:01(l‘, S, l) + /dslzjla,ol(t, S,1 ) + -y (2559)
0

for the left hand side. Furthermore, the right hand side of (25.26) can be expanded
as

ity + Lz — L10, 0] - 129
' 0zk
{ t

= [—iHy, + Lz — L0y, 0g) - LT

0
/dw(z,r)/dslzﬁ O1(t,7,51)
51* 1

s

0 0
t t

t
+ [—iHyys + Lz, /dslz.floﬂ —~[Ltoy, /dslz:lol] - [LT/dSﬂ;Oh O]
0

t t

0
t
t0 . »
— L ﬁ d‘l,'{)((l‘7 ‘L') ds, dsﬂ.chszZ (l, 7,81, Sz)
7
"0

0 0

. (25.60)
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By the definition O = [ dsa(t,s)O(t,s,z*), we can calculate the terms

t

t
0
/d‘coc(t,‘c)/dslz: O:(t,7,51)
0z !
0

0

t 1

:/droc(t f)/dﬁé(&sl)ol(ZaT»Sl)

0

/ a(t,7)0(t,1,5) = O4(t,),
0

and

/dw 1T /dsl/dszzzlz;Oz(t,r,shsz)
dro(t,t /dsl

0
t t
dm(t,‘c)/dsl/dszzszé(s,sl)Oz(t,‘c,sl,sz)

0

dsyz;, 0(s,52)02(t, T, 51, 52)

+
S O~
—-

(=)

t 1

ds1z;, 0a(t, 7,51, ) + /droc(t, r)/dszz;Og(t,r,s, $2)
0 0

dro(t

Il
O\N C\N o
o\

dro(t,7) dslzsl(Og(t,r,sl,s)+02(t,r,s,s1))

o

dslZ (02(t751as) +02(t,s,51))‘

Equating the two sides for each order of noise z*, we obtain a set of dynamical
equations for the O, (n =1,2,...). For the non-noise term, we have

8,00 = [—iHy, — LT 0o, 0o] — LT0;.
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For the first-order noise terms, we have
t

/d512:16l01

0
t

_ / dsiz; { [ty L100, 0] ~ 1101, 0] — LT(0a(1.51.5) +-0al.5.51) ).
0

and the evolution equation for O, is obtained as
8tol == [*iHvys - LTOO; 01} - [LTala 00] - LT(OZ(I; SI;S) + 02(la S, sl))‘

Similarly, the set of coupled dynamical equations for all O, can be determined
sequentially. For the terms containing z;', the boundary conditions can be obtained as

Oi(t,5,t) = [L, Oo(t,5)],
02(Z,S,S1,l) +02(Z,S,[,Sl) = [L7 01(l,S7S1)],

etc.

Appendix 3

In order to explicitly derive the R(¢) for the three-qubit system model, we need to
calculate two terms ./ {z,, P, } and .#{z, 25, P; }. Since the term .# {z,, z,, P,} contains
second order of noise, it can be evaluated by using Novikov’s theorem twice (25.18).
t.
Mz P} = / dsyo(s1,52)-4{0(1,5,)P,}
0

1 t
= /dj‘zd(é‘],&’z) |:0()(17S2)pt+ /dS30| (l,Sz,S})e///{Z;Pt}‘|
0 0

t t t

+ /dszoc(sl,sz)/dS3/dS5Oz(t,sz,53,55)¢/%{z;z;P,},

0 0 0
t

MA{z5,25, P} = /dszot(sl,sz),///{z.‘v}O(t, $2)P,}
0

t t
' " o0(t
:/dSz/dS4OC(Sl,S2)OC(S3,S4)<//{wpt}
0z,
0 0
t 1

+ /dsz /dsux(sl,sz)oc(Av3,AV4),//i{0(t,sz)O(t,S4)P1}.
0 0
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After eliminating the zero terms by the “forbidden conditions”, R(z) can be

explicitly shown as (25.54).
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