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Dephasing of two interacting qubits under the influence of thermal reservoirs
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A phase relaxation process of interacting two qubits is studied by means of the quantum master equation,
where each qubit is influenced by an independent thermal reservoir. The damping operator of the quantum
master equation consists of two parts; one includes the effects of the interaction between the qubits and the
other does not. It is shown that the interaction significantly affects the phase relaxation process. The decoher-
ence of entanglement is investigated for the two qubits initially prepared in the X state.
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I. INTRODUCTION

A physical system is not closed in the real world and it is
always influenced by a thermal reservoir which is a huge
environmental system. The quantum-mechanical properties
such as coherence and entanglement [1,2] are destructed by
an interaction between a system and thermal reservoir. Hence
the decoherence inevitably takes place in the real world and
a physical system undergoes an irreversible time evolution or
a relaxation process. Such an irreversible time evolution of a
system can be formulated by various methods such as the
projection operator method [3,4], the path-integral method
[5,6], and the stochastic method [7]. The quantum master
equations derived by means of the projection operator
method [4] and the path-integral method [8] are very useful
for investigating many physical systems influenced by ther-
mal reservoirs in quantum optics and quantum information
[4,9,10]. It is, however, difficult to derive the quantum mas-
ter equations for physical systems, which consist of interact-
ing subsystems under the influence of thermal reservoirs. As
pointed out in Ref. [11], the effects of the interaction be-
tween subsystems on the relaxation process are essential for
deriving the correct irreversible time evolutions of the sys-
tems [12,13]. Decoherence of interacting two-qubit system
has recently been investigated by the quantum master equa-
tions with the damping operators, which include the effects
of the interaction between the qubits [14—17]. In these stud-
ies, however, the interaction effects on the relaxation of the
system are not so clear. Therefore in this paper, we would
like to investigate the effects of the interaction between qu-
bits on the phase relaxation process in detail

This paper is organized as follows. In Sec. II, we derive
the quantum master equation for an interacting two-qubit
system under the influence of independent thermal reser-
voirs, where the dephasing couplings between the qubits and
thermal reservoirs are assumed. The damping operator of the
quantum master equation is obtained in the form that makes
clear the effects of the interaction between the qubits on the
phase relaxation process of the system. In Sec. III, we obtain
the nonequilibrium dynamics of two-qubit entanglement in
the Markovian approximation, where the two qubits are ini-
tially prepared in the X state, which includes the Bell state,
the Werner state, and the maximally entangled mixed state.
In Sec. IV, we investigate the decay of entanglement for
several two-qubit states. We will show that the interaction
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between the qubits significantly affects the decay of the en-
tanglement. The results are compared with those obtained
when the interaction effects on the phase relaxation process
are ignored. In Sec. V, we provide concluding remarks.

II. QUANTUM MASTER EQUATION FOR
DEPHASING

We consider a time evolution of interacting two qubits,
referred to as qubit A and qubit B, where each qubit is influ-
enced by an independent reservoir in the thermal equilibrium
state. We suppose that the Hamiltonian ﬁQ of the two-qubit
system is given by [18,19]

Hy=Hho(S5 +S5) +he(SiSy+5355), (1)

where S, and 87 =5% +iS (Sz and S; =8%+iS}) are spin-
1/2 operators of the qubit A (the qubit B). The eigenstates of
the two-qubit Hamiltonian I:IQ are |@y)=|00), |®,)=|11), and
|W.)=(]01)=|10))/v2, and the corresponding eigenvalues
are given by fw, —fiw, and *#g, where |0) and |1) are the
eigenstate of the z component of the spin-1/2 operator, such
that $%0)=2|0) and §%|1)=—3|1). Then the spin operators S,
and 3’% are evolved by the Hamiltonian ﬁQ as follows:

P VI A PPN A 1 . 1
Six(t) = e(’l/ﬁ)HQSie_(”/ﬁ)HQ — Si\ _ 5(1 _ 621gr)|\1,+><\1,_| _ 5(1

- e W)W,

, 2)

A I e U | , 1
Sy(0) = eMMHaSe Mo = § 4 S (1 = 2 W )W+ (1

— W,

. 3)

which are derived in Appendix A. These equations are used
to derive the quantum master equation of the interacting two-
qubit system. The equality S5 (7)+S%5(r) =S5 +S5 holds due to
the commutation relation [Hy, S} +S3]=0.

We suppose that each qubit undergoes a phase relaxation
process or dephasing, which is caused by an independent
thermal reservoir. In this case, the interaction Hamiltonian

between the two qubits and thermal reservoirs is assumed to
be
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FIG. 1. The schematic representation of the interacting qubits

under the influence of the individual thermal reservoirs, where S5 5

and S‘f  are spin-1/2 operators and IQA,B is a Hermitian operator of
the thermal reservoir. The interaction between the qubits affects the
relaxation process.

]:IQR=h)\A*§,Z4R€A+ﬁ)\A‘§§3R?B’ (4)

where ﬁA and 133 are some Hermitian operators of the ther-
mal reservoirs. The system that we consider is depicted in
Fig. 1. We denote the density operator of the total system as
W(r), the time-evolution of which is determined by the
Liouville-von Neumann equation,

d A A A A
EWU) == %[HQ +Hg+ Hop, W(1)], (5)

where H » represents the Hamiltonian of the two independent
thermal reservoirs. In the interaction picture, we have

0 A I~ .
—W" (1) = = —[Hgp(0), W™ (0)]. (6)
at h
In this equation, we set the operators Winl(7)
— e(it/h)(HQ+HR) W(t) e—(it/h)(HQ+HR) and I:Iim (t)

F A OR

=e(i’/h)(HQ"HR)I:IQRe'(i”ﬁ)(HQ+HR). Furthermore we assume that
the system and thermal reservoir are uncoupled at the initial
time and the strength of the system reservoir interaction is
sufficiently weak. Then, applying the projection operator
method, we can derive the time-convolutionless quantum

master equation for the reduced density operator VAVB‘(I)
=Trgr W"(#) of the two-qubit system, up to the second order
with respect to the system-reservoir interaction [3,4],

t

.. 1 Ny . . X
SVe=- fo dt’ Trg[Hpp(1),[Hp(1'), Wo'(r) © fgl]

= LI OW'(0) + Ly ) Wk(o), (7)
where pg is the equilibrium state of the thermal reservoirs
and Try stands for the trace operation over the reservoir Hil-
bert spaces. In this equation, the damping operators EAK“(I)
and £1(r) are given by

1

LR OWG' (1) ==} f dr' (Ry(ORA(1")S5(1 S5 W' (1)
0

+\3 f dr' (Ry(1" )R, (1)S3 (W50 S5(¢")
0

+\2 J dt' (Ry(OR(t"))S3(1" Y Wi (1) S5 (1)
0
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-\ f dr' (Ry(t R (D)W (1) S5 (1) S5(0).
0

(8)
LR OW(1) == f dr' (Ry(Ry(1")S} (1) S5t W' (1)
0

+\3 f dr' (Ry(1")Rg(1))S5(0) W' (0)S5(1")
0

ol f ' Ry OR K )S5 YWD $5(0
0

-2 f dr' (Rp(t ) Rp(0)YW5(1)S5(t") S5(1),
0

)

where .SA"Z(I) and S’ZB(t) are given by Egs. (2) and (3), and
(++*Y=Tr(---pg). Furthermore, in deriving Eq. (7), we have

assumed that the equality (I%A(t)>=<133(t))=0 holds.

In the Schrodinger picture, the time-convolutionless quan-
tum master equation of the interacting two-qubit system be-
comes

L il0) = = £ T W0+ £40Wo0) + £ W),
(10)
with

LaOWo(D) ==} f dt' (Ry(1")R4(0))S585(— ") Wo(0)
0

o f d RO RA (1) W05 (- 1)
0

+\2 f dr' (R (1" )RA(0))S5(= 1) W (1) S5
0
-\ f dt' (Ry(O)R, (1)) W (1) S5(= )85
0
(11)

t

B0 =3 | dr Rt Ry ODSS3 ot
0

+\p f dr' (Ry(O)R (1" )SW(0)S5(= 1)
0

+\3 f dt’' (Rp(t")Rp(0))S5(~ 1) W (1)S5
0

-3 f dr'(Rp(O)Ry(1" )W (1)S5(~ 1) S5,
0

(12)
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where the derivation is provided in Appendix B. Substituting
Egs. (2) and (3) into these equations and using the relations

Si|W.)=2|W-) and S5 W.)=—3|W.), we can derive the ex-
plicit forms of the damping operators £,(7) and £(1). After
a straightforward calculation, we finally obtain the time-

convolutionless quantum master equation of the interacting
two-qubit system,

(1) == g Wolo)] + E§ 0 Wglo) + (000,
(13)
where the damping operators £3(1) and £{)(¢) are given by
LEOW(r) = pOISWo(1),55] + " (D[S5, Wo(1)S5] + (1)
X[S5Wo(0).85]+ ¢" (N[S5. Wo(0S5].  (14)
and
L0 Wo(t) == ¢ ()[S5 W HW_|Wo(0),85] - ¢/ (1)
X85, Wo() [ W_XW_IS5] - (0S5,
X(W | W), 851 - Wi (0S5 W0 W)
X(W,[S5] = g (O[SHIW_XW_|Wy(0), 53]
SARAGIN
X(W W), 551 = (0S5 Woln)| W)
X(W,[S5].

— (S5 Wo(n)|[W_ )W _

)

(15)

In these equations, the functions ¢(r) and #..(¢) are given by

B(r)=\2 f dr'(R(t')R(0)),

0

(16)

t
P (r) =22 f dt'(R(t")R(0))(1 — e*2is""y (17)
0
Here we have assumed that the two independent thermal res-
ervoirs interacting with the qubits have the same properties
and thus we have dropped the subscripts A and B. The damp-
ing operator ﬁ(Ql)(t) includes the effects of the interaction

between the two qubits while ﬁ(Q())(t) does not. If we ignore
the interaction effects on the phase relaxation process of the

system, the damping operator ﬁg)(t) does not appear in the

quantum master equation. In fact, we have lim,_, ﬁg)(t)
=0.

III. NONEQUILIBRIUM DYNAMICS OF ENTANGLEMENT

Using the quantum master Eq. (13) with Egs. (14) and
(15), we can investigate the nonequilibrium dynamics of
two-qubit entanglement in the phase relaxation process. For
this purpose, we suppose that the two qubits are initially
prepared in the X state [20],
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a 0 0 «x
) 0 by 0
Wy(0) = 0y cof (18)
X0 0 d
where we have used the standard base {|00),|01),|10),|11)}.

Since Tr WQ(I) =1 and WQ(O) >0, the matrix elements
a, b, c, d are non-negative parameters satisfying the rela-
tions a+b+c+d=1, Jad=|x|, and Vbc=y| since the nor-
malization and positivity of WQ(O). The X state WQ(O) can be
expressed in terms of the eigenstates |®), |®,), and [¥ ) of

the Hamiltonian I:IQ as

WQ(O) = a| @} Po| + d| P D] + x| DN D[ + x| D ) Dy

1 1
- E(b +e+y+y)| PP+ E(b +c—y-y)W¥)

1 ) |
X(W_| + E(b —c—y+y)UNY_|+ E(b —Cc+y

=YW XV

It is easy to see that the form of the X state is invariant
during the time evolution generated by the quantum master

(19)

Eq. (13). Thus we can express the two-qubit state WQ(t) at
time 7 as
Wo(1) = A(D]Po)(Do| + D(1)| D)@+ X(0) | Do)y + X7 (1)

X[ DX Dg| + B(0)|[ W NP, [+ C(0)| W _XV_| + Y(1)
X[WNP_|+ Y () WX, (20)

with A(0)=a, B(0)=(1/2)(b+c+y+y*), C0)=(1/2)(b+c

—-y=y"), D(0)=d, X(0)=x, and Y(0)=(1/2)(b-c-y+y").

Substituting Eq. (20) into the quantum master Eq. (13), we

can derive the differential equations for the parameters A(z),
B(1), C(1), D(1), X(1), and Y(2),

A() =0, (21)

B =~ 16,0+ $101B0) + 3160 + S0)1C0),

(22)

EW =3[90+ S01C0 + 5[0 + 4010,

(23)
D(1) =0, (24)
X(1) =[- 2iw— (1) — " (11X (1), (25)

Y(1) = {— 2ig — %[dn + ¢f(t)]}Y(t) + %[cﬁ_(t) + ¢ ()]Y (1),

(26)
where we set ¢ (1)=p(t) = .. (2), that is,
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b (1) =\? f ld;’ué(z')zé(m > o2t (27)
0

In the rest of this paper, we assume that the Markovian
approximation [4] can be applied. In this case, the time-
dependent functions ¢(¢) and ¢ (¢) are replaced with ¢()
and ¢ (). Furthermore, we assume that the correlation
function of the thermal reservoir decays exponentially with

time 7, that is, (R(£)R(0))=A2e~"", where we denote the re-
laxation time as 7,. Then ¢() and ¢ () are given by

$(o) = Ay = (28)

Ton

¢ () =47, 1 +4a2

1+ 2igr. L(liZia
U+(2¢7)° Ty

) . (29

where we set a=gr.. The parameter T, represents the
dephasing time of the qubit. Substituting Egs. (28) and (29)
into Egs. (21)-(26) and solving the equations, we finally ob-

tain the two-qubit state WQ(I) at time ¢,
a(t) 0 0 x(r

0 b y@ 0

0 Y@ e 0 |
x*(t) 0 0 d

where the matrix elements a(z), b(z), c(1), x(z), and y(z) are
given by

Wolr) = (30)

a(t) =a(0), (31

d(t)=d(0), (32)
b(1) = %[b(O) +c(0)]+ %[b(O) - c(O)]e‘”’(cosh dt

+ gsinh dt) +[y(0) - y*(0)](%>e-“f sinh dr,

(33)
c(n) = %[b(O) +c(0)] - %[b(O) - c(O)]e‘”’(cosh dt

+ gsinh dt) —[y(0) - y*(O)](%')e-m sinh dt,
(34)

x(t) — X(O)E_Ziwt_Zt/TPh, (35)

¥ = S5(0) + 5 O]+ 215(0) - y*(O)]e-m<cosh "

i(g+v)

]e‘”’ sinh dt.
d

- gsinh dt) +[b(0) - c(O)][
(36)

In these equation, we set d=\u’-4g(g+v) and
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1 1 1 2a
= ), e=— ). 6
Tph 1+4«a Tph 1+4a

When we ignore the effects of the interaction between the
qubits on the phase relaxation process, the matrix elements
b(t), c(1), and y(r) are replaced with

b(r) = %[b(O) +c(0)] + %[b(O) - c(0)]e‘”0’<cosh dot

+ @sinh dot) +[y(0) - y*(O)](E)e_"O’ sinh dt,
dy dy

(38)
c(r) = %[b(o) +c(0)] - %[b(O) - c(O)]e‘“0’<cosh dyt

+ Dginh dot) —[y(0) - y*(0)1<§>e-”of sinh dy,
dy dy

(39)

310 05000+ 502+ 250) =57 cost

— Xginh d0t> +[b(0) - c(O)]<£)e-“o’ sinh dot, (40)
dy dy

and the others remain unchanged. Here we set uy=1/T};, and
2_ 4,2 :

dy=\uy—4g-. The entanglement of two qubits can be mea-

sured by means of the concurrence [21]. For the X state

WQ(I), we obtain the concurrence C(z) [20],

x(0)| = Nb(t)c(t),|y(1)] = Va(n)d(1)].
(41)

C(t) =2 max[0,

Substituting Egs. (31)—(36) into this equation, we find the
nonequilibrium dynamics of the two-qubit entanglement dur-

ing the time-evolution generated by the quantum master Eq.
(13).

IV. DECAY OF ENTANGLEMENT

In this section, using the result obtained in the previous
section, we investigate the decay of entanglement for several
two-qubit states. We first consider the decay of the partially
entangled pure states |®)=a|00)+B|11) and |¥)=al01)
+B|10) with |a|>+|B|*=1, which exhibit the quite different
behaviors in the relaxation process [22,23]. It is easy to see
that the effects of the interaction between the qubits do not
appear in the time-evolution of the entanglement when the
two qubits are initially prepared in the state |®). In fact, the
concurrence is given by C(f)=2|aB|e "o, The relaxation
time of the concurrence is half of the phase relaxation time.
On the other hand, when the two qubits are initially in the
state |¥), the concurrence C(¢) at time ¢ is calculated from
Eqgs. (31)—(36) and (41),

C(t)=2|y(1)

: (42)

with
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FIG. 2. (Color online) The time evolution of the concurrence
C(t) of the two qubits initially prepared in |W), where we set (a-1)
a=0.5, $=0.0, (b-1) a=0.5, ¢p=m/4, (c-1) #=0.0, ¢p=m/4, and
(d-1) 6=m/2, ¢p=m/4. The figures (a-2), (b-2), (c-2), and (d-2)
show the concurrence when the interaction effects on the relaxation
are ignored, where the values of the parameters are the same as
those for (a-1), (b-1), (c-1), and (d-1). In all the figures, we set

Tph/ Tc=2'0'

1 i
y(t) = 56_2"' cos ¢ sin 60— Ee_”’<cosh dt

i(g+v) _
—

- gsinh dt) sin ¢ sin 6+ “sinh dt cos 6,

(43)

where we set a=cos(6/2) and B=¢'?sin(6/2). When the
interaction effects are ignored, the parameters u, v, and d in
Eq. (43) are replaced with uy, 0, and d,,. The concurrence
C(1) given by Eq. (42) is plotted in Fig. 2. The figure shows
that the interaction effects on the phase relaxation process
not only reduce the decay of the concurrence but also make
short the period of the oscillatory behavior of the entangle-
ment.
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We next consider the Werner state Wy=F|W }¥ +|+%(1

—F)(1-|w.)P,]) as the initial two-qubit state [24], where
[W,)=(]01)+|10))/y2. We assume that the Werner state is

entangled at the initial time, that is, F'> % In this case, using
Egs. (31)—(36) and (41), we obtain the concurrence C(z),

4F -1

1-F
C(1) =2 max O,Te‘z’” -—

, 44
: (@)
which shows that the entanglement sudden death [25,26] oc-
curs at

1 4F -1
Tesp= —T.n(1+4 21(—). 45
ESD = ph( +4a”)ln Y (45)

The survival time of the entanglement becomes (1+4a?)
times of that obtained in the case that we ignore the interac-
tion effects on the phase relaxation process. Therefore the
interaction between the qubits suppresses the decay of the
entanglement.

We suppose that the two qubits are initially prepared in
the following state [18,19]:

a 0 0 0
. 1o 1 €% 0
W,(0) = — A , 46
0(0) 310 ¢ 1 0 (46)
0 0 0 l-a

where 1 =a=0. In this case, Egs. (31)—(36) and (41) provide
the concurrence C(7) of the two-qubit state WQ(t),

C(t) = max[0,C(7)], (47)

with

) p
C(n) = ge‘”’ \/@‘2“’ cos? p+ (cosh dt - gsinh dt) sin® ¢

—Va(l —a) (48)

The concurrence C(¢) given by Eq. (47) is plotted in Fig. 3.
The figure shows that the effects of the interaction between
the two qubits on the phase relaxation process significantly
reduce the decay of the entanglement. When we ignore the
interaction effects, the concurrence given by Eq. (47) be-
comes equal to that obtained in Refs. [18,19].

We finally consider the maximally entangled mixed state
(MEMS) as the initial state of the two qubits [27,28], which
has the maximum amount of entanglement with a given mix-
edness. One of the MEMSs is given by

A(I) =
PMEms: | 3 =r=

—

Wy(0) = (49)

2
Pt <05 r= §>’

with

032114-5



MASASHI BAN

>

W
&
RN
RRZZ2NA
e
N

\
A

R
Q\\

2

DD

S5
Dol

D

>

\
A T
\\\\\\\i\\\\“»’.\ N\ \\\\\\\\\\\ N
o IR e (i
04 & \\\\}}\{{q{\\\\\\\\\\\\}.ﬂ%\\\\ ) 0.4
B PRl
\\:\‘\\\ 2 01 RN

FIG. 3. (Color online) The time evolution of the concurrence
C(7), where we set (a-1) Typ/7,=5.0, ¢p=m/4, a=0.2 and (b-1)
Tpn/ 7.=5.0, @=0.8, a=0.2. The figures (a-2) and (b-2) show the
concurrence when the interaction effects on the relaxation are ig-
nored, where the values of the parameters are the same as those for
(a-1) and (b-1).

r r
2 2
R 0 1-r 00
ng)EMS 1o o 00l (50)
r r
2 2
1 r
3 2
0 1 00
f’gl)aMs = 3 (51
0 0 00
r 1
2 3

The concurrence of the state WQ(O) is given by C(0)=r. In
this case, the matrix elements a(z), b(z), c(t), d(t), x(¢), and

y(t) of the X state WQ(I) are calculated from Egs. (31)-(36),

al) =d() = 3. (52)
1-r _ u .
b(r) = 5 1 +e™| cosh dr + Zsmh de||, (53)
1-r B u .
c(t) = > 1 —¢™| cosh dr + Esmh dar||, (54)
o
x(t) — 56—21wt—2t/Tph’ (55)
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FIG. 4. (Color online) The time evolution of the concurrence
C(t), where we set (a-1) T,/ 7.=5.0, @=0.8, (b-1) T/ 7,=5.0, r
=0.8, and (c-1) Tyy/7,=5.0, r=0.6. The figures (a-2), (b-2), and
(c-2) show the concurrence when the interaction effects on the re-
laxation are ignored, where the values of the parameters are the
same as those for (a-1), (b-1), and (c-1).

i(g +
()= (1 - )| O o o ar, (56)
for % =r=1 and
1

d0=ﬂﬂ=§, (57)

1 _ u .
b(t) = p 1 +e™| cosh dt + C—Jsmh dr] |, (58)

1 u .
c(h) = 5 1 —e™| cosh dt + ;Ismh dr| |, (59)
x(t) — ze—Ziwt—Zt/TPh’ (60)

1] i(g+

¥ =3 @ ¢ sinh dt, 61)

for 0=r= % Substituting these equations into Eq. (41), we
obtain the concurrence C(r), which is plotted in Fig. 4. It is
found from the figure that ignoring the effects of the qubit
interaction on the phase relaxation process enhances the de-
cay of the entanglement.
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V. CONCLUDING REMARKS

In this paper, using the quantum master equation derived
by the projection operator method, we have investigated the
dephasing of interacting two-qubit system under the influ-
ence of independent thermal reservoirs. In particular, we
have paid attention to the effects of the interaction between
the qubits on the phase relaxation process of the two-qubit
system. For this purpose, we have derived the quantum mas-
ter equation with the damping operator which consists of the
two parts; one includes the interaction effects and the other
does not. Then we have applied this result for investigating
the nonequilibrium dynamics of the two qubits initially pre-
pared in the X state, which includes the partially entangled
pure state, the Werner state, and the maximally entangled
mixed state. These states are important in the quantum infor-
mation processing. Calculating the concurrence, we have ex-
amined the decay of the two-qubit entanglement. The results
have been compared with those obtained when we have ig-
nored the effects of the two-qubit interaction on the damping
operator of the quantum master equation. We have found that
the interaction effects make short the period of the oscilla-
tory behavior of the two-qubit entanglement as well as re-
duce the decay of it. Therefore we have explicitly shown the
fact that the effects of the interaction between subsystems on
the relaxation process are essential for investigating the de-
coherence of quantum systems Ref. [11]. Here it is should be
noted that not only an interaction between subsystems but
also an interaction with an external field affects the relax-
ation process of the relevant system. For example, an exter-
nal field which is used to control qubits inevitably influences
the decoherence of them. Hence the investigation of the in-
teraction effects on the decoherence is very important in
quantum information theory as well as nonequilibrium quan-
tum statistical mechanics. In this paper, we have assumed
that each qubit interacts with the independent thermal reser-
voir. It may be important to consider the case that two inter-
acting qubits are influenced by a common thermal reservoir.
This will be done in a future publication.

APPENDIX A: DERIVATION OF EQS. (2) and (3)

When the spin operators Sj and 3’% act on vectors belong-
ing to the tensor product Hilbert space of the two qubits A

and B, they read 3’2@ fB and fA®§Z, where fA and fB are
identity operators of the qubits. Noting that $2=2|0)0|
—3|1(1] and T=[0)0]+[1)(1
erators S5 and S5 in terms of the eigenstates | D),

, we can express the spin op-
q)1>’ \I’+>7

and |W_) of the two-qubit Hamiltonian Hy,

1= S DYy~ )y |+ [0+ [0,

),

(A1)

$a= 3Dy~ )y~ [,)(| - [0

(A2)

Then we can derive Egs. (2) and (3) as follows:
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A A R 1
S5(1) = Mo e MMM E(|q’o><‘bo| - [®XP,|

. . A 1 )
+ PN+ W) = 85— (1= )

XY | = (1= WY (A3)

A A PN 1
S%(l‘) — e(zt/ﬁ)HQSIde—(lt/h)HQ - E(|®0><¢O| _ |q)1><q)l|
. . ~ 1 .
~ PN | = e YW = §y4 (1 )

XYW+ (1 50 (Ad)

APPENDIX B: DERIVATION OF EQS. (11) and (12)

In this appendix, we derive Egs. (11) and (12) from Egs.
(8) and (9). The damping operators ﬁA(t) and ZﬁB(t) in the

Schrodinger picture are related to £™(r) and £() in the
interaction picture by

KAA(I) WQ(I) _ e—(ir/ﬁ,)f}g { [A:K"(t)[ e(ir/ﬁ)ilQ‘fVQ(t) e—(mh)ég]} e(it/h)f}Q

— e—(it/h)HQ{ﬁth(t) Wgt(t)}e(i’/h)HQ, (B 1)

‘éB(t) WQ(I) 7 )}}Q{ﬁgn(t) [e(it/fz)I:IQ WQ(t)e_(”/h)l:lQ]}e(mh)I:IQ
= IR () Wi (1) Mo,

Substituting Eq. (8) into Eq. (B1), we obtain

(B2)

t

La)Wo(r)==2} f dr' (Ry(DRA(1)S385(" = ) Wo(1)
0

1
+\2 f dr' (Ry(t"RA(D)SSWp(NS5(1" = 1)
0

t
+ )\f\f dt'(RA(R (1" ))S3(t" = )W (1)S
0

-\ f dt' (Ru(t"RA())Wo(D S5 (1" = 1S5 =
0

t
-\ f dr' (Ry(t = 1 )R, (0))S585(1" = )Wy (0)
0

t
+ N} f dr' (R4 (0)RA(t = 1" )SSW (0S5 (1" = 1)
0

1
+\2 f dr' (R (1= 1" R4 (0)S5(1' = )W(1)S5
0

-\ f dr' (R4 (0)R (1t = t')W(0)S5 (1" = 1)S5.
0

(B3)
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In the second equality, we have used fact that (R,(1)R,(1"))
=(Ra(1=1")R4(0)) and (R,(1")R4(1))=(R(0)R4(t—1")) are
satisfied since the reservoir is in the thermal equilibrium

PHYSICAL REVIEW A 80, 032114 (2009)

state. Thus changing the integration variable from ¢’ to ¢
—t" in Eq. (B3), we obtain Eq. (11). In the same way, we can
derive Eq. (12) from Eq. (B2).

[1] A. Peres, Quantum Theory: Concepts and Methods (Kluwer,
Dordrecht, 1993).

[2] M. A. Nielsen and I. L. Chuang, Quantum Computation and
Quantum Information (Cambridge University Press, Cam-
bridge, 2006).

[3] F. Shibata and T. Arimitsu, J. Phys. Soc. Jpn. 49, 891 (1980).

[4] H.-P. Breuer and F. Petruccione, The Theory of Open Quantum
Systems (Oxford University Press, Oxford, 2006).

[S]R. P. Feynman and F. L. Vernon, Jr., Ann. Phys. 24, 118
(1963).

[6] A. O. Caldeira and A. J. Leggett, Physica A 121, 587 (1983).

[7IN. G. van Kampen, Stochastic Processes in Physics and
Chemistry (Elsevier, Amsterdam, 1983).

[8] A. Ishizaki and Y. Tanimura, Chem. Phys. 347, 185 (2008).

[9] W. H. Louisell, Quantum Statistical Properties of Radiation
(Willey, New York, 1973).

[10] D. F. Walls and G. J. Milburn, Quantum Optics (Springer, Ber-
lin, 1994).

[11] R. Kubo, M. Toda, and N. Hashitsume, Statistical Physics II
(Springer, Berlin, 1985).

[12] T. Arimitsu, Y. Takahashi, and F. Shibata, Physica A 100, 507
(1980).

[13] T. Arimitsu and F. Shibata, J. Phys. Soc. Jpn. 51, 1070 (1982).

[14] L. Quiroga, F. J. Rodriguez, M. E. Ramirez, and R. Parfs,
Phys. Rev. A 75, 032308 (2007).

[15] I. Sinaysky, F. Petruccione, and D. Burgarth, Phys. Rev. A 78,
062301 (2008).

[16] M. Scala, R. Migliore, and A. Messina, J. Phys. A 41, 435304
(2008).

[17] Y. Dubi and M. Di Ventra, Phys. Rev. A 79, 012328 (2009).

[18] S. Das and G. Agarwal, e-print arXiv:0901.2114.

[19] S. Das and G. Agarwal, e-print arXiv:0905.3399.

[20] T. Yu and J. H. Eberly, Quantum Inf. Comput. 7, 459 (2007).

[21] W. K. Wootters, Phys. Rev. Lett. 80, 2245 (1998).

[22] B. Bellomo, R. Lo Franco, and G. Compagno, Phys. Rev. Lett.
99, 160502 (2007).

[23] B. Bellomo, R. Lo Franco, and G. Compagno, Phys. Rev. A
77, 032342 (2008).

[24] R. F. Werner, Phys. Rev. A 40, 4277 (1989).

[25] T. Yu and J. H. Eberly, Phys. Rev. Lett. 93, 140404 (2004).

[26] T. Yu and J. H. Eberly, Opt. Commun. 264, 393 (2006).

[27] S. Ishizaka and T. Hiroshima, Phys. Rev. A 62, 022310 (2000).

[28] T. Wei, K. Nemoto, P. M. Goldbart, P. G. Kwiat, W. J. Munro,
and F. Verstaete, Phys. Rev. 67, 022110 (2003).

032114-8



