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We study coherent energy transfer of a single excitation and quantum entanglement in a dimer, which consists
of a donor and an acceptor modeled by two two-level systems. Between the donor and the acceptor, there exists a
dipole-dipole interaction, which provides the physical mechanism for coherent energy transfer and entanglement
generation. The donor and the acceptor couple to two independent heat baths with diagonal couplings that do
not dissipate the energy of the noncoupling dimer. Special attention is paid to the effect on single-excitation
energy transfer and entanglement generation of the energy detuning between the donor and the acceptor and
the temperatures of the two heat baths. It is found that, the probability for single-excitation energy transfer
largely depends on the energy detuning in the low temperature limit. Concretely, the positive and negative energy
detunings can increase and decrease the probability at steady state, respectively. In the high temperature limit,
however, the effect of the energy detuning on the probability is negligibly small. We also find that the probability
is negligibly dependent on the bath temperature difference of the two heat baths. In addition, it is found that
quantum entanglement can be generated in the process of coherent energy transfer. As the bath temperature
increases, the generated steady-state entanglement decreases. For a given bath temperature, the steady-state

entanglement decreases with the increase of the absolute value of the energy detuning.
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I. INTRODUCTION

Coherent excitation energy transfer is an important step of
photosynthesis [1], in which photosynthetic pigments capture
the solar light to create electronic excitations and then transfer
the excitation energy to a reaction center [2—7]. Usually, the
transfer of a single excitation from the pigment where the
electronic excitation is created to the reaction center is a
very complicated physical process, since the practical transfer
process takes place on a complicated network of pigments.
However, the basic physical mechanism can be revealed in
such a light-harvesting complex by studying a basic part:
a dimer system which consists of a donor and an acceptor
modeled by two two-level systems.

On a complicated network of pigments, there generally
exist two kinds of interactions. On one hand, between any
two pigments there exists a dipole-dipole interaction, which
results in excitation energy transfer. On the other hand, the
pigments interact inevitably with their surrounding environ-
ments such as the nuclear degrees of freedom and the proteins.
Corresponding to different cases for the scale of the two kind
of interactions, different approaches have been proposed to
study the single-excitation energy transfer. Concretely, when
the dipole-dipole interactions between any two pigments are
much weaker than the interactions of the pigments with
their environments, the energy transfer process can be well
characterized by the Forster theory [8], in which the evolution
of the network is calculated perturbatively up to the second
order in the dipole-dipole interactions between the pigments.
When the interactions of the pigments with their environments
are much weaker than the dipole-dipole interactions between
any two pigments, various approaches based on the quantum
master equation have been proposed (e.g., Refs. [9-23]), in
which the evolution of the network is calculated perturbatively
up to the second order in the interactions between the pigments
and their environments.
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With the above considerations, in this article we study
single-excitation energy transfer in a dimer, which consists
of a donor and an acceptor modeled by two two-level systems.
Obviously, when the donor and the acceptor are decoupled,
it is impossible to realize energy transfer between them.
Therefore, the simplest way to realize energy transfer is to
turn on a nontrivial interaction (for example, the dipole-dipole
interaction) between the donor and the acceptor. Then a single
excitation can coherently oscillate between the donor and the
acceptor. However, in this case, there is no steady-state energy
transfer, namely the transferred energy can not approach to a
stationary value. In the presence of environments, the donor
and the acceptor will inevitably couple with environments.
In general, the coupling form between the donor (acceptor)
and its environment is diagonal in the representation of the
free Hamiltonian of the donor (acceptor). Physically, due to
this type of coupling, although the excitation energy will not
decay into the environments, it will induce a steady-state
energy transfer between the donor and the acceptor. Since
in practical cases both the characteristic frequency and the
heat bath temperatures of the donor and the acceptor may
be different due to different chemical structures, we study in
detail how the characteristic frequencies and the heat bath
temperatures of the donor and acceptor affect the efficiency
of the excitation energy transfer. This is one point of the
motivations of our present work.

In the presence of the interactions between the pigments
for transferring energy, a naturally arising question is how
about the quantum entanglement among the pigments which
are involved in the energy transfer process. Because quantum
entanglement is at the heart of the foundation of quantum
mechanics [24,25] and quantum information science (e.g.,
Refs. [26,27]), it is interesting to know how is the dynamics of
the created quantum entanglement in the dimer system during
the process of single-excitation energy transfer. This is the
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other point of the motivations of our present investigations.
In fact, recently people have become aware of quantum
entanglement in some chemical and biologic systems (e.g.,
Refs. [17,28-32]) such as photosynthetic light-harvesting
complexes [17,31,32].

This article is organized as follows: In Sec. II, we present the
physical model and the Hamiltonian for studying the single-
excitation energy transfer. A dimer consists of a donor and an
acceptor, which are immersed in two independent heat baths.
Between the donor and the acceptor, there exists a dipole-
dipole interaction, which provides the physical mechanism
for coherent excitation energy transfer and entanglement
generation. In Sec. III, we derive a quantum master equation
to describe the evolution of the dimer. Based on the quantum
master equation we obtain optical Bloch equations and their
solutions. In Sec. IV, we study single-excitation energy
transfer from the donor to the acceptor. The effect on the
transfer probability of the energy detuning and the bath
temperatures are studied carefully. In Sec. V, we study the
quantum entanglement between the donor and the acceptor by
calculating the concurrence. We conclude this work with some
remarks in Sec. VI. Finally, we give an appendix for derivation
of quantum master equation (7).

II. PHYSICAL MODEL AND HAMILTONIAN

As illustrated in Fig. 1(a), the physical system under
our consideration is a dimer, which consists of a donor
and an acceptor modeled by two two-level systems (TLSs),
TLS1 (donor) and TLS2 (acceptor), with respective energy
separations w; and w,. The donor and the acceptor are
immersed in two independent heat baths of temperatures 7
and T, respectively. Between the donor and the acceptor
there exists a dipole-dipole interaction of strength &. The
Hamiltonian of the total system, including the two coupled
TLSs and their heat baths, is composed of three parts,

H = Hriss + Hp + Hyp, (D

where Hrypss is the Hamiltonian (with 7z = 1) of the two
coupled TLSs,

Hriss = %af + %az + S(Uﬁo{ + ofaj). 2)
Concretely, the first two terms in Eq. (2) are free Hamiltonians
of the two TLSs, which are described by the usual Pauli
operators o," = (0,) = (0, +i0y)/2 = le); (g| and of =
le);; (el — |g);; (gl, where |g); and |e); are, respectively, the
ground and excited states of the /th (! = 1,2) TLS, namely
TLS!. The last term in Eq. (2) depicts the dipole-dipole inter-
action of strength £ between the two TLSs. This dipole-dipole
interaction provides the physical mechanism for excitation
energy transfer and entanglement generation between the two
TLSs.

The Hilbert space of the donor and the acceptor is of
four dimension with the four basis states |n;) = |ee), |12) =
leg), In3) = Ige), and |ns) = |gg), as shown in Fig. 1(b).
In the presence of the dipole-dipole interaction, a stationary
single-excitation state should be delocalized and composed
of a combination of the single-excitation in the two TLSs.
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FIG. 1. (Color online) (a) Schematic of the physical system. A
donor and an acceptor are immersed in two independent heat baths
of temperatures 7} and 75, respectively. A dipole-dipole interaction
of strength £ exists between the donor and the acceptor, which are
described by two two-level systems with resonant frequencies w,
and w,, respectively. (b) The energy levels of the bare states |n,)
(n = 1,2,3,4) of the donor and the acceptor when they are decoupling.
(c) The energy levels of the eigenstates |A,) (n = 1,2,3,4) of the
coupled donor and acceptor. The corresponding eigenenergies are
denoted by E,. The parameters I'»; and I's, are, respectively, the
bath-induced transition rates from states |A,) to |A3) and from states
[A3) to [A2).

According to Hamiltonian (2), we can obtain the following
four eigenstates

A1) = lee), |Az) = cos(6/2)|eg) + sin(6/2)|ge), 3)
[A3) = —sin(0/2)|eg) + cos(0/2)Ige), [ra) = 188),
and the corresponding eigenenergies E; = —E4 = () +

w)/2and Ey = —E3 = \/Aw?/4 + £2, as shown in Fig. 1(c),
by solving the eigenequation Hyrss|ry) = E,|Ay) (n =
1,2,3,4). Here we introduce the energy detuning Aw =
w; — wy and the mixing angle 6 defined by tanf = 2&/Aw.
Note that here the mixing angle 0 < 6 < w. Therefore,
when Aw > 0,namely w; > w,, wehave § = arctan(2§ /Aw);
however, when Aw < 0, that is w; < w,, we have 0 =
arctan(2§ /Aw) + 7.

As pointed out by Caldeira and Leggett [33], when the
couplings of a system with its environment are weak, it
is universal to model the environment of the system as a
harmonic oscillator heat bath. In this work, we suppose that the
couplings of the TLSs with their environments are weak, then
it is reasonable to model the environments as two harmonic
oscillator heat baths with the Hamiltonian

Hy = HY + HY . 4)
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Here Hy" and Hg’) are respectively the Hamiltonians of the
heat baths for the TLS1 and TLS2,

HY = Za)ajaj-aj, Hg’) = Zwbkblbkv (5)
» X

where a; (b,t) and a; (by) are, respectively, the creation and
annihilation operators of the jth (kth) harmonic oscillator with
frequency wq; (wpk) of the heat bath for TLS1 (TLS2). In prac-
tical systems of excitation energy transfer, the environment is
composed of the nuclear degrees of freedom of the molecules.

The interaction Hamiltonian of the TLSs with their heat
baths reads (e.g., Refs. [9-17])

H =00 Zglj(a; +aj)+oy 05 Zng(bZ + bo).
J k
(6)

In this case, there is no energy exchange between the TLSs
and their heat baths. This type of diagonal coupling has been
used to describe the dephasing of quantum systems [34]. For
simplicity, but without loss of generality, in the following we
assume the coupling strengthes g1; and gy are real numbers.

III. QUANTUM MASTER EQUATION AND OPTICAL
BLOCH EQUATIONS

Generally speaking, there are two kinds of different ap-
proaches to study photonsynthetic excitation energy transfer.
One is based on the Forster theory [8], which is valid when
the electronic couplings between pigments are smaller than
the couplings between electrons and environments. The other
is usually based on quantum master equations [9-23] in
various forms, which are valid when the electron-environment
couplings are weaker than electronic couplings between
pigments. In this work, we shall consider the latter case
where the coupling (with strength &) between the two TLSs is
stronger than the couplings (relating to y) between the TLSs
and their local environments (in our following considerations
we take £/y = 5). We will derive a quantum master equation
by truncating the evolution up to the second order in the
TLS-environment couplings. On the other hand, we derive the
master equation in the eiegenrepresentation of the two coupled
TLSs so we may safely make the secular approximation [35]
by neglecting the high-frequency oscillating terms. This ap-
proximation is also equivalent to rotating wave approximation
in quantum optical systems. The detailed derivation of the
quantum master equation will be presented in the appendix.

In the eigenrepresentation of Hamiltonian (2) of the two
coupled TLSs, the quantum master equation in Schrédinger
picture reads,

ps = i[ps, Hriss]
+ Z 1,(2001 05Onn — OunPs — PsOun)
n=123
+ ['32(2023 05032 — 03305 — P5033)
+ I'3(203205023 — 02205 — Ps022)
+2X12(011 05022 + 02205011)
+2X13(01105033 + 03305011)
+2X23(03305022 + 02205033)- (7N
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In Eq. (7), ps is the reduced density matrix of the two TLSs.
The transition operators o, (n,m = 1,2, 3, and 4) are defined
as 0, = |An)(An|, where the states |A,,) have been defined in
Eq. (3). Meanwhile, we introduce the effective rates as follows:

Il = x1+ x2,
M, = cos*(0/2)x1 + sin*(0/2) x2,
I; = sin*(0/2)x1 + cos*(0/2)xa.
T3 = §sin? 0[yi711(e) + y2iia(e)],

. (8)
T3 = 1sin? 0[y1 (711 (e) + 1) + ya(iia(e) + D),
X12 = cos*(0/2)x1 + sin*(0/2) xa,
X13 = sin®(0/2)x1 + cos*(6/2)xa,
Xa3 = §sin® 6(x1 + x2),
where  y; = lim,_ ¢ Sj(w)[277;(w) + 1], with  S(w) =

an(w)g,z(a)) and y = an(s)g,z(a) for [ =1,2. Here
o01(w) and py(w) are, respectively, the densities of state for
the two independent heat baths surrounding the donor and the
acceptor. The parameter ¢ = E, — E; is the energy separation
between the two eigenstates |A,) and |A3). And

_ _ 1
(w) = W )

is the thermal average excitation numbers of the heat baths
of TLSI. Hereafter we set the Boltzmann constant kp = 1.
We consider a special case of the ohmic spectrum densities
S1(w) = nw and S(w) = nw, and then we obtain yx; =
2m Ty and x2 = 2y 1.

From quantum master equation (7), we can see that
there exist both dissipation and dephasing processes in the
eigenrepresentation of the Hamiltonian (2). The first line in
Eq. (7) describes the unitary evolution of the system under
the Hamiltonian (2). The second line in Eq. (7) describes
the dephasing of the states |A;), |A2), and |X3). The third
and fourth lines describe, respectively, the exciting process
from |A3) to |X;) and the decay process from |[A;) to |A3),
as illustrated in Fig. 1(b). Moreover, there exist three cross
dephasing processes in the last three lines in Eq. (7), these
terms can decrease the coherence between two levels, which
can be seen from the following optical Bloch equations (10).

According to quantum master equation (7), we can de-
rive optical Bloch equations for the elements (0,,,(t)) =
Trs[os(£)0mnl,

(o11(1)) = (644(2)) =0,
(622(8)) = —(633(1)) = 2I'32(033(1)) — 2I'3{022(1)},
(032(8)) = [—ie — (ITp + I3 + T'y3 4 Tan — 2X23)1{032(2)).
(10)

Here we present only the equations of motion for the elements
which will be used below. In fact, the equations of motion
for all of the elements in the density matrix ps can be
obtained according to quantum master equation (7). Clearly,
from optical Bloch equations (10) we can see that the
diagonal elements decouple with the off-diagonal elements.
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It is straightforward to get the transient solutions of optical
Bloch equations (10),

(o11(@®) = (011(0)),  (044(2)) = (044(0)),
(a(1)) = [(022(0)) + (033(0)) 13,
- '3+ T3
[(022(0) 23 — {(033(0)"32] _o1yrye
+ e ,
I3+ T3
[{022(0)) + (033(0)) 123
'3 + I3
[(033(0)"32 — (022(ONT 23] 51y 10
+ e ,
I3+
(o32(1)) = {o32(0))e~ Tt Tateos 0Tt pier, (11)

Here we have used the relation I, + T3 — 2X»3 = cos? 611;.
The steady-state solutions of Eq. (11) read

(011(00)) = (011(0)),  {044(00)) = (044(0)),
(G22(00)) = [(022(0)) + (033(0))]1”327
3+ I
[(022(0)) + (033(0))1I"23
I3+ I'nn
(032(00)) = 0.
The steady-state solutions for other off-diagonal elements of

the density matrix are zero. Therefore, we can see that the
steady state of the two TLSs is a completely mixed one.

(033(1)) =

12)

(033(00)) =

IV. PROBABILITY FOR SINGLE-EXCITATION
ENERGY TRANSFER

In order to study the probability for single-excitation energy
transfer from the TLS1 (donor) to the TLS2 (acceptor), we
assume that the TLS1 initially possesses a single excitation
and the TLS2 is in its ground state, which means the initial
state of the two TLSs is

lp(0))s = |eg) = cos(6/2)|A2) —sin(0/2)|3).  (13)

Since the couplings between the TLSs and their heat baths
are diagonal, there is no energy exchange between the TLSs
and their heat baths, and the probability for finding the TLS2
in its excited state is right that of the single excitation energy
transfer,

P(t) = Trap205 05 ]
= (011(1)) + sin*(6/2)(022(1)) + cos*(8/2){033(1))
+ sinORe[(023(1))], (14)
where p, = Tr[ps] is the reduced density matrix of the TLS2.

A. Transient-state case

According to Eq. (11), the probability given in Eq. (14) can
be expressed as follows:

'35 8in%(6/2) + a3 cos?(6/2)

P(t)=
I3 + T3
. 2
+ cosf I'3; sin“(6/2) — I'p3 cos (9/2)6_2@23“32),
s+ T
- % sin® @ cos(et)e~ (TnFTateos? 01 (15)
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Now, we obtain the probability for single-excitation energy
transfer from the TLS1 to TLS2. This probability (15) is
a complicated function of the variables of the two TLSs
and their heat baths, such as the energy separations w; and
w», the strength & of the dipole-dipole interaction, and the
temperatures 77 and 7, of the heat baths. To see clearly
the effect on probability (15) of the bath temperatures and
the energy separations of the TLSs, we introduce the following
variables: mean temperature 7,, = (7] + T>)/2, mean energy
separation w,, = (w; + w,)/2, temperature difference AT =
Ty — T, and energy detuning Aw = w; — w;. And Aw >
0 and Aw < 0 mean the positive and negative detunings,
respectively. For simplicity, in the following considerations
we assume y; =y, = y.

In the following we consider three special cases: (a) The
resonant case, in which the two TLSs have the same energy
separations, i.e., | = wy = wy,, that is, Aw = 0. Now the
mixing angle & = /2 and the energy separation ¢ = 2£. From
Eq. (15) we obtain

Pres(t) = 1 — L cos(2&r)e= 2N, (16)

where we introduce the parameter

N(28) = n1(28) + n2(28) + 1. 7)

The subscript “res” stands for resonant case. Equation (16)
means that the probability P, increases from an initial value
0 to a steady-state value 1/2 as the time ¢ increases. However,
the increase of the probability is exponential modulated by
a cosine function rather than monotone. In the short time
limit it may experience small oscillation. The exponential rate
N(2&)y /2 is a function of the parameters &, y, Ty, and 7.
Obviously, the parameter N(2§) increases with the increase
of the temperatures of the heat baths. In the low temperature
limit, i.e., T1/(2§) ~ 0 and T, /(2¢) ~ 0, we have 71;(2§) ~ 0
and 71,(2§) ~ 0 and then N(2£) ~ 1. On the contrary, in
the high temperature limit, i.e., 71 /(2§) > 1 and T»/(2&) >
1, we have n,(28) ~ T1/(2¢) and 7,(2¢) ~ T,/(2¢) and
then

Qe S POKIY (18)

28 3

The above equation means that in the high temperature limit,
the rate N(2£) is proportional to the mean temperature 7,, and
does not depend on the temperature difference AT . In Fig. 2,
we plot the probability P vs. the scaled time y ¢ for different
bath temperatures T,,, here we assume that 7} =T, = T,,.
From Fig. 2, we can see that in the low temperature limit
the probability increases with an initial oscillation. With the
increase of the bath temperatures, the oscillation disappears
gradually.

(b) The high temperature limit case, i.e., 71,7, > ¢. In
this case, 711(¢),n2(¢) > 1, and then we can make the ap-
proximations 7i(g) ~ n1(¢) + 1 and 715(e) ~ fiy(e) + 1, which
lead to I'y3 & I'sp. Therefore from Eq. (15) we can obtain the
time-dependent probability

NQ2&) ~

_ —sin? ON(e)yt

Pa(t) = cos? fe

1_1
272

_ % sinz 0 COS(SI)(?_(Z cos? 9)(+% sin? 0N(s)y)t’ (19)
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FIG. 2. (Color online) The probability P, given in Eq. (2) is
plotted vs. the scaled time y ¢ for different bath temperatures 7,,/y =
0.1 (solid red line), 10 (dash dotted blue line), and 100 (dashed black
line) in the resonant case Aw/y = 0. Other parameters are set as
y=1&/y=5,and AT/y = 0.

where we introduce the parameter N(¢) = i11(e) + 7ip(e) + 1
and the subscript “htl” stands for the high temperature limit.
Obviously, the above probability Py increases from an initial
value O to a steady-state value 1/2. And the increase of Py
is not simply exponential. In Fig. 3, we plot the probability
Py vs. the scaled time yt and the mixing angle 6 in the high
temperature limit. Since the probability (19) is a function of
sin? @ and cos” 6, therefore in Fig. 3 we only need to plot the
probability in Eq. (19) for the negative detuning cases. Figure 3
shows that in the long time limit the probability reaches
1/2 irrespective of the 8. Note that here the mixing angle
0<0 <m. The cases of 0 <0 <n/2 and w/2 <6 <7
mean the energy detuning Aw > 0 and Aw < 0, respectively.
And the angle 8 = /2 corresponds to the resonant case.

1
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FIG. 3. (Color online) The probability Py, given in Eq. (19) vs.
the scaled time yt for different mixing angle 8 = 0.6z (solid red
line), 0.8 (dash dotted blue line), and 0.9 (dashed black line) at
the high temperature limit 7,,/y = 100. Other parameters are set as
y=1&/y =5 xi/y = x2/y =0.01T,,and AT/y = 0.
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FIG. 4. (Color online) The probability Py (¢) given in Eq. (20)
vs. the scaled time y¢ for different mixing angle 6 = 0.1x (solid red
line), 0.4 (dashed brown line), 0.6 (dash dotted blue line), and
0.97 (solid black line) at the low temperature limit 7,,/y = 1. Other
parameters are setas y = 1,£/y = 5,and AT/y = 0.

Here we choose 0.1r <6 < 0.97, which corresponds to
6.2 > Aw/& > —6.2.

(c) The low temperature limit case, i.e., 71,7, ~ 0. Now
we can make the approximations 7;(¢) =~ 0 and 7i,(¢) ~ 0,
which lead to I's; &~ 0 and 'z & sin? 0y /2. Then we obtain
the probability

Pu(t) ~ cos2(0/2)(1 — cos e 5" 071)
—Lsin? 6 cos(er)e 2 M0, (20)

where the subscript “It]” means the low temperature limit. In
this case, the probability increases for an initial value O to a
steady-state value cos?(6/2). In Fig. 4, we plot the probability
Py vs. the time yt for different mixing angles 6 in the low
temperature limit. Figure 4 shows that the probability Py
increases from O to a steady-state value with the increase of
the time 7. In the short time, the probability experiences small
oscillation. The steady-state value decreases with the increase
of the 6. Actually, the obtained results are very reasonable
from the viewpoint of energy conservation. For the case of
6 < /2, the energy detuning Aw > 0, we have w; > w,, and
then the energy emitted by TLS1 can excite more than one
TLS2 into their excited state. For the case of 8 > 7 /2, we
have Aw < 0, we have w; < w,, and then the energy emitted
by TLS1 can only excite less than one TLS2 into the excited
state. Therefore, it is understandable that the steady-state value
of probability in low temperature increases as the parameter 6
decreases.

B. Steady-state case
At steady state, the probability (15) becomes
1 0
Po=5 |14+ 20, @21)
2 N(e)

where the subscript “ss” stands for steady state and N(g) =
n1(e) + iia(e) + 1. This steady-state probability is a very

052109-5



LIAO, HUANG, KUANG, AND SUN

interesting result since it depends on the mixing angle 6 and
the bath temperatures 77 and 7, independently. It depends on
the mixing angle 6 and the bath temperatures 77 and 7, by
cos 6 and 1/N(e), respectively.

We first consider several special cases at steady state: (i) The
resonant case, i.e., Aw = 0. In this case, cos@ = 0, and then
P;; = 1/2. In the resonant case, the steady-state probability
Py, for single-excitation energy transfer is independence of
the temperatures of the two heat baths. This result can also be
understood from the following viewpoints: When sin(6/2) =
cos(0/2) = 1/«/2, the eigenstates |A,) and |A3) become |A;) =
(leg) + Ige))/~/2 and [A3) = (—leg) + |ge))/~/2. Therefore
for any statistical mixture pg; = p02 + p3o3z of the two
eigenstates |A) and |)\3), the probability for finding the
two TLSs in state |ge) is 1/2, where p, + p3 =1 is the
normalization condition. (ii) The high temperature limit, i.e.,
T,,T, > e. In this case, 11(¢) > 1 and 7i5(¢) > 1, therefore
N(e) > 1, which leads to Py, ~ 1/2. In fact, in the high
temperature limit, the steady state of the TLSs should be
ps =~ (022 + 033)/2, therefore according to Eq. (3) we know
that the probability for finding the two TLSs in state |ge) is 1/2.
(iii) The low temperature limit, i.e., 71,7 < €. In this case,
n1(e) ~ 0 and 7i,(¢) ~ 0, and then N(¢) ~ 1, which means
Py, = cos?(/2). InFig. 5, we plot the steady-state probability
Py, in Eq. (21) vs. the bath temperatures 7,,. Figure 5 shows
that, for the positive detuning case, i.e., 0 < 6 < w /2, the
steady-state probability P;; decreases from 1 to 1/2, but
for the negative detuning case, i.e., 7/2 <6 < m, the Py
increases from O to 1/2. For the resonant case, the Py is
1/2 irrespectively of the bath temperature 7) = 7, = 7,,. In
Fig. 6, we plot the steady-state probability P, in Eq. (21)
vs. the mixing angle 6. Figure 6 shows that, in the high
temperature case, the P, becomes approximately a fixed value
1/2 irrespective of the 6. But in the low temperature case, the
steady-state probability Py, decreases with the increase of 6.
These results are consistent with the above analysis. Therefore,
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FIG. 5. (Color online) The steady-state probability P, vs. the
bath temperature 7, for different mixing angle & = 0.1z (dashed red
line), 0.5 (solid black line), and 0.9 (dash dotted blue line). Other
parameters are setas y = 1,&/y =5,and AT/y = 0.
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FIG. 6. (Color online) The steady-state probability P, vs. the
mixing angle 6 for different bath temperature 7,,/y = 0.1 (dashed
red line), 10 (dash dotted blue line), and 100 (solid black line). Other
parameters are setas y = 1,&/y =5,and AT/y = 0.

in the low temperature limit, we can improve the steady-state
probability P via increasing the Aw.

In the above discussions of the steady-state probability, we
have assumed the bath temperature difference AT is zero.
Actually, we also study the dependence of the steady-state
probability on the bath temperature difference AT in both
the low and the high temperature limits. We found that the
dependence of the probability on AT is negligibly small with
the current parameters. This result is well understood from
the following viewpoint: in the low temperature limit, we
have T, 71> K ¢, thereforeni;(¢) ~ Oand7i,(¢) ~ 0, N(e) ~ 1,
and then P,; = cos?(6/2), which does not depends on the
bath temperature difference AT; On the other hand, in the
high temperature limit, 77,7, > ¢, therefore 71;(¢) > 1 and
f12(¢) > 1, and then

1 egcosd
Pss%_ 1 3 22
2( + ) (22)

which is independent of the bath temperature difference AT .

V. QUANTUM ENTANGLEMENT BETWEEN
THE DONOR AND ACCEPTOR

In this section, we study the quantum entanglement between
the donor and the acceptor with concurrence, which will be
defined below. For a 2 x 2 quantum system (two TLSs) with
density matrix p expressed in the bare state representation, its
concurrence is defined as [36]

C(p) =max{0,v/s1 — /s2 — /53— /sa}),  (23)

where s; (i = 1,2,3,4) are the eigenvalues (s; being the largest
one) of the matrix p g, where the operator g is define as

p= (0] ®a))p* (0] ®a7) (24)
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with p* being the complex conjugate of p. Note that here
o; is the usual Pauli matrix pointing the y axis. For the 2 x 2
quantum system, the concurrences C = 0 and C = 1 mean the
density matrix p is an unentangled and maximally entangled
states, respectively. Specifically, for the “X”-class state with
the density matrix

P11 0 0 pu
0 pn p3 O
o= (25)
0 p2 p3 O

par 0 0 py

expressed in the bare state representation, the concurrence
is [37]

C(p) = max{0,2(| p23| — /011044),2(1 p14] — /022033)}.
(26)

Now, for the present system, its density matrix p can
be expressed as the following form in the bare state
representation,

(t11) (21) (m31)  (Ta1)

o= (t12)  (m22) (7m32) (T42) ’ 27)
(t13)  (123) (733) (T43)
(t14)  (124) (734) (Ta4)

where the density matrix elements are defined as (z;;) =
Tr[zi;p] = TrlIni)}{n;lp] = (njlpln:) with the transition op-
erator t;; = |1;)(n;|. Since the concurrence is defined in
the bare state representation and the evolution of the sys-
tem is expressed in the eigenstate representation. There-
fore we need to obtain the transformation between the
two representations. The density matrix elements in the
eigenstate and bare state representations are expressed by
(0;j(t)) and (1;;(2)), respectively. Making using of Eq. (3),

|

'35 — I'p3

. [cos?(0/2) Tos — sin® (6/2) I'3,]

PHYSICAL REVIEW A 82, 052109 (2010)

we can obtain the relations for diagonal density matrix
elements

(o1 (@) = (t11(®),  (04a(0)) = (Ta4(1)),

(022(1)) = cos?(8/2)(ta(t)) + sin*(0/2){T33(1))
+ 5 sin0((123(1)) + (t32(0))),

(o33(1)) = sin*(6/2)(122(1)) + c0s*(8/2)(z33(1))

— 3 sin6((t23()) + (t32(1))), (28)
and the following off-diagonal element which will be useful
below,

(023(1)) = 3 sinO((133(1)) — (22(1)))
+ c0s’(0/2)(ma3(1)) — sin*(/2)(T3(1).  (29)

Correspondingly, we can obtain the inverse transform

(t22(1)) = cos*(0/2)(022(t)) + sin*(0/2)(033(1))
— 1sin0[{o23(1)) + (o32(1))],

(T33(1)) = sin*(8/2)(022(1)) + cos*(0/2)(o33(1))
+ 1 sin0[{023(1)) + (032(1))],

(123(1)) = —sin*(0/2)(032(1)) + c0s*(0/2)(023(1))
+ 1 sin0[(o2(1)) — (o33())]. (30)

Also here we only express explicitly the elements which will
be used below.

In order to calculate the concurrence of the system, we
need to know its density matrix in the bare representation
for a given initial state. Fortunately, the evolution relation
from (7;;(0)) to (z;;(¢)) can be obtained through the following
process

(1;(0)) = (03;(0)) — (0y;(2)) — (7;;(1)). (31)
Concretely, the transformation relations (z;;(0)) — (0;;(0))
and (0;;(t)) — (1;;(¢)) are determined by Eqgs. (28), (29),
and (30), and the evolution relation (0;;(0)) — (0;;(¢)) is
determined by Eq. (11). In terms of Egs. (11), (28), (29),
(30), and (31), we can obtain the following relation

e—Z(F23+F32)I

2 s+ I

1
(123(1)) = { = sinf ——— +sinf
2 I3+ I

2 —T'x3

2 [y + T

—ist ;2 } {1 13
—e sin“(0/2)] ¢ (122 (0)) + { = siné
+

+

+

Now, we obtain the evolution relation of the density
matrix elements in the bare state representation. Since the
expressions are very complex, here we only show the matrix

1 . .
_ E sin 96—(0052 OI1+T23+T30)t [elé‘t COSZ(O/Z)

; sin? (6/2) Ty — cos? (0/2) T, 24T
23 + T3

sin(@)e (05" 0T+t [ cos® (6/2) — e~ sin® (8/2)] } (133 (0))

[Sin4(6/2)67i8t + COS4(9/2)eiSZ]67(COSZGH‘JFF”JFF”” + % Sin2 9672(F23+1—‘32)t } (T23(0))

sin? 9[6—2(r23+r32)1 _ e—(00829H1+Fz3+F32)f cos(et)]{T32(0)). (32)

elements which will be used in the following. Based on
these evolutionary matrix elements, we can write out the
density matrix of the system in the bare state representation
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at time ¢ once the initial state is given, and then we can
obtain the concurrence of the density matrix. In what follows,
we will discuss the entanglement dynamics and steady-state
entanglement.

A. Entanglement dynamics

In the process of single-excitation energy transfer from the
donor to the acceptor, the single excitation energy is initially
possessed by the donor and the acceptor is in its ground state.
Therefore the initial state of the system is

[V (0)) = leg) = [m2),

which means the initial conditions are that all matrix elements
are zero except (122(0)) = 1. According to Eq. (32), we know
that the density matrix p(¢) of the system belongs to the so-
called X-class state. Then the concurrence can be obtained
with Eq. (26)

I . T3 —Tap
—sing—=
2 I+ 13

(33)

C(t)=2

+ sing [cos?(8/2)Tp3 — sin*(0 /2)1“32]6_2(F23 o)
s+ a2

_ 1 Sin 96—(0082 OIT;+ 3+
2

x [eié‘t 0052(9/2) _ e*ist Sln2(9/2])} . (34)

In what follows, we consider three special cases of interest:
(a) The resonant case, i.e., w; = W, = w,,, that is Aw = 0.
Then the mixing angle & = 7/2 and the energy separation
& = 2£&, thus we obtain

’

(l — e’N(zé)y’) +1i sin(st)e’%N(zé)”’

Cres(t) ~ Fzé_)

(35)

where N(2¢) = n1(2§) 4+ n2(2§) + 1. From Eq. (35), we find
that the concurrence Ci(?) increases from zero to a steady-
state value 1/N(2§) with the increase of the time 7. Clearly, the
steady-state concurrence 1/N(2£) decreases from one to zero
as the temperature 7}, increases from zero to infinite. In Fig. 7,
we plot the concurrence (35) in the resonant case vs. the scaled
time yt and for different heat bath average temperatures 7,,,.
Figure 7 shows the results as we analyze above.

(b) The high temperature limit, i.e., 71,7, > ¢. In this case,
i11(g),(e) > 1, then we can have the approximate relations
n1(e) ~ n1(e) + 1 and i15(e) = na(e) + 1, whichlead to I'y3 ~
I'35. Then the concurrence (34) becomes

MG_ sin? ON(e)yt
2

—(2cos? 0 x+4 sin> ON(e)y)t

Cha(t) = — sinfe

% [eisl COSZ(9/2) _ e*i&l sln2(9/2)] . (36)

The expression of the concurrence (36) in the high temperature
limit is not simple as that of the resonant case, but we can still
observe the two points: The first is that the dependence of
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FIG. 7. (Color online) The concurrence C, in Eq. (35) vs. the
scaled time yt for different bath temperature 7,,/y = 0.1 (dashed
red line), 10 (dash dotted blue line), and 100 (solid black line) in
the resonant case Aw/y = 0. Other parameters are set as y =1,
&/y =5,and AT/y =0.

the concurrence on the angle 6 is approximately sin6 and
the second is that the steady-state concurrence is zero, which
means there is no quantum entanglement between the donor
and the acceptor. This result can also be seen from the density
operator of the steady state for the donor and the acceptor.
In the high temperature limit, the steady-state density matrix
of the donor and the acceptor is p ~ (|leg)(eg| + |ge)(gel)/2,
which is an unentangled state. Physically, this result is direct
since the quantum systems will transit to classical systems in
the high temperature limit. In Fig. 8, we plot the concurrence
given by Eq. (36) vs. the evolution time y ¢ for different mixing
angles 6. Figure 8 shows that the concurrence experiences an

1
-==0=0.17
- =0 =03r
—0=0.57
)
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S
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E;:
3
g
3
(]
0 . s
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FIG. 8. (Color online) The concurrence Cyq in Eq. (36) vs. the
scaled evolution time y ¢ for different mixing angle = 0.1 (dashed
red line), 0.3 (dashed blue line), and 0.5 (solid black line) in
the high temperature limit 7,,/y = 100. Other parameters are set as
y=1L&/y=5,x1/y = x2/y =0.01T,,,and AT/y = 0.
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increase from zero to a maximal value and then decreases to a
steady-state value with the scaled time yt.

(c) The low temperature limit, i.e., T =~ 0. Now we can
approximately have 7i(¢) ~ 0, which lead to I's; & 0 and
[y3 ~ sin? 0y /2. Then the concurrence (34) becomes

Cu(t) = sin@}l —2cosX(0/2)e SOt 4 o sintoyt

x [¢"" cos®(0/2) — e "' sin%(0/2)]

; (37)

where the subscript “It]” stands for low temperature limit.
Similar to the high temperature limit, the increase of the
concurrence is also not simply exponential. The concurrence
increases from zero to a steady-state value sinf with the
increase of the scaled time ¢, which means the concurrence at
long time limit is irrespective of the sign of the detuning. This
long-lived entanglement is much larger than that of the high
temperature limit. We can also see the steady-state concurrence
from the viewpoint of quantum noise. When 7' = 0, the steady
state of the donor and the acceptor is p & |A3)(A3| with
concurrence sin6. In Fig. 9, we plot the concurrence given
by Eq. (37) vs. the evolution time y¢ and the mixing angle 6.
Figure 9 shows that the concurrence increases from zero to a
steady-state value with the scaled time ¢.

B. Steady-state entanglement

From Eq. (34), itis straightforward to obtain the steady-state
concurrence between the donor and the acceptor,
sin @
Css = . (38)
N(e)
In the high temperature limit, we have Cp(co) =~ 0, and in
the low temperature limit, we have Cjy(oco) =~ sin6. For a
general state, it is interesting to point out that the steady-state
concurrence C;; depends on the temperature 7, and the angle
6 independently. For a given 6, the dependence on T, is inverse

concurrence Cpy

00 10 20 30 40 50

vt

FIG. 9. (Color online) The concurrence Cyy in Eq. (37) vs. the
scaled evolution time yt¢ for different mixing angle & = 0.1x (solid
black line), 0.3 (dash dotted blue line), and 0.5 (dashed red line) is
plotted in the low temperature limit 7,,/y = 0.01. Other parameters
aresetasy = 1,&/y =5, x1/y = x2/y =0.01T,,,and AT /y = 0.
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FIG. 10. (Color online) The steady-state concurrence Cj, vs. the
bath temperature 7,, for different mixing angle 6 = 0.1z (solid black
line), 0.3 (dash dotted blue line), and 0.5 (dashed red line). Other
parameters are setas y = 1, &/y =5, and AT /y = 0.

proportional to N(¢), and for a given T,,, the dependence on 6
is sin 6. In Fig. 10, we plot the concurrence given by Eq. (38)
vs. the temperature 7, for different mixing angles 6.

Figure 10 shows that the steady-state concurrence decreases
with the increase of the temperature 7,. In Fig. 11, we plot
the concurrence given by Eq. (38) vs. the mixing angle 6
for different average bath temperature 7,,. Figure 11 shows
that the dependence of the concurrence on the mixing angle 6
decreases with the increase of the average bath temperature 7,,,.
Moreover, from Eq. (38), we can also see that the steady-state
concurrence is independent of AT at the high temperature
limit.
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FIG. 11. (Color online) The steady-state concurrence C;, vs. the
mixing angle 6 for different bath temperature 7,,/y = 0.1 (dashed
red line), 10 (dash dotted blue line), and 100 (solid black line). Other
parameters are setas y = 1, &/y =5, and AT /y = 0.
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VI. CONCLUSIONS

In conclusion, we have studied analytically coherent single-
excitation energy transfer in a dimer consisting of a donor and
an acceptor modeled by two TLSs, which are immersed in two
independent heat baths. Special attention is paid to the effect on
the single-excitation energy transfer probability of the energy
detuning and the heat bath temperatures of the two TLSs. It
has been found that the probability for single-excitation energy
transfer largely depends on the energy detuning in the low tem-
perature limit. Concretely, the positive and negative energy de-
tunings can increase and decrease the probability, respectively.
In the high temperature limit, however, the effect of the energy
detuning on the probability is negligibly small. We have also
found that the probability is negligibly dependence on the bath
temperature difference in the low and high temperature limits.
We have also studied analytically quantum entanglement in
the dimer system through calculating quantum concurrence. It
was found that quantum entanglement can be created during
the process of excitation energy transfer. The steady-state en-
tanglement between the donor and the acceptor decreases with
the increasing of the bath temperature. And the dependence
of the steady-state concurrence on the energy detuning is
proportional to the sine function of the mixing angle and
irrespective of the bath temperatures. Moreover, we have found
that the dependence of the steady-state concurrence on the bath
temperature difference is negligibly small with the current
parameters.

Finally, we give two remarks on the above obtained
results: First, we should distinguish the present work from
dynamic disentanglement suddenly or asymptotically (e.g.,
Refs. [38-50]). Mainly, there are three points of difference
between the two cases: the initial state, the coupling between
the two TLSs, and the coupling form between the TLSs and
their heat baths. In dynamic disentanglement, the two TLSs is
initially prepared in an entanglement state, there is no coupling
between the two TLSs, and the coupling form of the TLSs
with their heat baths is off-diagonal. But in the present work,
initially the two TLSs are unentangled, there is a dipole-dipole
interaction between the two TLSs, and the coupling form
of the TLSs with their heat baths is diagonal. Certainly, the
results also differ. In entanglement sudden death, the two TLSs
disentangle to zero suddenly. But in this work, steady-state
entanglement is created.

Second, in this work, we only address the problem about
how is the dynamics of the created quantum entanglement
in the process of excitation energy transfer [51]. But we do
not address the question about the relation between initially
prepared quantum entanglement among the pigments and the
efficiency for single-excitation energy transfer. Just as in quan-
tum information science, quantum entanglement is considered
an important resource since it can be used to enhance the effi-
ciency of quantum information protocols. Therefore it remains
a question whether initially prepared quantum entanglement
can enhance the efficiency of excitation energy transfer.
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APPENDIX: DERIVATION OF QUANTUM
MASTER EQUATION (7)

In this appendix, we present a detailed derivation of
quantum master equation (7). Let us start from the Hamiltonian
(1) of the total system. In the interaction picture with respect
to the Hamiltonian

Ho = Hriss + Hp, (A1)
the interaction Hamiltonian (6) becomes
Hi(t) = 011 B11(t) + 022 B (t) + 033 B33(t)
+023¢"" Bys(t) + ome ' Bly(1),  (A2)

through introducing the following noise operators:

By (1) = A(@®) + B(),
B(t) = cos*(0/2)A(t) + sin*(6/2) B(1),
Bs3(1) = sin(0/2)A(t) + cos>(8/2)B(1),

sin@ » By
B23(t) = T(Zngbke C . Zgljaje lwa/t>,
k j

(A3)
with
AQ) = 15 A
= Y giape "t aje i),
J
B(t) = /5" B(0)e 15"
(A4)

= Z gau (bl + be™nt),
k

Obviously, A(#) and B(t) are Hermitian operators. Note that
in Eq. (A2) we have made rotating wave approximation.

Under the Born-Markov approximation, the master equa-
tion reads [35]

s = —/ dtTrg[H;(t),[H;(t — 7),05 ® ppll, (AS)
0

where Trpg stands for tracing over the degrees of freedom of
the heat baths. The density matrix pp = p'* ® p? of the heat
baths means the two independent heat baths being in thermal

equilibrium,

P = 23" exp (= piHy"),

P = Z' exp (= B2Hy"). (A6)
where we denote the partition functions Z, =
Trg, [exp(—B1 HY)] and  Zp = Trp,[exp(—f2HY)]  with
B =1/T, and B, =1/T, being respectively the inverse
temperatures of the heat baths of the TLS1 and TLS2.

By using Egs. (A2) and (A5) and making rotating wave

approximation, we can obtain the following quantum master
equation

o0
Ps = 0'32/05023/ eﬂgt(Bz.%(—T)BL(O))dT
0

o0
+ 02305032 / e’ (323(—T)323(0))d1'
0
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o0

—omps / ¢ (Bys(0) Bl (—1))d7
0
w .

—omps / ¢ ¥ (BL,(0) By (—1))d
0

+ Z OmmPSOnn / (Bnn(_T)Bmm(O»dT
0

m,n=1,2,3

— > Owps / (Bun(0)Bn(—1))dT +Hee., (A7)
n=1,2,3 0

where the correlation functions for the bath operators
are defined as (X(@®)Y (")) = Trp[X ()Y (¢ )pp]. Note that
here we use the property (X()Y (")) = (X —t)Y(0)) =
(X(0)Y (' — 1)) of the correlation functions for the bath
operators. To derive the quantum master equation we need
to calculate the Fourier transform of the correlation functions
in Eq. (A7). For simplicity, here we only keep the real parts
of the Fourier transforms of the correlation functions and
neglect their imaginary parts since the imaginary parts only
contribute to the Lamb shifts, which are neglected in this work.
According to Egs. (A3), (A4), and (A6), we can express the
Fourier transforms for the correlation functions in Eq. (A7) as
follows:

/mdﬂBn(O)Bn(—t)) = /oo dt(B1(—71)B11(0))"
° ~ D+ Dy,
/ " At (B Bas(—1)) = / T At (B0 B (O)”
= cos*(0/2)D 4 + sin*(0/2) Dy,
/OoodﬂBaa(O)Bss(—r)) = /000 dt(B33(—71)B33(0))"
= sin*(0/2)D 4 + cos*(6/2) Dg,
/OodﬂBzz(—f)Bn(O)) = /oo dt(B11(—1)Bx(0))
0 = czsz(e/z)Dj; + sin?(8/2) D%,
/Ooodﬂst(—t)Bn(O)) = /Ooo dt(B11(—1)B33(0))
= sin?(0/2) D% + cos*(8/2) D3,

/0 A (Bys(—7)Bsa(0)) = /0 dt By (1) B33(0))

1
=7 sin®(0/2) (D} + D}). (A8)
where the parameters are introduced as

Dy = /Oodf(A(O)A(—T)), Dg =f
0 0

OOdT(B(O)B(—T)),

D =/oodr(A(—r)A(0)), D% :foodr(B(—r)B(O)).
0 0

(A9)

Since the noise operators B,, (n = 1,2,3) are Hermitian
operators, then we have the relations

/OodT<Bnn(_T)Bmm(0)) = /Oodt(Bmm(O)Bntz(_T)>*~
0 0
(A10)
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Therefore we can know all the diagonal correlation func-
tions in Eq. (A7) as long as we obtain the expression of Dy4
and Dpg. According to Egs. (A4) and (A6), we can calculate
the expression of Dy4 as follows,

o0
pu=Yctiap [ arem
; 0
. .
+ Zg,z,-(aja})/ dre '®aut
- ’ 0
J

=Y ¢l 4 p
= gl_j(aja]) 78(wgj) + 1P
j @aj

1
+ > gl iajal) |:776(waj) — iP— }
- aj
J

= Re[Da] + i Im[Dy], (A11)
where
Re[Dal = lim 701 (@) g} (@) [271 (@) +1].  (A12)

Note that in the third line of Eq. (A11) we have used the
formula:

o0 ) 1
/ dte T = 18 (w) £ i P—, (A13)
0 w

where the sign P stands for the usual principal value integral.
Similarly, we can obtain the expression of Re[Dg],

Re[Dy] = lim 70 () g3 () [2/2 (@) + 1] (Al4)

Here o1(w) and p,(w) are the densities of state of the heat
baths of the TLS1 and TLS2, respectively. And 71;(w) =
1/[exp(Biw) — 1] and 7ip(w) = 1/[exp(Brw) — 1] are the av-
erage thermal excitation numbers. Using the same method we
can obtain the following expressions:

Re |:/OO dreiET(B23(O)B;3(—T))i|
0

= Re |:/00 dre_igt(B23(—t)B;3(0))j|
0

—zsinzé[ (e)g>(e)(@ 1 20e)\(fi 1
=7 01(€)g1 (&)1 (e) + 1) + 02(e)g5(e)(i12(e) + 1)]
(A15)

and

Re [ / " dreiet <B§3<0>Bz3(—r>>}

0

=Re |:/oo dtei”(BL(—T)BB(O))]
0

% sin® 0[01(e)g7 ()1 (e) + 02(8)g3(e)ita(e)].  (A16)

By substituting these correlation functions into Eq. (A7) and
returning to the Schrodinger picture, we can obtain quantum
master equation (7).
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