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In traditional open quantum systems, the baths are usually traced out so that only the system information is left
in the equations of motion. However, recent studies reveal that using only the system degrees of freedom can be
insufficient. In this work, we develop a stochastic c-number Langevin equation method which can conveniently

access the bath information. In our approach, the studied quantities are the expectation values of operators which
can contain both system operators and bath operators. The dynamics of the operators of interest is formally
divided into separate system and bath parts, with auxiliary stochastic fields. After solving the independent
stochastic dynamics of the system part and the bath part, we can recombine them by taking the average over these
stochastic fields to obtain the desired quantities. Several applications of the theory are highlighted, including the
pure dephasing model, the spin-boson model, and an optically excited quantum dot coupled to a bath of phonons.
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I. INTRODUCTION

An open quantum system problem [1-3] is usually divided
into the most relevant part (the system) and the secondary
part (the bath). Usually one can use a partial trace to eliminate
the bath. However, recent studies make the division between
the system and the bath somewhat unclear. For example,
closed many-body systems do not have bath parts, but can still
thermalize [4—12] like open systems; large coupling strengths
can make the correlation between the system and the bath
important in thermodynamics [13-21]; in photosynthesis, the
mixing of the system modes and the bath modes can suppress
decoherence [22-30,30]; when the bath is influenced by the
pump exerted on the system, tracing out the bath is difficult
and usually contains approximations [31-33]. Thus a method
without performing a partial trace is very desirable.

To retain the potential information lost in tracing out
the baths, one approach is to introduce generating functions
[34-36]. However, it is difficult to find the generating func-
tions in general cases. The Heisenberg-Langevin approach
[37-42] can be another good choice for such problems with-
out apparent divisions between the systems and the baths.
Although the Langevin equations consist of the system parts
and the bath parts, no partial trace is included. Therefore,
the accessible quantities are not restricted to the system parts
[43—45]. Nevertheless, the bath parts become the quantum
noise terms in the equations, which makes the numerical
simulations of the Langevin equations very difficult. Also, in
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some models, e.g., multilevel systems, the Langevin equations
may contain nonlinear time-nonlocal terms. Thus the use of
the Heisenberg-Langevin approach in open quantum systems
has limitations.

In the Schrodinger picture, the nonlinear time-nonlocal
terms can be avoided. Therefore, researchers have developed
many successful methods, such as the quantum state diffusion
method [46-50], polaron transform methods [51-59], the hier-
archy equation methods [60-67], path-integral methods [68],
and the stochastic Liouville equation methods [69-76]. These
methods are suitable for different situations, but with various
limitations. For example, the quantum state diffusion method
can efficiently calculate large systems, but its application is
difficult for many models. The polaron transform methods,
which can provide compact master equations, usually include
perturbations in either the transformations or the derivations
of the master equations (which treats only certain parts of
the bath coupling nonperturbatively). One can calculate the
long-time results with hierarchy equation methods if the
correlation functions of the baths are not too complicated.
The path-integral methods are powerful but complicated, and
restricted when adding in other effects to the model. The
stochastic methods are not restricted to any bath spectrum or
temperature, but at the cost of poor long-time performance.
However, most of the recent methods contain a partial trace.

In this article, we combine the Heisenberg-Langevin
method and the stochastic Liouville equation to overcome
some of the mentioned disadvantages of these recent methods.
To avoid the nonlinear time-nonlocal terms in the equations,
we separate the dynamics of the system and the bath with
the Hubbard-Stratonovich transformation [77] (by introduc-
ing auxiliary stochastic fields). Then the Langevin equations
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become linear and time local at the cost of containing classical
noise terms. Moreover, we change the stochastic equations
to c-number equations by taking expectation values. The
final result can be obtained by taking the average over the
noise terms. Our method is not based on the perturbation or
the Markovian approximation, so it is, in principle, numeri-
cally exact. Similar to the stochastic Liouville equation, the
stochastic c-number Langevin equations can deal with very
complicated bath spectra at any temperature, but may have
poor numerical convergence for long-time simulations. In ad-
dition, our method also has the advantage of the Heisenberg-
Langevin method, in that it can conveniently obtain the quan-
tities of the bath.

Our paper is organized as follows. In Sec. II, we derive
the stochastic c-number Langevin equations. We first separate
the dynamics of the system and the bath by introducing the
stochastic noise terms. Then, we solve the stochastic dynam-
ics of the system part and the bath part separately. Finally,
we combine the system part and the bath part by taking the
average over the noise terms to obtain the desired results.
In Sec. III, several numerical examples of two-level systems
are calculated. The first example is the pure dephasing model
which can be used to check the method. The second exam-
ple, the spin-boson model, has been calculated with many
numerical methods, but the bath quantities are seldom studied.
Then a realistic and practical system, a quantum dot system
coupled to phonons, is chosen as the third example. Section IV
presents our conclusions. We also include four appendices.
Appendix A provides the derivation of the stochastic bath
evolution operator. In Appendix B, we describe how to gen-
erate the bath operators from the stochastic bath evolution
operator. In Appendix C, we derive the expectation value of
the stochastic identity operator of the bath. The c-number
Langevin equation for the Brownian motion problem is de-
rived in Appendix D. In Appendix E, our method is extended
to the time-dependent Hamiltonian case.

II. THE STOCHASTIC ¢-NUMBER LANGEVIN
EQUATIONS

For the total system, we consider the Caldeira-Leggett type
model [78], with Hi,, = Hy + Hy (setting /i = 1),

Hy = Hsys + Hy,
Hy, = Zwkazak,
k
Hi =S (giaj + grar)- )
k

Here, Hy is composed of the free Hamiltonian of the sys-
tem, Hys, and the multimode bosonic bath Hy,. The coupling
Hamiltonian H; describes the coupling between the system
and the bosonic bath. In the coupling Hamiltonian, § is a
Hermitian operator of the system, and a,: (ay) is the bosonic
creation (annihilation) operator of the kth mode in the bath.
Solving such an open system with the Heisenberg-
Langevin approach is usually difficult. Here, we take the
standard generalized quantum Langevin equation as an exam-
ple [79]. Consider the Heisenberg equations of an arbitrary

system operator A,(¢) and the bath operator a;; then,

Ax(t) = i[I{SySa As()] +i[S, Ay(2)] Z[g}:aZ(t) + gkak(t)]»
k

a(t) = —igiS(t) — iwgay. 2)

The bath equations can be formally solved,

t
ap = e M (0) — igk / dse =95 (s). (3)
0

Substituting this formal solution for the bath operators in the
equation of the system operator A(¢), the Langevin equation
of A,(t) can be derived:

A(t) = i[Hyys (1), Ag(t)] + i[S(t), A€ (1)
HIS), Ay (0] / dslat —s) — a*(t — )S@), (@)
0

where

alt —s) =) gxgr expl—iox(t — 5)] ©)
k

is the zero-temperature correlation function, and

E(t) =) [gear(0) exp(—iant) + giaj (0) expliaxt)] (6)
k

is the quantum noise. In this article, noise terms with hat
correspond to quantum noise terms of the bath, and noise
terms without hat are classical noise terms from the aux-
iliary field. In general, the commutator [S, As(¢)] is some
operator By(¢). Thus the last term in Eq. (4) has the form
f(; dsla(t —s) — a*(t — 5)]Bs(t)S(s), which is both nonlinear
and time nonlocal. Such a term makes it difficult to ap-
ply the Heisenberg-Langevin approach to general cases. In
addition, the quantum noise further increases the difficulty
of solving these equations. Therefore, we follow the idea
of the stochastic Liouville equation [69-76], instead of the
traditional approach to derive the Langevin equation.

A. Separating the system and the bath with stochastic noise
terms

To avoid dealing with the nonlinear terms directly, we
formally separate the dynamics of the system and the bath
[70-75]. The basic idea is similar to generating indirect
interactions with intermediate fields [80-83]. Instead of the
original system-bath coupling, we consider the equivalent
coupling induced by auxiliary fields with trivial dynamics.
This produces stochastic, but uncoupled system dynamics and
bath dynamics. By averaging over the noise terms, which
resembles tracing out the intermediate field, we can recover
the original system-bath coupling.

An operator at time ¢ in the Heisenberg picture B(r) is
related to its initial value B(0) by

B(t) = U'(t)BOYU (1), (7)

with the evolution operator U (t) = exp(—iHyt). It is diffi-
cult to obtain U () for general cases. However, by applying
the Hubbard-Stratonovich transformation [77], the evolution
operator U(t) can be divided into two parts. Consider the
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coupling Hamiltonian,
H] = Sx
(S +x)? = (S —x)
B 4

B <S+x>2+ (S—x>2
2 2 )
|
1 t
Uui)= /D[Zl,r]D[ZZ,t]_exp [/dr(—
2 0

= Mz{Usys(t; 21,7 ZZ,t)Ub(t; 21,7 Z2,‘[)}a

with

x =) (gia) + gaw). ®)
k

The coupling Hamiltonian is now in a quadratic form, so
that the total evolution operator, which is also the partition
function with imaginary temperature, can be expressed as

1

2 2 . .
AU, — _Zz,t>:|Usys(t9Zl,rv ZZ,I)Ub(t, 21,1 ZZ,I)

2

where
! 1
Usys(t521,0,22.1) = T ex {—i/df[H + —=S(, +iz,)”,
sys 1,75 42,7 + €Xp 0 sys «/5 1t 2,7
and
! 1 .
Un(t;521,0, 22,c) = Ty exp {_’/df[ﬁ Z(gkak + gZaZ)(zzl,f +220)+ ZwkaZak} } 9
0 k k

Here, Usys(t;21,c,22,z) is the stochastic evolution operator
of the system and Uy(?;z; 1, 22,) is the stochastic evolution
operator of the bath; T, is the time-ordered operator, and the
average over the noise terms is denoted by M. {}. We first
assume B(0) = Byys(0) ® By (0) so that the dynamics of the
total system can be divided into two parts. Thus,

B(t) = M {Bgys(t;2) ® By(t;2)},
Bsys(t; )= U;;s(t; 1,7 ZZ.r)Bsys(O)Usys(I; 23,1 Z4,r)7
By(1;2) = UJ (53210, 22.0)Bo (U (1323, 242). (10)

In more general cases, with B(0) = ), Bi 4s(0) ® B;,(0), we
can deal with these terms one by one.

In the master-equation method, the bath part is usually
traced out to obtain the reduced density matrix pgys(¢). How-
ever, some information of the bath is lost in this procedure. To
avoid such a disadvantage, we take the expectation value of
the operator, instead of tracing out the bath,

(B(1)) = Tr{B(1)pror (0)}. (1)

Now we assume that the system and the bath are factorized
at the initial time o (0) = p5y5(0) ® op(0). Then, the expec-
tation value can also be divided into the system part and the
bath part,

(B(t)) = Tr{M_{Buyys(t;2) ® By(t;2)} psys(0) ® pp(0)}

= M {(Bsys(t:2)) (By (13 2))}, 12)

with
(Bsys(132)) = Tr{Biys(132) psys (0)}, 13)

and
(By(1;2)) = Tr{By(1;2)p6(0)}. (14)

According to Eq. (12), we can separately calculate the
stochastic expectation value of the system part (Bgy(Z;2))

(

and the bath part (By(¢;z)). Then, the expectation value of
the concerned operator (B(t)) can be obtained by taking
the noise average of the stochastic ones. Note that these
noise terms come from the auxiliary fields instead of the
bath. The quantum noise induced by the bath is included
in (By(7;2)).

B. The stochastic dynamics of the system part

We first consider a system of finite dimension. In such a
case, a set of basis operators ¥; can be found to represent the
Bsys(O;Z),

Bsys(O;Z) = ZbZYl (15)
1

The stochastic system operator at time ¢ can also be expressed
in the same way,

Boy(t:2) = Ul (13216, 22.0) Y biYiUsys(t3 23,7, 24.7)
l

=Y bi¥i(2),
!
with
Yi(t;:2) = Ul (3210, 20Uy (13 23,0, 242). - (16)

The expectation value of the system part can then be expressed
as

(Bys(1:2)) = Y bi(¥(t;2)). (17)
1

According to Eq. (17), once all the stochastic expectation
values of the basis Y;(¢; z) are known, the stochastic expec-
tation value of the system part can be easily calculated. The
equation for ¥;(¢; z) can be obtained by directly taking the time
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derivative of it, so that

d d
EYI(Z‘; 7) = 5{Us§S(t;Zl,r’ ZZ,r)YlUsys(t;er’ Z4,r)}

J .
= [EUS;S(“ 2,7 ZZ,r):|YlUsys(t;23,rv Z4,r)

a
+US§/S(I; 1,75 ZZ,I)YZ I:gl]sys(t;z&r» Z4,1:):| . (18)

According to the form of the stochastic evolution operator in
Eq. (9), Eq. (18) can be written as

d
EYI(Z‘;Z) Uqu(t 21,7522, )D(0; Z)Usys(t;z3,ra Z4$r)’
where

1 .
D(0;z) = l|: sys T —= ﬁ sys(Zl,t - lZZ,t):|Yl

1
—iY; [Hsys + ESsys(Z&t + iZ4,t):|~ (19)

If we define two complex noise terms,

X1,t = %(Zl,r - iZZ,t + 3.t + l.Z4,f)
and
X20 = 5210 — 220 — 230 — iZ41), (20)
we can express D(0; z) in Eq. (19) in a compact form,
. !
D(O;)C) = l[Hsys’ Yl] + lﬁxl,t[ssys» Y/]
1
+l_x2,t{SSYS7 Y} 21

V2

The commutators and anticommutators can also be expressed
by the basis operators Y,,,,
= Z HI m¥m,

sys ’ E

{SSy57 Yl} = Zslamynv

“ th}

[Hys, Y1)

(22)

The superscrlpts and “a” refer to “commutator” and “anti-
commutator, respectlvely. When the dimension of the system
Hilbert space is infinite, our method can also be applied if a
set of basis operators which satisfies Eq. (22) can be found.
With Egs. (19) and (22), we can obtain the following equation
for Y;(z; x):

0 R X1,t X2.¢ )
—Yi(t;x) =i Him + —=S;, + —=Sp, |Yn(t;x). (23
o Vi) %;(1 55t 5 (t:x). (23)

J

The equation for the expectation values is straightforward to
obtain,

a9
5gnmx»=i§;(ﬂm

X1t

¥

X2t

5ot

S )(Ym(t;X))-

(24)

Equation (24) can also be written in a vector form if we define
the stochastic expectation value vector as

V(t,x) = (Yi(t;x), ..., Yult; 00T,

where 7 is the number of the basis operators of the system and
T means transpose. The vector form of the equation reads

0 ¢ X2t oa

8[y(t,x) (H + \/_S \/_S >y(t,x).
The elements of the matrices H, S¢, and S¢ are, respectively,
the terms H,,,, S;,,, and S, in Eq. (24). With Egs. (17) and
(25), the stochastic expectatlon value of the system part can
be calculated. Note that the choice of the basis operators is
arbitrary. For example, we can take Bqy(t;z) as the first one
of them and find enough operators to satisfy Eq. (22).

(25)

C. The stochastic dynamics of the bath part

Next, we come to the stochastic evolution operator for
the bath Uy(t; 23,1, 24, )- In the following, for simplicity, the
stochastic evolution operators for the bath will be written as
Un(t;2) and UI,TJ(l;z). Note that the noise terms are different
in Up(t;z) and UIJ{’(t;z). We first change to the interaction
picture,

Un(t52) = ™ Uy (13 2). (26)

Then the bath part of the stochastic operator becomes
Uy (3 2B () Uns (15 2),

where By, () = exp(iHypt )By(0) exp(—iHyt) is the initial value
of the bath part of the stochastic operator in the interaction
picture. The equation for Uy, (¢; z) is

By(t;z2) =

a 3 iHyt
—Up(t;2) = —[e YUy (25 2)]

ot
3 Z4 T

= Tf(f)UIb(t 32)-

Here, the £(¢) is the quantum noise term which appears in the
quantum Langevin equation. Equation (27) can be solved by
the Magnus expansion [84,85] (also see Appendix A),

27

Upp(t;z) = exp |:—z—/ ds (iz35 + 24.5) Zg* lwksa;cb:| exp|:—z— fds (iz35 + 24, Y)nge s :|

1
X eXp[—/ ds, / ds> E(iz3"“ + 21, ) (iz3,5, + 245,) (51 — 52)]~
0 0

(28)
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Now we consider the stochastic expectation value of the bath
part (By(t; z)). We express the bath part of the operator with a
Taylor expansion,

By(0) = I Z Ck,mkwnkaﬁba]t’l’)n'

My, N

(29)

The stochastic bath part By, (¢; z) of the operator B at time ¢ is

Bo(t;2) =TIk Y Comn Uy (15 2)ayain Un (t32).

ny

(30)

Conceptually, Eq. (30) can be directly calculated from
Eq. (28). However, the bath operators can also be generated
approximately from the stochastic evolution operator when
the time is not too short (see Appendix B). In this way,
g, Up(t32) = Ae(t3 23,0, 24,0)Up (83 2),
awly (132) = At 21+, 220U (13 2), 31)

where Ay (; 23,7, 24.- ) has the following form:

iﬁeiwkt t iy S
-Ak(t;z3,1:’ Z4,r) = /dS] e ——
0 8245,

*

8k

1o s
—I—E/ dsy(izas, + 2a.,) e a(s1 — $2)
0

1 [ )
+§/dsQ(iZ3,s2 + 2y )e ot (s) — 52):|-
s1
(32)

The term a(s; —s2) = ), &g expl—iwk(si —s2)]  in
Eq. (32) is the zero-temperature correlation function
mentioned in Eq. (4). With Eq. (32), Eq. (30) can be
converted to

By(t;z2) =T Z Chmem

) [AL(t: 1" (13 D LA(1: D)1 Up (85 2)
=0 Y Cemen LA DT TAL 1" I (15 2),

My, N

where

Ih(t;2) = U] (t; 2)Us (23 2). (33)

Note that the stochastic identity operator is no longer an
identity operator. Also, we abbreviate the Ax(f;23¢,24.7)
[AL(t5 217, 22,0)] to A(t;2) [Af(#;2)]. Since the stochastic
bath operators can be generated from the bath part of the
stochastic identity operator, the next step is to obtain the
stochastic expectation value of I,(¢; z). If the initial state of
the bath is the thermal state, then (/,(7;z)) can be exactly
calculated [75] (also see Appendix C):

(I,(t;2)) = exp[/ ds g(s, z)x]“’sl],
0

N
g(s,2) = /dsl[(Z3,sl —iz4y) o7 (s — 51)
0

+ (Zl,s] + iZZ,xl) (X;(S - sl)]a

with
ar(t —s) = Xk:gkgj coth(%) cos[wi (51 — 52)]

—i ) gug) sin[wp(s) — 52)]. (34)
k

The a7 (t — s) term in Eq. (34) is the finite-temperature corre-
lation function of the bath. The effects of the bath temperature
T are described by the parameter 8 = 1/(kgT). With the
value of ([,(t; 7)), the stochastic expectation value of the bath
part (By(¢; 7)) can be calculated from

(Bp(r52)) = Ik Z Cheom,m [ Ak (3 DV [AL (3 )1 (I (1 2)).

L
(35)

Using the exponential property of (I,(¢;z)), we can assume
that (By(?; z)) has the following form:

(By(t;2)) = f(t, x3){Ip(t;2)).

The f(z, x3) term is some stochastic function, where x3 rep-
resents one or more noise terms. The property of x3 depends
on the form of By (; 7). If we are only interested in the system
operators, then the bath part is just By (¢;z) = I,(¢; 7).

(36)

D. Noise average of the stochastic operators

To obtain the expectation value of the operator B(t), we
need to eliminate the auxiliary stochastic fields by taking a
noise average over the product of the system part and the bath
part,

(B(1)) = M{(Bsys(t;2)) (Bo (15 2))}
=M; Zln(Yz(I;X))f(t,X3)(1(t;z))}- (37)
i

Direct calculation of Eq. (37) is numerically inefficient.
We can introduce the Girsanov transformation of the noise
terms to absorb (/(z; z)) into the relevant distribution function
[71,72,75],

1
2, =210 — 38, 2),

%, =220 — 58(t, 2),
1
%, = 30— 38, 2),

Ty = 240+ 58, 2). (38)

Notice that this transformation only changes the noise terms in
the system part. With the transformation in Eq. (38), Eq. (25)
becomes

%y(t, x) = i[H + wsc + %S“]y(t, x). (39)

V2 V2
By defining two colored noise terms & = x; , + g(t, z) and
n: = ixa,, we obtain the following stochastic equation:
d . & Mt
=V, & n) = (1H+I—SC+—S” Y, &, 1),
o £, 1 NG NG &.n
M A{nng} =0,

042112-5



ZHOU, YAN, HUGHES, YOU, AND NORI

PHYSICAL REVIEW A 100, 042112 (2019)

M A&} =20 — s) Im[ar(t — )],
M {&&} = 2Re[ar ([t — s])]. (40)

Here, 6(t — s) is the step function, which is 1 for # > s and 0
fort < s; the value for ¢ = s is not important as Im[a7(0)] =
0. Each line of Eq. (40) is a stochastic c-number Langevin
equation of a stochastic basis operator Y,,(¢; &, n). Note that
the noise terms in Eq. (40) represent classical noise terms
and therefore are different from the quantum noise terms.
However, these classical noise terms can describe the non-
commutative properties of the quantum noise terms [86]. It is
instructive to compare Eq. (40) with the c-number quantum
Langevin equation of the harmonic-oscillator systems (see,
e.g., [87]), as they seem to be quite different. However, after
assuming a harmonic-oscillator system and taking the noise
average of the stochastic equations, these two methods have
the same form (see Appendix D).

By taking the noise average of these expectation values of
the stochastic basis operators, we obtain the expectation val-
ues of the basis operators (Y, (t)) = M {(Y,.(t;&, n))}. With
these (Y, (¢)), the expectation value of any system operator
can be conveniently calculated with the following relation:

(B(t)) = sz Y,u(1)). 41)

When the bath part of the operator B(¢) is not an identity
operator, we just need to add an additional term in the noise
average. Consequently, the expectation value can be calcu-
lated in a similar way,

(B1)) = sz YiGE M@ (42)

As we have mentioned, the effects of the bath are contained
in the stochastic bath part of the operators, instead of the
artificial noise terms z; 5, i = 1, 2, 3, and 4. However, after
the transformation in Eq. (38), the information of the bath is
absorbed into the noise terms &, n,, and f(¢, ¢). The influence
of the bath on the system dynamics is described by &; and 7;;
concerned bath operators are provided by f(¢, ¢); and other
details of the bath are eliminated as in the master equation.

III. THE DYNAMICS OF TWO-LEVEL SYSTEMS

In this section, we will calculate the dynamics of different
two-level systems as applications of our method. Two-level
systems are the simplest kind of multilevel systems and have
a wide range of applications (see, e.g., [88—90]). Meanwhile,
the Langevin equation of a two-level system can also have the
problem of nonlinear time-nonlocal terms. We will consider
the coupling energy (H;(¢)) and the bath displacement,

(x(1)) = <Z[gzak )+ gkak(r)1>, (43)

k

as two simple cases of quantities which contain bath opera-
tors. Note that the bath displacement has units of frequency
instead of length because it is multiplied by the coupling co-
efficient. Such a displacement can better reveal the influence
of the bath on the system. The stochastic expectation values
of the system part can be obtained from Eq. (40), so we will

directly come to the bath part. According to Egs. (1) and (33),
we have

(Hip(t:2)) = <Z[g al(t;2) +gkak<r;z>]>

= D g A 2) + g AL (D1 (152)). (44)
k

Equation (44) can be evaluated with Eqgs. (32) and (34),
(Hip(t;2)) = & (Ip(152)),

L=+2 / ds[(z1s + iz )@ (t —s)
0

+(z3,5 — izas)a(t — s,
la@t — ). (45)
From Egs. (45), we can find that the contribution of the bath

part can be represented by a new noise term ¢;. The correlation
among ¢, &, and 7, is described through

Mz{é‘z;s} = 0,
M{5&} = 0(t — )22 Re[ar(t,5) — Sa(t, 5)].
M. {&ns) = 0t — )24/ 2Im[ar(t, s) — Sa(t, 5)]. (46)

Then, the coupling energy can be calculated with Eq. (42) by
introducing an additional noise to the noise average,

(Hi(1)) = M A(Ss(1:6, m)E ) (47)

where Sq(t;&,n) is the system part stochastic expectation
value of the coupling operator, S(¢), in Eq. (1). Note that the
coupling energy can also be calculated without including the
bath when the heat current can be obtained [91,92]. The bath
part of the bath displacement is just the same as the one of the
coupling energy. Therefore, we have the following relation:

(x(0)) = M A(Lys(t: &, m)E} (48)

We will mainly consider two kinds of spectral densities for
the baths. The first spectral density is the Ohmic form with a
Debye regulation (see, e.g., [93]):

a(t —s)=ar(t —s)—

7 (0? + w?)’

where I' is the coupling strength and w,. is the cutoff fre-
quency. We will calculate several well-known simple models
with this spectral density. In these models, we will express
all the parameters in normalized units, as the ratio to the
frequency of the two-level system wy.

The second kind of spectral density we consider is the
super-Ohmic spectrum with an exponential cutoff:

@ 2
> sgidlon — 0) = aw’ exp[—(w—> } (50)
k ¢

where the coupling strength is described by «. This spec-
tral function is frequently used in solid-state quantum dot
systems, e.g., when coupled to acoustic phonons. We will
first reproduce some known results, with our alternative tech-
niques, and then obtain some new results. In addition, the
bath displacement, which cannot be obtained with former

B nga)
Y agidlon — o) = ———— (49)
k
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methods, will also be calculated. The parameters in this part
will be expressed with units of picoseconds, like other works
modeling real quantum dot systems [94,95]. In our numerical
calculations, the noise functions are generated with the FFTW3
pack [96].

A. Pure dephasing model
The first model we consider is the so-called pure dephasing
model,
o
2
We use such an analytically solvable model to check our

method. According to Eq. (40), the stochastic c-number
Langevin equations of the pure dephasing model are

[_Isys = Oz, §= oz. (1)

d
oot m) = — (@ + V2 ) (o (158, 1)),

d
o (0w 6,m) = +(o + V2E) 0w (1:€, 1)),

0
o (0136, 1) = V20, (Lys (13 €, ),

d
o o636, ) = V20 (o3 €, 7). (52)

The noise averages of (ow(ti&. ). (oy(t1€. 1)),
(05(t; &, n)), and (Lsys(2; &, n)) correspond to the expectation
values of three Pauli matrices and the identity operator. We
assume the initial state of the system to be the eigenstate of
Oy, | W) = \/%(|e) + |g)), where |g) (Je)) is the ground state
(excited state). The initial state of the bath is assumed to be
a thermal state. The coupling energy between the system and
the bath is

(H(1)) = M {(o(1: 6, m)¢ ) (53)

From the analytical solution of this model, we obtain the
expectation values of the following quantities:

(04(1)) = cos(awgt)e™*Jo 45 fy dsiReler 6=l (5 ()

(0y(1)) = sin(agt e+ o 4y dsiReler =s0l (5 (),
<ma»=2/dﬂmm@—ny (54)
0

With Eq. (54), the stochastic results can be compared with the
analytical results. We first show the results at low temperature
B = 1000 (B has units of 1/wp).

From Fig. 1, we can see that the converged part of the
stochastic results (solid curves) agrees well with the analytical
results (dotted curves). Figure 1(a) shows the expectation
values of the system operators; there, the stochastic results
are nearly converged except for some tiny deviations at
long times. However, the result in Fig. 1(b), which shows
the coupling energy, is not that good. For comparatively
long times, wot > 15, the stochastic result oscillates severely
around the analytical result. Also note that the interaction
energy agrees well with the analytical even for short times,
so the approximation in getting the bath operators is reliable.
Then, we introduce the accumulated errors of (o) and (Hj) to
characterize the convergence of our method. The accumulated

1.0 ‘ 2
—— <G> e <Gx>s <Hp>,
2 —— <Oy e <Gy>, I — <H>,
§O05 2 Ok
5 [ L |
g 2
5 D)
<0.0 “r
3 8
n
e M) ‘
: 0 10 20
A 003 :
. P
\9 ..... 5x 106 1ra_|.eclorfes Q— 5r ... 5x10° trajectories ]
i --- l()xl()é trajectories v - - - 10x10° trajectories |
S 002l 45x10° trajectories S 45x10° trajectories 4
: g ‘
8 5 {
L B !
5 2
£ oot} = /
=3
£ C | E 2
8 13 ;
B c IR B - 1 d By
00042 —eiead 2 U B
0 @yl 20 0 o 20

FIG. 1. Results for the pure dephasing model. Here, the cutoff
frequency is w, = 0.5 and the coupling strength I' = 1. In (a) and
(b), the stochastic results are calculated taking an average over
45 x 10° trajectories, and the results of the stochastic method and
the analytical expression are denoted by the subscript s and a,
respectively. The accumulated errors are shown in (c) and (d).

error of some operator B(t) is calculated from

Accumulated error = /ds[(B(s))a — (B(s))s]z. (55
0

The (B(s)), and (B(s))s correspond to the analytical result and
the stochastic result, respectively. As shown in Fig. 1(c), the
error decreases significantly with the number of trajectories
for the system operator o,. However, the calculation of the
coupling energy is much more difficult. According to the
results in Fig. 1(c), doubling the number of trajectories (black
dotted curve and red dashed curve) makes only a few percent
difference in the error. Only by increasing the number of the
trajectories from 5 x 10° (black dotted curve) to 45 x 10°
(green solid curve) can we reduce the error slightly. Therefore,
the converging properties of the system operators and the bath
ones are quite different.

Next, we come to the case of high temperature g = 1.
Compared with Fig. 1, the convergence of the results in Fig. 2
is much better. This is not surprising because the system is
closer to the classical limit at high temperature. However,
the convergence of the coupling energy (H(t)), shown in
Fig. 2(b), is still not as good as the system operators, shown
in Fig. 2(a).

B. Pure dephasing model with classical field control

We now consider the situation with classical field control.
In addition to the original Hamiltonian in Eq. (51), we will
add a classical control field Hamiltonian,

H. = C(t)o,. (56)
The coefficient C(¢) describes the shape of the control field

and we choose the ideal m pulses as the control field. The
separation between two successive pulses is 2/wg. Thus the
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FIG. 2. Expectation values of different operators. The cutoff fre-
quency is w. = 0.5 and the coupling strength I" = 1. The stochastic
results are calculated taking an average over 5 x 10° trajectories.
(a) Comparison between the stochastic and analytical results for
the system operators. (b) Comparison between the stochastic and
analytical results for coupling energy.

coefficient C(¢) can be written as

Ct) = Z% 5<z - 2—") (57)

n a)O

The derivation in Sec. II is based on time-independent Hamil-
tonians, but this formalism also works for time-dependent
Hamiltonians (see Appendix E). The numerical results are
shown in Fig. 3.

In Fig. 3, our results correctly show the effects of the
control field. Compared with the results without control field
in Fig. 2, the coherence time is much longer. At long times,
the expectation values of the system operators become the
steady values, but the coupling energy cannot become a steady
value under the influence of the control pulses. The sudden
changes in Fig. 3 correspond to the control pulses. The (o, (¢))
is not shown as it is a conserved quantity for our initial state.
Here, we can discuss more about the work done by the control
pulse. The ideal m pulse does not change the system energy
in our case; therefore, the thermodynamics for the system is

% T T T T T
=2 0.8 —<0x>
g .- - <oy>

c

I5 <Hp>
T 04} .
O Y

()] c .

o e

. 0.0 Y

@]

e

(]

o)

o _04 R 1 R 1 R 1 R 1
© o [ON 20

FIG. 3. Expectation values of different operators with classical
control. The cutoff frequency is w. = 0.5, the coupling strength is
I' =1, and the inverse of the temperature is 8 = 1. The stochastic
results are calculated with the average over 40 x 10° trajectories. The
control field is ideal 7 pulses in the y direction.

trivial. However, after including the interaction energy, we can
clearly see the work done by the control and the relaxation of
the total system.

C. Spin-boson model

The second model we consider is the spin-boson model,
which, unlike the pure dephasing mode, cannot be solved
analytically. The spin-boson model is very important as it can
describe light-matter interaction problems and double-well
potential problems. The system Hamiltonian and coupling
operator of the spin-boson model are

wo
702, S = o,. (58)
The stochastic c-number Langevin equations of the system
operators are as follows:

Hsys =

0
o (O, m) = —oo (o5, 1) + V20, (It €, 7)),

0
o o6, m) = oo (€, m) - V28 (0,5(t; €, 1)),

0
oot 6,m) = V2E(0y5(1:E, ),

d
o (L8, m) = V20013 €, 1)). (59)

The coupling energy can be estimated with

(Hi(1)) = M {(oxs(t:§, )}, (60)

and we assume the bath to be in the thermal state, while the
system is in the excited state |e).

The convergence of the results, as shown in Fig. 4, is com-
paratively good, and there are only some small fluctuations
at the end of the red curve in Fig. 4(a). Similar to the pure
dephasing model, the coupling energy at low temperature is
hard to calculate. The coupling energy decreases monotoni-
cally when the temperatures is low [Fig. 4(a)]. In the high-
temperature case [Fig. 4(b)], the coupling energy increases
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FIG. 4. Expectation values of different operators. The cut-off
frequency is w. = 0.5, and the coupling strength is I' = 1. The
stochastic results are calculated with the average over 40 x 10°
trajectories for (a) and (b). (a) The results at the low temperature
B = 1000. (b) The results at hight temperature 8 = 1. The pumped
cases, shown in (c) and (d), are calculated for different detunings § at
high temperature 8 = 1 with the pumping intensity = 0.5 (in the
units of wy), and 10 x 10° trajectories. The expectation values of o,
are shown in (c), and the coupling energies are shown in (d).

first, then decreases to a steady value. As mentioned above,
our calculation of the coupling energy can be unreliable for
short times, so this difference should be treated carefully. One
way to check this is directly calculating Eq. (30). In this work,
we focus on comparatively long times. The steady-state value
of the interaction energy at higher temperatures is much lower
than the low-temperature one. Then we add an optical pump
term to the system,

H, = % sin[(wg + 8)t]oy. 61)

The peak Rabi frequency is set to €2 = 0.5 (in units of wy) and
we consider different detunings. We assume the initial state of
the system to be its ground state. From Figs. 4(c) and 4(d),
we can find that the influence of the detuning is insignificant.
This means that the effects of the pump are suppressed by the
bath. However, note that the pump here only differs from § =
oy, which describes the coupling to the bath, by a coefficient.
We will show in the next example that the situation can be
different when S = o,.

D. Optically pumped quantum dot system

Next we consider an optically pumped quantum dot sys-
tem, which has many applications in solid-state quantum
optics. The system considered here is a quantum dot with a
pump and electron-phonon coupling, which has been studied
in various experiments (e.g., [97,98]). The Hamiltonian under
the rotating frame is

s Q) o,

Hsys = EO'Z + TUX, S = E (62)
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FIG. 5. Quantum dot systems with different pump intensity. The
displacement of the bath is calculated using (x(¢)) = >, ([gfa, (t) +
grai()]). The cutoff frequency is w. = 2.2 ps~! and the coupling
strength is o = 0.027 ps~2. The temperatures are (a)-(e) T = 50 K
and (f) 4.2 K. The detunings for (a)—(d) are 6 = 0, and for (e) and
(f), the detunings are § = —1.26 ps~!. The stochastic results are
calculated with the average over 1 x 10° trajectories. The pump in-
tensities are (a) Q =7 /6 ps~, (b)) Q=m/2ps™!, (c) Q=7 ps~!,
and (d) Q =4m ps~'. For (e) and (f), the pump intensities are
time dependent, Q(t) = 1.28 exp[—(t/7)?] ps~' with T = 20.2 ps,
corresponding to the pulse area ® = 14.67.

Here, the detuning of the pump is § and the Rabi frequency of
the pump is 2(¢). The spectrum of the bath is of super-Ohmic
form. We first consider the case of on-resonant pumping § =
0. The parameters used here are from Ref. [53]. In addition to
the population of the excited state, which is (1 + (o;))/2, we
also calculate the bath displacement induced by the system,
(x(0) = Y, ([85a; (1) + guar(0)]).

From the red dashed curves in Figs. 5(a)-5(c), our cal-
culations agree well with other results [53]; namely, the
(o) oscillates for different pump Rabi frequencies and these
oscillations show bath-induced damping. The bath displace-
ments (black solid curves) can provide more insights into
the bath dynamics and coupling. When the pump intensities
are moderate [Figs. 5(b) and 5(c)], the bath displacements
are large compared to Fig. 5(d) and oscillate with the same
frequencies of the oscillations of (o). The bath displacement
is still large if the pump is weak [Fig. 5(a)], but the oscillation
is not resonant with the system. For very strong pumping

042112-9



ZHOU, YAN, HUGHES, YOU, AND NORI

PHYSICAL REVIEW A 100, 042112 (2019)

TABLE I. Numbers of trajectories for different results.

Pure dephasing model (low temperature) 4.5 x 107
Pure dephasing model (high temperature) 5 x 10°
Pure dephasing model with control 4 % 107
Spin-boson model 4 x 107
Spin-boson model with pump 107
Quantum dot with optical pump 10°

[Fig. 5(d)], the bath displacement is very small and there
is little bath-induced damping; this is consistent with other
approaches such as the variational polaron transform master
equation [53], where there is a suppressed bath response at
large pump Rabi frequencies. Recently it was shown how to
use such an effect to generate single photons on demand [99],
which exploits a dynamical decoupling effect from the bath.
In addition, our method can also provide a clear picture of the
bath response when the Rabi frequency of the pump is close to
the cutoff frequency. In such a case, the bath displacement and
the system population always oscillate at the same frequency
and the dissipation reaches its maximum.

Next we consider the time-dependent pump intensity [58].
Note that the variational polaron transform master equation
is not suitable for time-dependent pump intensity because the
optimal coefficient changes with time. The parameters of the
bath are the same as the ones in the time-independent case. We
set the detuning to be § = —1.26 ps~', and the pump intensity
to be Q(t) = Qo exp[—(t/r)z], with Qp = 1.28 ps~' and 7 =
20.2 ps~! corresponding to the pulse area © = /T QT =
14.6. As shown in Figs. 5(e) and 5(f), the populations (red
dashed curves) are inverted with negative detunings. Also, the
steady values of the bath displacements are not zero in these
cases. This is consistent with other works and experiments
[94,95,100], which show that the phonon dissipation can assist
to invert the population of a pumped quantum dot when the
detuning is negative.

In this section, we have calculated the expectation values of
different operators in two-level systems. Although our results
do not totally converge in Fig. 1(b), the coupling energy has
reached its steady-state value before the results diverge. For
other examples, the trajectory numbers are sufficient to obtain
convergence. The numerical efficiency of our approach can
change with the problem studied. Here, we summarize the
numbers of trajectories used for different results in Table 1.

We have shown that our method can obtain the expectation
values of operators which contain bath operators. Also, our
method can deal with both low- and high-temperature cases.
However, the low-temperature or the nontrivial bath parts can
increase the calculation costs.

J

IV. CONCLUSIONS

We have developed a stochastic c-number Langevin equa-
tion method to access both the system information and the
bath information. The problem of the nonlinear time-nonlocal
terms in Langevin equations is avoided by formally dividing
all the operators into system parts and bath parts with auxiliary
stochastic fields (noise).

As a Heisenberg-Langevin method, our approach can con-
veniently access the bath information. Such information about
the bath can be quite different even when the dynamics of
Pauli matrices [o,(?), o,(t), and o.(¢)] are similar. In addi-
tion, this method is not limited to certain bath spectra or
temperature in spite of the increased computing cost at low
temperatures. We have also applied our method to several
cases. For example, our equations work well in different
well-known simple models, such as the pure dephasing model
and the spin-boson model, and can compute both system
and bath quantities. We have also reproduced some existing
results in a pumped quantum dot system, and extended our
model into a range of validity where typically these methods
fail. In addition, the bath displacement, which is difficult
to obtain with former approaches, can be calculated with
our methodology. Finally, we stress that our method can be
applied to problems such as closed many-body systems or
quantum thermodynamics.
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APPENDIX A: STOCHASTIC BATH EVOLUTION OPERATOR

The solution of Eq. (28) can be obtained with the Magnus expansion,

1 ! o S
Unp(t;2) = exp| —i—= Y / ds(iz1,s + 20.5)(8ke " ary + gie ™ af,)
«/§ P4

t S 1 . .
] e
k
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Then we separate the annihilation operators a; and creation operators az in Eq. (A1) with the Baker-Campbell-Hausdorff
formula,

1 ions F I ;
Upp(t;z) = exp —i—/ds(iZLs-i—Zz,s) gie'ay, | exp —i—/ds(iZLs +225) ) gre " May,
V2 Jo ; g kb V2 Jo ;
1 t
X eXp|:—5 /dsldsz(im,sl + 22,5, ) (iz1.s, + 22, )51 — Sz)]- (A2)
0

APPENDIX B: THE GENERATOR OF THE BATH OPERATORS

By taking the functional variation on the noise term in Eq. (28), we obtain

g}teiwksl . g e—iwksl

. o 1 . o .

Un(t;23,0, 240) = —i E A a Un(t523,0, 24.0) — l—ﬁ Unp(t5 23,75 24,0 )aks
k

824,S1

1 /s .
- 5/ dsra(sy — $2)(iz3.5, + 24,5, ) Unp(£523,2, 24.7)
0

1 [ .
—5 /dsza(sz — Sl)(lZS,sz + Z4,sz)U1b(t;Z3,ra Z4.0)- (BI)
s

For sufficiently long times, we can obtain the creation operator of the kth bath mode with Fourier transforms. Note that this
approximation may introduce some error in the short-time limit. We have

iv2 [,
g Unn(t3 23,0, 24.0) = g—*/dsle o Unp(t; 23,7, 24,7)
k 0

24,5
i
g2
l
g2

= Au(t;323,0, 2,0 Un(t; 237, 247 )- (B2)

+

t 51
/dS1/ dsy(iz3,5, + 2a,) € ¥ (51, ) Upp (13 23,22 24.7)
0 0

+

t t
/dsl /dSZ(iZB,xz + 24, )e ot (51, 52)Up(t: 23,7, 2a.0)
0 51

The annihilation operator a; can be easily obtained by taking the transpose conjugate of Eq. (B2).

APPENDIX C: THE STOCHASTIC EXPECTATION VALUE OF THE BATH IDENTITY OPERATOR (1;(¢;z))

Let us now calculate the average value of the stochastic bath identity operator:

Up(t32)) = Tr[pp(OVU}, (8521, 22,0 e TH X s T (0)e ™ e U (15 23 1, 24. )]

1 [ ) 1t .
= exp i—/ds(—iZ1, +225) ) gieal, |exp i—/ds(—iz,,—i—zl,) gre ay,
i forcin o Sl o] s [ o E

R . 1 [ .
X exp —i—/ds(i13,s+24,s) gieal, | exp —i—/ds(izm +za5) ) gke”Fag
L V2 Jo ; ¢ « V2 Jo ;

B t N ]
X exp —/ds1/ dszi(—iZle + 22,5, ) (—iz1s, 4 2205, )™ (51 — S2)i|
L Jo 0

- t 51 1
X exp _/dsl/ dsZE(iZ&sl + 24,5, ) (iz3s, + 2a, (51 — Sz)]- (CD
L Jo 0

The operators in Eq. (C1) can be rearranged in normal order as follows:

t 1
exp (ﬁ/o dsxi Z gzeiwksazh> exp (\/z/(;dsxi"s ngei“’ksakb>
k !
1 t
x eXp[E fdsldSz( — 215 + 22, ) (23,5, + 245, )t (51 — Sz)]. (C2)
0
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The x7j ; is the complex conjugate of the noise term x; , in Eq. (25). Then, we can calculate the trace in Eq. (C1),

(Iy(t;2)) =

| |
S—— nyinip.

(1 _ efﬂwk/ )e*ﬂwk’”k’ t my t » my
[k Z (] V2 dsxy. 9gZe""”aZb V2 dsxi gre " ““awy | )
0 0

t 51
X exp {/dslf dsoxt [ (215, + 12205, )™ (51, 52) + (23,5, — iZ4,s2)a(sl,Sz)]}
0 0

=TII; Z(l _ e—ﬁwk)e—ﬂwknk Z ng!

Nk m<ny

m!2(ne — m)!

t m
(2 /0 dsldszxisI xf’szgzgke“"k(“ _52)>

t S1
X exp {/dS1 / dsax} ([ (21, + iz2.s, )" (51, $2) + (23,5, — i24.5, )t (s, Sz)]}
0 0

m
n!
= HkZ ( /dsldsle X1 5, k8K e“"“(“‘_‘”)> e~ Pewm Z (1 — e~ Perye=Perln=m

(om0 m!(n — m)!

t 51
X exp {/dsl / dsoxt [ (21,5, + iz2,5, )0 (51, 82) + (23,5, — izas, )t (s1, Sz)]}
0 0

e Pox
= exp (/ ds1/ dsax} (235, — i24,5,) nggk{ o cosla(s1 — 52)] — isin[wy(s1 — sﬁ]})

X €Xp (/dsl/ d52x1 Y](Zl 5 +Z252)nggk{

Now we define the correlation function at temperature 7" as

ar(t,s) = ng k{

e Pox

*/3(1)1{
o Cos[wi (s — s2)] + i sin[wy (s — Sz)]})- (C3)

cos{wk(S1 — 52)] — isin[awi(s; — Sz)]}

Subsequently, the stochastic expectation value of the bath identity operator in Eq. (C3) can be expressed in a compact form,

t S1
Iy(1:0)) = exp{ / ds, / dsaxy [(m + i22.0) (510 52) + (23,0 — izam)atr 1. m]}. (C4)
0 0

APPENDIX D: HARMONIC-OSCILLATOR SYSTEMS

When the system is a harmonic oscillator and coupled to
the bath with x — x coupling, Eq. (40) becomes

M€ m) = W VIR E ),

p(t’és T’) = _mwx(tv‘i:v ’7) - il(lvgv 77)

V2
+ im(t, &, n)+ lpx(t, &, n),
V2 V2
[(t, &, 1) = V2n,x(1, €, 7). (D1)

Here, x is the position, p is the momentum, m is the mass, and
w is the frequency. Note that the subscript “sys” is omitted
because there are no bath quantities considered here. The
stochastic identity operator I(¢, &, n) can be formally solved
as

16,6 ) =1+ / dsv/2n,x(s, £, ).
0

(

Then, substitute the solution into the equation of p,

x(t, &, n) = W + V20221, €, ),

pt. &, n) = —mwx(t,§,n) — | ds&mx(s, &, 1)

f
+ ﬁxp(t & n)+ ﬁpxa &, m). (D2)

Now, we take the average over the noise terms. According to
Eq. (40), the noise averages of terms containing 7, are zero, if
there is no & with s > ¢ in these terms. Therefore, the noise
average of Eq. (D2) is

() = p(t)

M_{&}
V2

Although M_{§,} is zero in our case, we keep it to recover the
form of the c-number Langevin equation. To obtain the third
term in the equation of p, we need to consider all the possible
ways of pairing Gaussian noise terms in M {&nx(s, &, n)}.

pt) = —/Odst{éznsX(s, &, m)}. (D3)
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However, pairing n, to terms other than & results in a zero
average. Thus Eq. (D3) can be expressed as

w =9,
m
pt) = —max(t) — Mj/{;’} - fo dsM {Ens)x(s). (D4

Equation (D4) is just the c-number Langevin equation of a
harmonic oscillator.

APPENDIX E: SYSTEM WITH CLASSICAL FIELD
CONTROL

The derivations in Sec. II do not allow for a time-dependent
Hamiltonian because we have used the property that the
Hamiltonian is unchanged during the time evolution. Now we
provide the derivation of the time-dependent case. Consider a
system with control field

Hsysc(t) = Hsys + Z Cl (t)S/,C~ (El)
1

Here, Hgy is the system Hamiltonian without control, §; .
is a system operator, and C;(¢) is the control function. Note
that the Hamiltonian in Eq. (E1) is an approximate one. The
original Hamiltonian should be

Horigin = Igys + ch,extsl,c + Hext- (E2)
1

The control field is also governed by the quantum dynamics.
The contribution of the external Hamiltonian Hey, is usually
assumed to be very large (classical limit). Therefore, the
evolution of the operator of the external control Cjex is
only decided approximately by H.y. If we further omit the
entanglement between the system and the external field, the
operator of the external field C; ¢ can be substituted with its
classical expectation value, so that

Hsysc(t) = Hsys + Trexl |: (Z Cl,extSl,c + Hexl) pext(t):|
l
= Hys + Y _Cl(1)S)c. (E3)
1

The effective Hamiltonian in Eq. (E3) is obtained in the
Schrodinger picture, so it cannot be used directly in the
Heisenberg picture. Now, we start from the original Hamil-
tonian in Eq. (E2), which can be solved with our method:

Hyy = Horiginal + Z wka}iak +S Z(gzalL +grax).  (E4)
k k

According to Eq. (19), the stochastic equations of the external
field operator Oy and system operators are

d .
EYI(“ 7) = Uo’riginal(t; 21,15 ZZ.r)D(O; Z)Uoriginal(t; 23,75 Z4,r)»

D(0;z) = i|:Hsys + ZCI.eXtSl,c’ Yl:|

!
1 : v :
+ﬁSsys(Zl,t —iz)Y—iY) ESsys(Z3,r+lZ4,t),

0
_OEX = l C €X S C+ HCX £ OCX ~ l HCX £ OCX .
Y t |:2,: lextO], t t:| [Hex ¢

(E5)

The influence of the system on the external field is not
considered here. Then, the dynamics of the external field is
just the free dynamics,

Cl,ext(t) — eilHex‘Cl,exte_itHem,
(Wext|cl,ext(t)|1ﬂ‘ext) = Ci(1), (E6)

with the initial state of the external field |y ). Then we “trace
over” the degrees of freedom of the external field in Eq. (ES)
by taking the expectation value:

d
3 Y1(32) = Vel Upgina 13 21,6, 2.00D(0;2)
X Uoriginal (t; 23,75 24,0 )| Wext)

= UsTys(t; R ZZ,T)D,(O;Z)Usys(t;Z&rv 24,75

where
. 1 .
D'(0;2) = i|Hys + Y Ci(1)S1.c, Yi |+ —=Seys (214 — iz2.)Y,s
l ﬁ
L1 .
_lYl Essys(zlt + lZ4,t)- (E7)

Here we have use the property <wext|%Yl(t; )| Wext) =
%Y[(I;Z) because the entanglement between the system and
the external field is neglected. With Eq. (E7), we can follow
the way in Sec. II and obtain the time-dependent stochastic
equations,

&

%y(l, §.n) = [iH +iC(1) + iﬁS" + %S"}y(l, £, m),

D Cin)Y =Y OIS, Y] (E8)
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