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In this paper we derive the evolution equation for the reduced propagator, an object that evolves vectors of
the Hilbert space of a system S interacting with an environment 3 in a non-Markovian way. This evolution is
conditioned to certain initial and final states of the environment. Once an average over these environmental
states is made, reduced propagators permit the evaluation of multiple-time correlation functions of system
observables. When this average is done stochastically the reduced propagator evolves according to a stochastic
Schrodinger equation. In addition, it is possible to obtain the evolution equations of the multiple-time corre-
lation functions which generalize the well-known quantum regression theorem to the non-Markovian case.
Here, both methods, stochastic and evolution equations, are described by assuming a weak coupling between
system and environment. Finally, we show that reduced propagators can be used to obtain a master equation
with general initial conditions, and not necessarily an initial vacuum state for the environment. We illustrate the

theory with several examples.
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I. INTRODUCTION AND MOTIVATION

Quantum open systems are found in many different situ-
ations in physics. Usually one is interested in the description
of a quantum system (S) in contact with an environment (1B)
and one needs to compute the expectation values and fluc-
tuations of observables defined for S. Many examples are
found in statistical physics, condensed matter, and quantum
optics. The dynamics of an atom interacting with an electro-
magnetic field is a typical example. The atom plays the role
of § and the electromagnetic field the role of B.

The dynamics of the system is described by its reduced
density matrix, which is obtained by an average of the den-
sity matrix of the total system S@ B over the environmental
degrees of freedom. The dynamics of the reduced density
matrix is ruled by some master equation that in the Markov-
ian case is of Lindblad type [1-6].

There is a complementary scheme to the master equation
that consists in deriving stochastic Schrédinger equations
that evolve state vectors in the Hilbert space of S, condi-
tioned by the dynamics of the environment. The effects of
the environment are included in the Schrodinger equation
through a time-dependent function that eventually may be
considered as a noise, and through the environmental corre-
lation function. The average over many realizations of the
noise leads to the computation of the required quantities.
Depending on the method used in its derivation, there are
many different stochastic equations or unravelings of the re-
duced density matrix. Some of these stochastic schemes are
related to specific detection procedures such as the homo-
dyne and the heterodyne detection [3,4,7-18].

The first master equation for non-Markovian interactions
was derived by Redfield in the context of nuclear magnetic
resonance [19,20]. The derivation of non-Markovian stochas-
tic Schrodinger equations is more recent [21-25]. In addi-

1050-2947/2006/73(2)/022102(14)/$23.00

022102-1

PACS number(s): 03.65.Yz, 42.50.Lc

tion, stochastic schemes can be used to derive master equa-
tions [23]. It is very common to assume an initial density
matrix for the total system (composed of quantum open sys-
tem and environment) corresponding to a decorrelated state,
that is the product of a density matrix of the system times the
density matrix of the environment, which can be considered
in thermal equilibrium [4].

In all the above-mentioned formulations it is possible to
compute the expectation values of S observables in a satis-
factory manner. Nonetheless, sometimes it is interesting to
compute some fluctuation properties, which are characterized
by certain correlation functions of system observables. For
instance, in quantum optics the evaluation of the spectrum of
an emitting dipole, or the analysis of photon statistics, re-
quires the evaluation of two-time and four-time correlation
functions, respectively.

For Markovian interactions, since the seminal work of
Lax and Onsager, there is a theory to compute multiple-time
correlation functions (MTCFs), the quantum regression theo-
rem (QRT) [4,6,26-28]. Moreover, in the context of stochas-
tic Schrodinger equations there exists a complementary
theory of multiple-time correlation functions that agrees with
the QRT (see, for instance, Refs. [4,29,30]). It is natural to
develop a theory to compute multiple-time correlation func-
tions for systems where non-Markovian effects are relevant.
Interesting examples of these systems are atoms immersed in
photonic crystals (PCs) [31]. In PCs the refraction index is
periodic, which produces Bragg scattering of photons with
wavelengths related to the periodicity of the refraction index.
As a consequence, these photonic modes do not appear
within the crystal, and the dispersion relation of the electro-
magnetic field displays a band structure interrupted with
gaps of forbidden frequencies. In such structured materials
the correlation function of the electromagnetic field is highly
non-Markovian, particularly within the edges of the bands,
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and the dynamics of an atom in interaction with such field
presents non-Markovian effects. This has been shown in sev-
eral works that study the evolution of the atomic quantum
mean values with master equations [31-34], and with non-
Markovian stochastic Schodinger equations [35]. It is there-
fore pertinent to be able to evaluate other important dynami-
cal quantities of those systems, such as MTCFs.

A theory of non-Markovian MTCFs has been recently in-
troduced in Ref. [36]. In this paper we present a detailed
presentation of that theory and propose a master equation for
initially correlated states between system and environment.

The paper is organized as follows. Multiple-time correla-
tion functions are defined in Sec. II in terms of the reduced
propagator, which evolves the system state vector condi-
tioned to the state of the environment. The evolution equa-
tion of this propagator is also derived in this section and the
stochastic method for computing MTCFs is explained. In
Sec. IIT the set of evolution equations for MTCFs in the
weak-coupling limit is obtained. Two examples are shown in
which MTCFs are calculated using two alternative ap-
proaches; a stochastic method or a system of differential
equations. We analyze an example of a solvable system and a
two-level atom in contact with a dissipative environment. In
Sec. V the master equation for general initial conditions is
obtained within the weak-coupling limit. This equation is
applied to the solvable model and to the problem of an atom
in contact with a thermal reservoir. Finally, some conclusions
and remarks are presented in Sec. VI.

II. MULTIPLE-TIME CORRELATION FUNCTIONS

We consider a class of systems modeled by the Hamil-
tonian

H=Hs+ LB + L'B+ Hy

:HS+ E gn(LaZ'*LTan) +2 wna;an’ (l)

n n

where L is an operator that acts in the Hilbert space of the
system and a,, and aj; are the annihilation and creation opera-
tors that act on the Hilbert space of the environment. Hj is
the Hamiltonian describing the interaction between the sys-
tem and the environment. The g,s are the coupling constants
that can be taken as real numbers, and the w,;s are the fre-
quencies of the harmonic oscillators that constitute the envi-
ronment [37]. Throughout the paper we will make expan-
sions in a small coupling parameter g, which gives the
difference in magnitude between the interaction Hamiltonian
H; and the so-called free term of the Hamiltonian, Hy=Hg
+Hyp, in such a way that g[H,]=[H,] (where [A] denotes the
magnitude of A). Instead of a single coupling system opera-
tor L in the interaction Hamiltonian we could consider a set
of them, but such generalization is straightforward and does
not affect the conclusions we shall derive in this paper.

We are interested in a N-time correlation function of sys-
tem observables in the Heisenberg representation,
{A(t)), ..., AN(ty)}=A(t). These correlation functions are
defined as
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Capa,...aytity, .o Jty|Wo) = Cat|Po)

=(WolA; (1)) - An(ty)|¥o).
()

Let us make a comment about the time ordering in multiple-
time correlation functions. In this paper we use the time or-
dering t,>1,>--- >ty and denote t={¢,...,7y}. A different
type of correlations may be defined as Cy/A(t',t| W)
=(WolAp(ty) - - AS(1)A (1)) - Ap(ty) | Wo), with the time or-
dering such that 7y <t)_<---<#3<t; and 1y<ty_;<--
<t,<t,. These 2N—1-time correlation functions can corre-
spond to a sequence of measurements performed over the
system. Nevertheless, we stress that although we only treat
here the correlations of type C,(t|¥,) and not of type
Cpra(t',t| W), the method derived here can be used in any
given time ordering for the multiple-time correlation func-
tions.

The initial state of the full system is taken as the tensor
product of a system state |i,) and the environment state |z),
i.e., [Wo)=|1p)|zo). Let us point out that more general initial
states can also be treated. In terms of the evolution operator
in the interaction picture U;, Eq. (2) can be written as

N
Ca(t|W) = <\PO|H ul_l(ti’O)Aiul(ti’O)hPO)‘ (3)

i=1

The bath is composed of a set (possibly infinite) of har-
monic oscillators. A suitable basis to treat this system is a
coherent state basis in Bargmann representation. The coher-
ent states in Bargmann representation |z) are eigenstates
of the annihilation operator a|z)=z|z). In terms of these
coherent states the resolution of the identity is given by
1=Jdu(z)|z)(z], with du(z)=exp—(|z[*)/ 7 [4,38].

We introduce the reduced propagator as

G(Z?Zi+1|titi+1) = (zilUy(titis1)|zie1) - (4)

This object acts in the Hilbert space of the system and gives
the evolution of a vector from ¢;,, to ¢;, conditioned that the
environmental coordinates go from z;,; to z; in the same time
interval. Introducing the identity operator in the bath Hilbert
space in Eq. (3) and defining 7,=0, #y,;=0, and zy,;=2z¢ it
follows that

Ca(t|¥y)
N

:fdﬂ(z)<¢’0|GT(ZSZl|t()tl)HAiG(ZjZi+1|titi+l)|'r//()>~ (5)

i=1

If the evolution for the reduced propagators is solved, then
the time correlation function can be computed. To obtain the
time evolution of the reduced propagator we have to generate
its dynamical equation. To that end we have to compute

U (t,1;41)
o,

*
(?G(ZiZ[+1|titi+1) _ )
a, ’

Zivl [ - (6)

The evolution operator U, satisfies the Schrodinger equation
in the partial interaction picture,
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aU(t;,t;41) . .
1 (;t il _ (_ iHg— iz gn(LTane—zwnt,+ La;elw"ﬁ))
i n

XUt tir1)- (7)
When inserted in Eq. (6) this equation leads to

IG(2;Zps|titis1) o o .
: (;; = (‘ iHg—iLY, gnelwntizzn>G(ziZi+1|titi+1)
i n

—iL'Y) ge iz a,U(titi zin), (8)

where we have used <z|ajl=<z|zz. This equation is not yet in a
useful form to be solved in the system Hilbert space due to
the last term on the right-hand side. To proceed further we
have to treat the matrix element (z;|a,U(t;,t:+1)|z:+1) Which it
is equal to (zlUt; ti)ay(t;, b))z, with a,(,1,,)
=U; " (t;, ti)a,U(t;, ;). Integrating the Heisenberg equa-
tions of motion for a,(t;,¢,,;) it follows that

I

an(thti+l) = an(ti’ti) - lgnf dTL(Tthl)eiwnT’ (9)

lioy
with

L(7,1;,,) = HBliv1g7 A1~ [ ot =7 p=iH T (10)
Gathering the results, Eq. (8) becomes

.
0G(2; 21|11 111)
ar,

= (- iHs+ Lz;, - LTZi+1,t,)G(ZiZi+1|fifi+1)

5
- LTI dra(t; — DUt 1) L(T 1) [zi0), (1)
t

i+1

where we define the functions
i = 12 gnzi,neiw”t’ (1 2)
n
and

alt—7) =2, |g,[erion7. (13)

The function z;, is a sum over time-dependent coherent states
and a(r—17) is its time autocorrelation function, as it can be
easily verified by computing the average M[zi,tz;] with re-
spect to the measure du(z;)=11,(d*z;, exp(~|z; ,|*)/ ). Here
and throughout the paper, we define the Gaussian average
M- --1=fdu(z,) --. From Eq. (11) we can integrate the re-
duced propagators with the initial conditions G(zfzm 1:t;)
=exp(z;7;,1). Nonetheless, it is not always possible to com-
pute the matrix element (z;|U(t;,t;,1)L(7,ti1)|zi01) exactly
and express the result as a function of the reduced propaga-
tor, so that Eq. (11) turns into an explicit equation for the
reduced propagator. Since only in very exceptional cases can
exact solutions be obtained, some approximate scheme has to
be taken at this stage. One possible way is to treat L(7,t;,)
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in the weak-coupling limit [23]. In some other circum-
stances, it is possible to assume that

*
Gttt LTt 241) = 023412008 DG 23 [t 111) »

where the operator O has to be constructed [23,35,39]. For
this particular case we have

*
9G(2; 21|t 111)

ot;
5
=(-iHg+ in,ti - LTZ[+1,1[)G(ZZ‘ Zi+1|titi+1) - LTJ dr
tit1
Xa(t;= 1)0(zi412 1, T)G(iji+l|liti+l)~ (14)

Equation (11), or its approximate version (14), depends on
two time-dependent functions, z;, and z; iy which take into

account the “history” of the environment and lead to a con-
ditioned dynamics of the system with respect to the environ-
ment dynamics. The integration of the equations for the re-
duced propagators with their initial conditions allows the
evaluation of the N-time correlation functions previously de-
fined.

Since the environment distribution function is considered
constant during the interaction with the system, the equations
introduced in this section are linear. This is a good approxi-
mation for environments at low temperature. However, its
state distribution changes quite sensibly due to the interac-
tion when the environment is at high temperatures [40,41].

It is important to note that because the equation for the
reduced propagator corresponds to an initial state of the en-
vironment different from the vacuum, it is possible to use it
in the evaluation of expectation values of system observables
and correlation functions with more general initial conditions
that the one usually taken, i.e., |Wo)=|¢)0,0,--0, )
=|i|vacuum). For the sake of simplicity, when computing
MTCFs we shall consider the initial vacuum state for the
environment. More general environmental initial states will
be considered when we compute the master equation for cor-
related initial conditions.

Traditionally, under the Markovian assumption, the
multiple-time correlations are obtained by means of the
quantum regression theorem. In the next sections we show
how to compute the non-Markovian multiple-time correla-
tion functions by using reduced propagators, and analyze the
validity of the quantum regression theorem.

Computing the MTCF: Stochastic
sampling and stochastic equations

The solutions of the equations of motion for the reduced
propagators, once they are replaced in Eq. (5), are the start-
ing point to compute correlation functions. If we were able to
perform the integrations over the coherent state variables z,
then we would obtain the MTCF. However, the complex
Gaussian integrals over coherent states can only be com-
pletely done in the very special case of a solvable model. In
general, some approximate or numerical schemes are needed.
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One way is to choose at random a set of coherent state co-
ordinates z that are distributed according to the measure
du(z). For a single realization, if all other parameters are
known, i.e., the bath frequencies w,s and the coupling con-
stants gs, it is possible to construct the functions z,, Eq.
(12), and the correlation function «(7), Eq. (13). The whole
information of the system and environment is available, and
we just decide to solve the multidimensional integrals over
coherent states by a Monte Carlo method. As a consequence,
the better is the sampling, the closer we are to the exact
solution of the problem, except for the approximations made,
if any, in the equations of motion for the reduced propagators
as we have already emphasized.

In many applications the detailed information of the envi-
ronment is not known, i.e., the individual frequencies w,'ls
and coupling constants g, s are not accessible. At this point
we should keep in mind that the only required information of
the environment is its correlation function. If «(¢) is known,
we can generate a Gaussian distributed set of complex num-
bers having such correlation function. The synthesis of this
complex noise consists in the construction of a bath of oscil-
lators that has the desired correlation function. This would be
in a sense a phenomenological description of the interaction
between the system and the environment. Once the noise is
generated, the equations that rule the dynamics of the system
state vectors can be integrated. The average over many real-
izations of the noise again leads to the MTCE. It turns out
that the states of the oscillator that have a major contribution
are, first, those closer to the vacuum (at zero temperature), a
fact that is encoded in the measure du(z), and, second, the
pair of coherent states z;,z;,; that have a significant overlap
exp(|z; —z;,1|?). This last point is relevant if we want to have
a reliable method of stochastic sampling, and it is a conse-
quence of the initial condition for the reduced propagator. In
the case that we consider one time averages of observables,
such overlap is irrelevant but becomes important when com-
puting the MTCFE.

Once the noise, i.e., the set of coherent states which
appears in Eq. (5), has been chosen, the element
(|G (221 |06 )ITL | A, G (2 2isn |1i2121) |th) can be integrated.
If, for instance, we want to compute numerically two-time
correlations, it is necessary to make an average with the
functions (%|G'(0z,]0t))AG (2,25 |t,,) BG(250|,0)|hy)  for
different noise histories. To construct each function, the fol-
lowing steps must be followed:

(i) Propagate G(z,0|1,0)|1) from O to t,, choosing at
random the set of z,, appearing in the function (12). This
choice is made according to a Gaussian distribution du(z). In
the same way, choose the set of z; , and evolve the function
|4, (210))=G(2,0]£,0)| o).

(ii) Apply the matrix B to
=BG(2,0|1,0)| ).

(iii) Propagate |¢,2(z;)> from ¢, to ¢, applying the propa-
gator G(szz|tlt2), which gives a wave function
(6,120,220 =Gz} 1102)|b(23). Tt is important to
stress that the noises 2y, and 2 appearing in the evolution
of the propagator are calculated respectively with the sets
{215} and {z, ,} already chosen. Another important point is to

obtain

| ¢r2(Z;)>

PHYSICAL REVIEW A 73, 022102 (2006)

take into account that the propagator has as initial condition
G(z122|t212) =exp(z;2,), with ZTZFEnZTﬂZz,w When the num-
ber of environmental degrees of freedom is large, such initial
condition may be a large number, which makes the conver-
gence of the numerical method slower. This problem can be
overcome by sampling the environmental spectral function
with only a few values, as it is done in the example shown in
Sec. V B.
(iv) Reconstruct

(|G (02,]01))AG (2125t £) BG(2,0]1,0) | )
=, 2D|Al ¢, 12221 22)).

With these steps, we have obtained a member of the sto-
chastic ensemble of objects (i|G(0z,]01))AG(z)z2|1:1)
X BG(z,0|1,0)| ) that allows a Monte Carlo sampling of the
sum (5). Obviously, the more members we add to the sum,
the more accurately will be reproduced the resulting MTCF
(in this case a two-time correlation).

III. BEYOND THE QUANTUM REGRESSION THEOREM:
SYSTEM OF EQUATIONS FOR TWO-TIME
CORRELATIONS IN THE WEAK-COUPLING LIMIT

Once we have the multiple-time correlation functions, we
may compute them directly from the stochastic method.
Nonetheless, this may turn to be an expensive strategy from
the numerical point of view, which is especially true when
the number of environmental degrees of freedom needed to
correctly describe its correlation function is large. Therefore
it may be convenient to have a set of differential equations
from which the MTCF may be obtained, and where the sto-
chastic average has been done analytically. In this section,
we calculate such a set of coupled differential equations
which evolve, up to second order in a convenient perturba-
tion parameter g, the non-Markovian two-time correlations.
Throughout this section we denote V, L=exp{iLyt|}L
=exp(iHgt))L exp(—iHjt,), where V, =exp{iLt,} is the free
system Liouville operator, acting on both sides of the imme-
diately contiguous system operator. The method we will fol-
low consists in deriving the stochastic two-time correlation
with respect to ?,

d . * .
E<¢0|G‘ (210[1,0)AG(z22|1112) BG(2,0],0) | )
1

d 4 * *
= <lr/fo|(d_thI (210|f10))AG(2122|f1l‘z)BG(Zzo|t20)| o)

L d * *
+(1h|G’ (210|f10)A(;G(Zﬂz“llz))BG(Zzo
|

1,0)| o),
(15)

and then performing analytically the average over the vari-
ables z; and z,. The first derivative appearing in Eq. (15)
corresponds to the Hermitian conjugate of the usual linear
stochastic Schrodinger equation, which in interaction image
reads as follows:
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4

I .
" G(z,0]1,0) = {— iHs+Lz,, - L' f dralt; - T)VT_,IL}G(ZTOMO) +0(g). (16)
1 0

The second term is given by the equation

0

_G(Z122|t1t2) = {— lHS + LZl,ll - L122,,1 - LTI dTa(tl - T)VT—tlL}G(Z1Z2|tlt2) + O(g3), (17)

dr f

which is equal to Eq. (14) once O(z;,z;,t,7) is replaced by its weak-coupling expansion up to zero order [37].
Inserting the last expressions in Eq. (15), we find that

d % %
;(lﬂdGT(210|t10)AG(Z122|t112)BG(220|f20)|lﬂo)
1
1 .
=i<¢0|GT(Zl0|t10)[Hs,A]G(ZiZ2|f1tz)BG(Zzo|f20)|‘/’0>—f dra’(t, - 7')<‘/’0|GT(210|I10)Vr—tlLTLAG(ZiZﬂtlfz)
0

n
XBG(120|I20)|¢0>—f dra(t; = (| G" (2,0],0)ALTV ., LG(z12,]1112) BG(250[1,0)| i)
o)

+ 21, (|G (2,01,0)L'AG (2, 251,22) BG(2,0]1,0) [ ) + ZT,zl<l//o|GT(Z10|f10)ALG(ZT22|f1tz)BG(ZZO|f20)| o)

= 25, (|G (2101, 0)AL G (2,2,111,) BG (230[1,0) | ) - (18)

In order to make the averages, we introduce second-order perturbative expansions of these evolution operators, which are

. n . 1 T o, 1 T
G(z,0|t,0) = { I+ J dre, V., L+ f d’Tf dr'zy 2y y Vot LV L= f drf dr a(T- T’)VH]LTVT/_;IL}
0 0 0 0 0

xGO(z)0t,0) + O(g?), (19)

for Eq. (16), where G*(z,0|#,0)=exp(~iHt,) represents the zero order in the perturbative expansion, and

n I [ T
G(z),20|t115) = 1+f del’TVT_,lL—f dTZZ,TVT—tlLT_f de dr a(T- T’)VHILTVT/_,IL
5} 5] ) 5]
1 T ; 1 T ) 51 T "
+ f de dr'zy 2y Vet LV L— f de d7'z) 220 Ve LV LY = f drf d7' 23,2y Vo L'V, L
) o} 5} 5} 15} 15}

1 T .
)| "T’Zz,ﬂz,ﬂvf_,lL*vTr-flLT}G(O)<Zuz2|rlt2>+0<g3>, (20)
t 1

for Eq. (17), where now the zero order is G(O)(z’fzzhltz):exp[—iH (1 —tz)]exp(zizz). The average of the term containing 21,
in Eq. (18) satisfies

fdﬂ(zl)fd,U«(Zz)ZLzl(l/’0|GT(Z10|t10)LTAG(Z#1<12|f1fz)BG(Z;0|t20)|‘/’0>

1,0)| o)

t t
=fdM(ZI)jdM(Zz)Zl,t1<l/f0|GT(0)(OZ1|0t1){1+f dnl,TVT_IILT}LTA{l+J
0 ‘

=fdM(Zl)fdM(sz¢o|G+(210|f1O)LTAG(ZTZﬂfﬂz)BG(Z;O

4

1
dnl,TvT—llL - f

2 5]

danVT—IILT}

1,0)|ih) + O(g?), (21)

n .
XG(O)(1112|tlt2)B{1 +J de,',TVT_,lL}G(O)(z;O
0
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where we have inserted the perturbative expansions of the
propagators (19) and (20) up to first order in g, since the term
is at least of first order due to the presence of the first-order
quantity 1y The Gaussian integrals are in fact multidimen-
sional integrals over the coordinates of each harmonic oscil-
lator of the environment. Four types of them have to be
computed,

fdlu“(zln)fdlu’(zl,n)Zl,nZI,nezl’"zz’n:0v
f du(z, ) f dp(zy )21 52y €20 =1,
J du(zy,,) J dplzy,,)21 2y p€ 1720 = f dp(z1 )21 021, = 1,

fdlu’(ZZ,n)fdlu’(zl,n)zl,nzlnezl""zz’n=O7 (22)

which gives rise to the following result:

fd,u(zl)fdu(zQ)zl,erolGT(Ozl|0t1)

X LYAG(212,]t,1:) BG(230[1,0) | )
= M [ GT(024]01,) LTAG(2)2,]1,1,) BG(250]1,0) | )]

g
= f dra(t, = ) (le™ LAV, Le s Be M50 )
I

2

[2 . .
+ f dra(t; — {(pe's"|LT A~ Msh171)
0

XBV ., Le™s2p) + O(g). (23)

In the last expression we introduce the notation M [F]
=[du(z;)F to denote the multidimensional integrals over the
Gaussian variables z;, where F is any function of them. Since
the quantities e's't, ¢~iHs(i=2) and ¢s™2 represent the
Gaussian averages over z; and z, of the first-order term of
the perturbative expansion of G'(0z,]0¢,), G(z,2,|t,1,), and
G(z;O|t20), respectively, we conclude that the last terms can
be written as

M olz1, (ol GT(02,[08) LTAG (22, ]t,1:) BG(2,0]1,0) | )]

=f 1d7'a(t1 - T)(WOHLTAVT_zIL}(Il)B(I2)|\PO>

2

+ sz dra(t; — (W, {L'A}(1,)
0

X{BV ., L}(1,)[ %) + O(g?). (24)

The brackets involving a group of operators indicate
that the evolution affects all of them, {ABC}(z))
=U;'(t,,0)ABCU,(t,,0)=A(t,)B(t;)C(t,). A similar proce-
dure can be used to perform the averages of the terms with
ZT»H and z,, in Eq. (18), which are such that
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M alzy, (Bl GT(021]01)ALG (2 2a1112) BG (230]120) [ )]

= f 1dm*(t]—T)<‘I'o|{VT_t,L*AL}(t1)B(tz)I\Ifo>, (25)
0

and

M lz1, (ol G7(021]01) LTAG (22| 1112) BG(250]120) | o)

- [ aratn - ALY BV Yl 26
0

Inserting Egs. (24)—(26) in Eq. (18), we get the following
equation for two-time correlations:

ditl<wo|A<z1>B<zz>|%>

W[ Hy AT B )+ f ' dra(ty -

0
><<‘I'0|{Vr—r1LT[A,L]}(tl)B(fz)N’o) + f ldTa(ﬁ -7)
X<\I,0|{[LT7A]VT—tlL}(tl)B(t2)|w0> + f 2 dra(t, - 7)

0
XU RIL AT BV LH1) W) + O(gY).  (27)

Equation (27) represents the set of xk* evolution equations
for the correlation of system observables defined with a basis
of k operators. For a two-level system =3 and the dimen-
sion of the operators in their matricial representation is 2.

In order to make use of Eq. (27) to calculate two-time
correlations, it is necessary to evolve initially the single
mean value evolution equations up to time #,. This is neces-
sary since the initial value for the two-time correlations is
given by (Wo|A(t,)B(t,)| ¥ o) =(W|C(t,)| V), where C=AB.
We now show that non-Markovian multiple-time correlation
functions do not obey the quantum regression theorem. This
theorem, valid for Markovian interactions, states that the co-
efficients of the evolution of N-time correlation functions are
the same as those for the single-time evolution. In the non-
Markovian case, this evolution is given by

d
d—tl<‘Po|A(l‘1)|‘Po>
= (W {[Hs, ATH1,)| W)

+f1dTa*(l1—T)<\I’0|{VT_;1L+[A,L]}(t1)|\I’0>
0

+ J | dra(t, - T)(“’OH[LT’A]VFHLH\I’O} * O(g3).
0

(28)

Let us take the two-time correlation function equation (27),
and rearrange its last term as
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f " dralt, - DO HILLAT (B o, LN W)
0

= f 2dm(tl— DL AT )IB, Vo LT} (1) [ W)

0

, f " dralt, = DL AT NV, LBYE) W),

0
(29)

In the last term of Eq. (29), it should be taken into account
that, up to second order in g,

f 2 dralty = ) (ol{[LT AT {V o, LBH5) [ W)

0

= f ’ dra(t, - 1)alt; - T)<\I’0|{[L%,A]VT—11L}(H)B(fz)m’o)-
0

(30)

Inserting Eq. (29) in Eq. (27), the second-order evolution
equation of the two-time correlation function can also be
expressed as

d
d—tl<‘1’o|A(t1)B(tz)|‘1’o>

= AN B + [ dretc
0
X<"I’0|{VT_[1LJ’-[A,L]}(l‘1)B(t2)|‘l’0> + j ldTa(t] - T)
0

[5)

XL AW, LB+ [ ety =
0

X(UHIL" AT B,V LIH0) [ W) + OgY).  (31)

The first three terms of the last equation are analogous to
the non-Markovian evolution of the quantum average of A,
Eq. (28). The last term containing [L7,A]=0 and [B,V, L]
=0 is responsible of the break of the validity of the quantum
regression theorem. As expected, this term is zero in the
Markovian case, since the corresponding correlation function
a(t;—7)=I'8(¢;— 7) vanishes in the domain of integration
from 0 to #,. Notice that in both Egs. (31) and (28), the time
dependencies of the operators on the system’s Hamiltonian,
given by Vi, are especially simple in the present case, since
the operators are expressed in the atomic basis in which Hy is
diagonal. In summary, the previous equations lead to the
computation of the MTCF and they contain the conditions
under which the QRT remains valid in the weak-coupling
limit.

Computing the MTCF: System of equations for two-time
correlations in the weak-coupling limit

In order to make use of Eq. (31) to calculate two-time
correlations, it is necessary to evolve initially the quantum
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mean value evolution equations (28) up to time #,. This
is necessary since the initial value for the two-time correla-
tions is given by (W|A(t,)B(t,)| W) =(¥,|C(t,)|¥,), where
C=AB.

It is also important to notice that some correlations that
formally obey the QRT might give rise to solutions of Eq.
(31) that differ from those given by the QRT. This happens in
particular for those correlations that depend on others that do
not obey the QRT. A good example is in the calculus of the
emission spectra of quantum open systems, which is one of
the most common applications of two-time correlation func-
tions. Since it is considered as the Fourier transform of the
correlation of its coupling operators L and L, in this case
B=L and the quantum regression theorem formally applies.
However, care should be taken, since the evolution given by
the QRT is not always correct: for instance, for L=o, the
correlation Coo, formally obeys the QRT, but its evolution
differs from that given by the QRT since it depends on the
correlation levtn that does not obey the QRT.

The choice of the stochastic method or the system of
equations for computing the MTCF has to be made accord-
ing to the particular problem. For a system with a large num-
ber of degrees of freedom F, it is generally more convenient
to use the stochastic method, since in the system of equations
the dimension of the matrices grows with F2/2.

The same happens when N-time correlation functions
have to be computed for « large, since in that case the sto-
chastic method permits us to compute only the particular
correlation function that is needed, and not the whole set of
K correlations that appears in Egs. (31).

For the particular case of quantum mean values of system
operators, an accurate comparison of the performance of
both methods (stochastic and master equation) can be found
in Ref. [42], where is studied the time needed to numerically
compute the quantum mean value of a certain operator both
with the master equation (7)) and with the stochastic sam-
pling (Tsg5), the last one within a certain standard error. The
relation between both times is such that T/ Tgep o F',
where x is a parameter that depends on the operator, but
generally is equal to O or 1. Evidently, the former is still a
rough relation. In a more precise calculus, the time Ty is
found, also in Ref. [42], to be dependent on the number of
realizations of the stochastic process (also on the number of
trajectories k) that are required to reproduce the result with a
certain accuracy.

IV. SOME EXAMPLES
A. A solvable model

To illustrate the theory proposed in this paper, we apply it
to a simple solvable model. Consider the Hamiltonian (1)
with Hg=(wg/2)0, and L=o. This model describes the dy-
namics of system state vectors towards one of the eigenstates
of the system Hamiltonian. It turns out that because [Hy,L]
=0, then O=L in Eq. (14). The reduced propagator is diag-
onal and it is explicitly given by
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£
G(z)2]t112)

s t . t
=eXp _i?(tl_tz)o-z-'-l‘f dTZi’T—LTf dTZZ,T
1 1z

2 2
1 7 .

- LLTf drf dsa(7T—15)+ ZTZZ) . (32)
] ]

We first look at the expectation values of system observables,
since they will be useful in our discussion [23]. Let us con-
sider an observable A that has, in the basis of eigenvectors of
o, the matrix representation

Al o)

For an initial state | W) =|)|vacuum), the expectation value
of A is formally given by

(A) = M| G (02|00 AG(z"0[10) [ 1h)]. (33)

From Egs. (32) and (33), performing the average over the
environment degrees of freedom it follows that

<A> = e_zfz)dffgds(a(T—s).,.a*(T_S))

X{ahor | thor1)e" " + (ool honde 5"},

where we have taken a normalized initial system state |i/)
=|to1)+|thpo)- In the same manner, it follows for (o)

<Uz> = <¢01|¢01> - <¢02|l//02>-

Now we turn our attention to the multiple-time correlation
functions. In particular, we compute two-time correlations.
Higher-order time correlations can be treated in the same
vein and they do not require any new consideration. Let us
consider the observables
(1 0 )
0 -1/

5 5)
A: 5 B:(]'Z:
B 0

Their two-time correlation function (5) is
Cap(t112| o)
= M (| GT(024]01))AG (2 25l1,22) BG(250[1,0) [ )]
(34)
If we insert Eq. (32) into Eq. (34) the following expression is

obtained:

Cap(ti15] W)

1 1 . .
= e 2N dTG AT oy |y )e™ S + Bahialthor e 5"}
(35)

As in the previous cases, once the environment correla-
tion function is known, the time correlation function can be
directly computed. In the case in which A=B=0,, we have
Cy 5 =0.

We now calculate the evolution equations for the two-
time correlation functions and investigate their relation to the
QRT. To this purpose, we first consider the time derivative of
the mean averages (o0;),i=(x,y,z) from the general form
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(33), which results in the following set of coupled linear
differential equations:

A8 Do) - st

% == D(1)(0) + wy(or),

Ko)
ot

=0,
with

D(t) = ZIth[a(l -D+a’'(t-7]. (36)

0

In the same manner, the following set of equations for the

two-time correlation functions is obtained by deriving Eq.
(35):

CO'XO'Z
== D(tl)Ca' o, wSCO' o]
(%1 Xz yz

5% D(1,)C C
- =- +w s
&f] 1 a,0, S 0,0,

C(rzo;
or,

Comparing Egs. (36) and (37), we could get the tentative
conclusion that the QRT is valid for this model. However, as
discussed in the previous sections, the validity of the QRT
follows from the fact that in this case we have [V, L,B]
=0, and therefore the last term of Eq. (31) is zero. To illus-
trate that the validity of the QRT cannot be considered as
general, we study the time correlation C, , (111;) for which
neither [L,B]=0 nor [L",A]=0. We start by considering the
general antidiagonal system operators A={{0, a},{8,0}} and
B={{0,a'},{B",0}}.

The analytical derivation of their two-time correlation
function leads to

Cap(titn) = PO @B (o | oy st
+ ' Bl thpye s 17}, (37)

where we have defined

B f T 1 T
D(t1t2)=f drf dsa*(T—s)+J drf dsa(T—5)
0 0 ty 1y
1) T 151 3]
+f drf dsa(r—s)+f drf dsa(t-5)
0 0 0 1y
i ] I 5]
—f drf dsa(r—s)—f drj dsa(t-5).
1 0 0 0

For C(,X(,V(tltz) we have
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FIG. 1. (Color online) In the figure different two-time correla-
tion functions are displayed. The upper figure corresponds to the

real part of C, o, and the lower to the real part of Co, 7, . In the
upper figure, the solid line corresponds to the analytical result (35)
that in this case coincides with the result expected from the quan-
tum regression theorem. The dotted line is the result of an average
over 10? trajectories and the dot-dashed line to an average over 10°
trajectories. In the lower figure, the long-dashed line is the result
given by the QRT, which is compared to the exact result given by
Eq. (37) (solid line). Clearly the QRT is not valid for Co, o . The
dotted and dot-dashed lines are the result of an average over 102
and 10* trajectories, respectively.

Co o (1112) = P i gy | gy e s 1)
— (ool thopde s}, (38)
with its derivative with respect to #; being

&Caxo'y(tll‘Z) ﬁﬁ(lllz)
o, oy

Ctha'y(tltZ) - wSClTx(TX(tlt2)' (39)

We can see from this last equation that the time derivative
of the correlation function C o0, does not satisfy the quantum
regression theorem, a result “that illustrates the conclusion
drawn in the previous section and the fact that the theory
here introduced applies for both Markovian and non-
Markovian cases. Equation (39) has been computed by de-
riving the exact solution (38), but it can also be obtained
from the general equation (31). Although this last equation is
derived under the weak coupling assumption, it is also valid
for the present model, since the expression O=L is also ob-
tained under a perturbative expansion of the operator.

Figures 1 and 2 show respectively the real and imaginary
parts of two-time correlation functions of the system (1),
Cy . and C, , . The exact result (38) is compared to the one
obtained through the stochastic propagators as explained in
Sec. II. When the number of trajectories in the stochastic
ensemble is large enough, both results are the same, which
proves the validity of the stochastic method. The number of
oscillators of the environment has been set equal to 2. The
parameters used were g;,g>,=g¢=1 and w;=6, w,=2. The

PHYSICAL REVIEW A 73, 022102 (2006)

FIG. 2. (Color online) The figure displays the same as Fig. 1,
but now for the imaginary parts of Co, o and Co, ’, . In the upper
figure, again the analytical result (35) coincides with the result ex-
pected from the quantum regression theorem (both in the solid line).
Dotted and dot-dashed lines correspond to the result of an average
over 10? and 10° trajectories, respectively. In the lower figure, the
analytical result (solid line) differs from that given by the QRT
(long-dashed). The dotted and the dot-dashed lines are the result of
an average over 107 and 10* trajectories, respectively.

initial system state taken was [:I’O):|¢O>|OO> with [¢)=(1
+2i)/\7|+) and |¢pe)=(1+i)/\7|-). It is clear also from the
figures that the QRT does not apply for Coo, since
[V, L,B]#0 and [L",A]#0. ’
B. A dissipative system

We now compute two-time correlations for a two level
system with Hg=(wg/2)0o, and a dissipative interaction with
L=0,. Within the perturbative approximation, the operator
O(t,7) can be replaced by its zero-order perturbative expan-
sion, V,_ L=0, expliwg(t— 1)}, where wy is the system rotat-
ing frequency. We propose the following correlation func-

tion:
/2

aPPX(f — 1) = E C(m)e—m-rm t—r)/Tmm (40)
m=—v/2
with the coefficients
Tﬂ‘l(lX
C — dtalt ”Tmt/Tma\ 41
(m) S J_T a(t)e (41)

max

which represents the Fourier series for the function a(r)
=(I'/2)exp{-T|t|}. In these equations, T, is the time win-
dow in which the correlation function is expanded in the
series. The superindex appx in Eq. (40) stands for the fact
that the correlation function is an approximation of «(z), as
long as the number of oscillators entering in the sum is finite
and small. The more members we add in the sum, the closer
is the solution to the exponential decaying correlation func-
tion, and the larger we can fix the recurrence time 7,,,,.
However, it is observed that for only v=_8 oscillators, we can
already choose parameters (g,I" and the environmental cor-
relation time 7,) such that the second order two-time corre-
lations present a decaying behavior before the recurrence
time.
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-2
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T

FIG. 3. Two-time correlation C,,=C, , for the coupling
L=0,, and the dissipative Fourier series of the exponential corre-
lation function with v=8 oscillators. The initial condition is the
same as in the former figure, |¢p)=[(1+2i)|+)+(1+i)|-)]/\7, and
the parameters are: wg=0.1, ['=1, perturbative parameter g=0.2,
recurrence time 7,,,,=40, and initial time for the correlation #,=1.
The thick solid line represents the solution of the system (31),
whereas long-dashed, short-dashed, and solid lines give the result of
the stochastic method for 10% 10° and 107 trajectories, respec-
tively. The solid line almost overlaps the solution of the system of
equations. An increasing agreement with the system curve is ob-
served as the number of trajectories grows.

We choose 1,=1, g=0.5, and I'=1, so that the decaying
behavior can already be observed in the range t;,—t,=7=50
as displayed in Fig. 3, which represents the correlation C,,X,,r.
In this figure, we compare the result obtained from the evo-
lution equation (31) with the ensemble averaged stochastic
evolution, given by Eq. (5) for different number of trajecto-
ries. The last one is obtained by following the steps de-
scribed in Sec. II.

Let us now consider a very large number of oscillators in
Eq. (40), i.e., the correlation function a(t—7)=(I'/2)exp
{-T'|t=}, in order to study the validity of the QRT for the
CU\_U\.. This is a typical case in which the last term of Eq.
(31) does not vanish, so that the result of the QRT differs
to the one of Eq. (31), as displayed in Fig. 4.

V. DISSIPATIVE MASTER EQUATION
WITH GENERAL INITIAL CONDITIONS
IN THE WEAK-COUPLING LIMIT

As mentioned in the Introduction, the propagator with
evolution given by Eq. (14) permits us to calculate master
equations with general initial conditions. Suppose, for in-

stance, that we have a pure initial state for the total density
matrix,

plat(o) = |\P0><\I}0|

- [ anteo [ ancplomcwmEIE @
This  state  should be normalized as p,,(0)
=W Wo|/{¥y|W,). For simplicity, we will omit this nor-
malization factor in the calculus that follows, although it will
be taken into account in the initial condition of the examples
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FIG. 4. Two-time correlation Ci=Cs o, for the coupling
L=0y, and the dissipative correlation function a(t—7)

=—(T'/2)exp{-T'|t—7|}. The initial condition is the same as in the
former figure and the parameters are wg=0.1, I'=1, perturbative
parameter g=0.4, and initial time for the correlation 7,=10. The
solid line represents the solution of the system (31) and the long-
dashed line gives the result expected with the QRT. Since the last
term in Eq. (31) is nonzero, both results are different from each
other and the QRT is not valid.

we show in the next sections. At time ¢ the total density
matrix can be expressed as

Proz(t)=JdM(ZO)

x f A Ut0) o) e o e e (1,0).

(43)

The reduced density matrix of the system, which is defined
as p,=Trg{p,, is equal to

pi(r) = f dulzo) f dp(zp)py(zg zozgzoln).  (44)
where we have made the following definition:
ps(20 z6z0z0l) = f du(zy) G(10|z,20)) o (z0))
X(Wo(2)| G (10]z5 21). (45)

Once p,(z} zhz920|7) is known, the sum (44) can be per-

formed to obtain the reduced density operator. This may be

done for each particular initial condition, which is given by
ES o, . . .

the set of values |(z,)) for each zy. Hence it is interesting to

compute the evolution equation of p,(z) zoze20|?), since it

represents the most general object needed to compute p;.
Such evolution,

dpy(z zhz020l)  d
P(Z+Wol> = & MIGGz)0)|#zo)
XUDIG @20, (46)

can be obtained within the perturbative approximation by

using Eq. (17) for the double propagator. In that way equa-
tion Eq. (46) becomes
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dpy(z z620%0lt)
dt

PHYSICAL REVIEW A 73, 022102 (2006)

t

) % s + % % % % # s %
— i[Hs.py(zg 202020l0)] = 20.L"ps(20 2020%0l1) — 20.05(20 2020%0lt)L + f dra(t— L'V, _Lp(z§ z)zez0lt)

0

- J dra’(t = Dpy(z) 262020l Vi L 'L + MI[ZT,,LG(Z*ZO|ZO)|l/fo(Z;)><l//o(Z(/))|GT(Z(,)*Zl 0)]
0

+ M [z1,G(2120]10) [ ho(2) X tho(20) |G (z) 1 [0)LT] + O(g?)., (47)

where we stress again that the initial condition should be
normalized as

pE gk

ps(20 20202010) = [Yo(20) X tho2g) 1/ o 20) | (z0)) -

In order to obtain the master equation up to second order in
the perturbative parameter, we can use the perturbative ex-
pansion (20) considering now that #,=0, 7;=¢, and the
proper labels for the noises. Following the same procedure as
in Sec. III, the average of the noise term z; is the following:

M I[Zl ,tG(ZTZO|t0)| ¢0(Z;)><¢0(26)|GT(26*Z1 |IO)LT]

% %
= 20,0520 2620%0|1)LT

I3
+ f dra(t = )V, Lpy(z) z4z0z0|)LT + O(&3).
0

(48)

In the last expression, we have replaced the first order in a
perturbative expansion of the density operator,

1 * * 0 * *
Pz 2 zoz0l0) = P02 "z zgzolt)

t
+ f A1z 1V Lo o2 22020101
0

t
* J drzo Lp(2f 2hz020/0). VL],
0

(49)

by py(2) 202020 1), since it appears in terms which are at least
of first order in g. Note that the last expression is in terms of
the zero-order density operator,

P\ (24 2hz070l1) = €1 (20) X (D) le™'e0 0. (50)
In the same way we have
M2} LG(2 20]10) | ()X tho(20) |G (24 21]10)]

* * * * *
=20,Lps(zg zozez0lt) + Lpy(zg 2ozeZolt)

XJldTa*(t -V, L'+ 0(g%). (51)
0

Inserting Egs. (48) and (51) in Eq. (47), we have the follow-
ing second-order equation for p(z} z4z9z0|1):

% *
dp,(z 2020%0|1)
dt

7),L7]

=— i[Hy, py(zg 202020l0)] + 20.Lps(20 202020
t

+20,[L. py(2) 202020001 + J dra(t-1)
0

X [VT—tLps(Z(,) Z(/)ZOZO

),L7]+ fldra*(t— 7)

0
X[L,py(z) 202020l Vot LT+ O(8°). (52)

Suppose now that we have an initial mixed state for the
total system,

Pio0) = f dpl20) T(z0,20) [ Wolz)) X Wo(z0) . (53)

where J(z9,7,) is the statistical probability for the member
|W(z,)) of the statistical ensemble. Then, the reduced den-
sity matrix of the system, p,=Trg{p,,} is equal to

py(1) = f du(z0) Tz020) ps(2020]1) (54)

with the following definition:

Ps(Z;ZO|f)=fd,U«(Z1) G(10z120)) ¥ (20) X 0(20) |G (0] 221,
(55)

which is equal to Eq. (45), but with z)=z,. Once such re-
placement is made, Eq. (52) represents the evolution of
Ps(z:;zo| f). As in the pure case, provided that the whole set of
initial conditions |1,//Q(z:;)> is known for the problem, as well
as the probability distribution J(zy,z,) which describes its
frequency in the mixture, then the sum (54) can be per-
formed with the solutions p,(zyzo|?).

It is clear that Eq. (52) is the essential piece for calculat-
ing the evolution equation of single mean values for general
initial conditions, both for an initial pure state and a statisti-
cal mixture. In the next sections, we are going to compute
the evolution of p,(z) zjzyz0|#) With two examples, the solv-
able model with Lx Hj, and the spin boson model. The evo-
lution of py(zyz|?) is just a particular case of the former one.
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The idea is to verify Eq. (52) by comparing its results with
those obtained by performing a numerical sampling over sto-
chastic trajectories of the reduced propagator, following the
relation (46).

A. A solvable model

We illustrate Eq. (52) by applying it to the solvable model
presented in Sec. IV A. This equation is the essential piece
for calculating the evolution equation of single mean values
for general initial conditions. First of all, we calculate the
mean value of an observable A that has, in the basis of eigen-
vectors of o, the matrix representation

a(y6)

Taking as the initial values for the states of the total sys-
tem [Wo(z0))=[1(z0))z0) and [Wo(z))=[th(z) )lzg), the av-
erage of A over these two vectors is given by

(Wo(z)|A[Wo(z0)) = M, [(o(z)|GT(z) 21|00 AG(z12|10)
X[z (56)

From Eq. (32), performing the average over the environment
degrees of freedom z; we obtain

s

<A> — e—Zdengds(a(T—s)+a*(7'—s)){a,< lﬁO 1| ¢0’2>eiwt+2f6d7(20,r_2(,)v,.)
+ Bl e o0 00}, (57)

where we have taken a normalized initial system state
[0(26)) =) =|tho1)+ | o). In the same manner it follows
for (o) that

(o) = Wil o) — (Yol o) - (58)

Figure 5 represents Eq. (57) for A=, i=x,y, and Eq. (58)
compared to the result obtained using the double propagator
(17). When the number of stochastic trajectories included in
the ensemble mean (46) is large enough, both results coin-
cide. The correlation function is obtained for two oscillators
with coupling parameters g;=g,=g=0.1, frequencies w;=6
and w,=2, and for an atom with rotating frequency wg=4.

B. A dissipative example: Spin-boson model

We now calculate the expectation value (W,|A| W), where
A is an operator belonging to the Hilbert space of a spin
which is coupled to a thermal bath of harmonic oscillators, as
described by the spin-boson model [21,37]. We consider the
interaction Hamiltonian (1) with a perturbative coupling op-
erator L=o¢,. Within this model, the bath can be character-
ized by the spectral strength

3
J(w) = el (59)
w,

c
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FIG. 5. (Color online) Evolution of single mean values
of Trs(ps(z(')*zéz;zoh) o;), with i={x,y,z} and normalized initial
condition  py(z) z0220] 0) =Trp(|tho)|zo)zg (ol /ol(zg | zo) o))
=[4ho) ol /| ). We have taken initial value already normalized,
[y =[(1+20)|-)+(1+i)|+)]/\7. The average of Eq. (47) is nu-
merically computed using the evolution (17) for an ensemble of 100
trajectories (dotted line) and 10 (long dashed line). The last result
is practically equal to that of the analytical solutions of Egs. (57)
and (58) (solid line).

where w, is a cutoff frequency [21], here chosen as w,=1.
The correlation function of the noise generated by a thermal
bath is given in terms of J(w) as

at) = f‘” doJ(w) [coth(%ﬂ)cos(wt) -1 sin(wt)} . (60)
0

The inverse temperature 8=(kzT)~" is chosen according to
the energy of the bath, and considering that the energy of the
subsystem is very small compared to it [21]. As noted when
introducing the reduced propagator, when the environment is
at high temperatures the noise statistics evolves quite signifi-
cantly in time, so that a nonlinear equation needs to be con-
sidered in order to take this into account.

At low temperatures, however, the state distribution of the
bath (i.e., the noise distribution) remains quite close to a
Gaussian during the interaction, and linear equations are
good enough. Since we are considering low temperatures,
B=10, the linear stochastic equations for the propagators
presented in this paper are suitable. In order to reduce the
computational effort, we propose a Fourier series of Eq. (60)
of the form (40), with only m=6 oscillators. The correlation
function obtained is a good approximation of Eq. (60), up to
T=35, if we first compute the function C(m) with a high num-
ber of oscillators, and then sample it with m=6 values of
frequency. By doing that, the six frequencies of oscillators
entering in the sum (40) will correspond to some of the most
representative values of the coefficients. The comparison be-
tween Eq. (60) and the approximate correlation for six oscil-
lators is shown in Fig. 6.
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FIG. 6. Thermal correlation function «(t), given by Eq. (60)
with B=10 (solid line), compared to its Fourier series a®’P* given
by Eq. (40) with only m=6 oscillators (long-dashed line). Despite
the number of oscillators is very small, the approximation is quite
good. This is due to the fact that the frequencies of these oscillators

have been selected between the most significant ones of the func-
tion C(m).

For the thermal correlation function, we show in Fig. 7
the evolution of Trg(p,(z( z0z920| £)7), with i={x,y,z}. It can
be observed how the average of Eq. (47), which is numeri-
cally computed using the evolution equation (17), ap-
proaches the result of Eq. (52) when a large enough en-
semble of trajectories is used. Again, this is a numerical
verification of the averages of the variable z,, which has been

analytically performed using a perturbative expansion of the
propagators.

VI. CONCLUSIONS

We have derived in this paper the evolution equation of
the reduced propagator that evolves vectors in the Hilbert
space of the system conditioned to the initial and final states
of the environment. Thanks to that, the reduced propagator is
used, first, to derive a theory of non-Markovian multiple-
time correlations functions (MTCFs) and second to derive a
master equation with general initial conditions.

Concerning the first point, we show how to obtain
multiple-time correlation functions with the reduced propa-
gator within a Monte Carlo method, so that it becomes a
stochastic propagator. Furthermore, we derive the set of
coupled differential equations that satisfy the two-time cor-
relation functions in the weak-coupling limit. Such equations
are more general that the quantum regression theorem, in the
sense that they are valid in the non-Markovian case, when

such a theorem is in general no longer applicable. They co-
incide with the QRT only for certain particular cases of cou-
plings and correlations, and also within the Markovian limit
in which a(r)=I"8(r). We apply the theory of MTCF to two
examples. The first is a solvable model for which we com-
pute the two-time correlation functions explicitly, and show
that they are equal to the result numerically obtained using
stochastic propagators. In the second example, a system that
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FIG. 7. (Color online) Evolution of Trs(ps(z(')*zéz;zdt)(ri), with
i={x,y,z} and normalized initial condition py(z{ z)zyz0|0)
=[ o)l /{tho| thy). We have taken the value |¢y=[(1+2i)[-)+(1
+i)|+)]/\7. The average of Eq. (47) is numerically computed using
the evolution (17) for an ensemble of 14X 10° (dotted line) and
18 X 10% (long dashed line) trajectories. The last result is practically
equal to that of the general condition perturbative master equation
(51) (solid line). The correlation function is obtained from the
model (59) with six oscillators in the Taylor expansion (40), cou-
pling parameter g=0.1, and rotating frequency wg=0.1.

interacts with a bath with exponentially decaying correlation
function through a nondiagonal coupling, we have compared
the differential equations for two-time correlations with the
result numerically obtained with the stochastic propagators.
In both cases we have shown the validity of the equations
derived in this work.

Concerning the calculus of master equations with general
initial conditions, we first consider an initial pure state for
the total system, |Wo)=[du(zo)|t(zo))|z0)> instead of the

usual one |W)=|1)|0). We derive the evolution equation of
an object

P20 2hz020l0) = f du(z,)G(t0]z)20) | (20))

X{((z)|GT(10]z) z))

rE_r_*

such that py(1)=[du(zo) [ du(zy)ps(z) z)z020] ). Hence once
the set of |¢(z,)) is known for each problem, the reduced
density operator can be computed. According to its defini-
tion, the equation obtained for p,(z( z(zyz0|#) can be verified
with the stochastic evolution of the reduced propagators, and
then performing their ensemble average over z;. This is done
for two examples, the exact model already described and a
dissipative model of a spin coupled to a thermal environ-
ment. The reduced density matrix for an initial mixed state

for the total system can be computed by using py(z) zzgz0 )
with z)=z.
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