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The non-Markovian Langevin approach is applied to study the dynamics of fermionic (bosonic) oscillator
linearly coupled to a fermionic (bosonic) environment. The analytical expressions for occupation numbers in
two different types of couplings (rotating-wave approximation and fully coupled) are compared and discussed.
The weak-coupling and high- and low-temperature limits are considered as well. The conditions under which
the environment imposes its thermal equilibrium on the collective subsystem are discussed. The sameness of the
results, obtained with both the Langevin approach and the discretized environment method are shown. Short-
and long-time nonequilibrium dynamics of fermionic and bosonic open quantum systems are analyzed both

analytically and numerically.
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I. INTRODUCTION

A goal of nonequilibrium statistical mechanics is to make
good, yet simple, models of complicated phenomena out of
equilibrium and to analyze them. Investigations of dissipa-
tive quantum non-Markovian subsystems beyond the weak-
coupling or high-temperature limits request exactly solvable
models [1-24] to be widely applicable. This class of models
has been considered to investigate various aspects in meso-
scopic physics where a given two-level system interacts with
a bosonic or fermionic environment modeled by a set of har-
monic oscillators. It is convenient to describe an influence of
the environment on the system using a spectral density which
contains information about the spectrum of the environment as
well as the frequency-dependent coupling [11,12,19,25]. The
complete information about the effect of the thermal bath is en-
capsulated in the single spectral function [1,2,7]. The systems
with fermionic baths are of interest up due to the possibility of
creating and manipulating rather small fermionic systems in
various fields of physics [7,11,12,17-19,26]. Models describ-
ing the interaction between fermionic systems and spin degrees
of freedom play an important role [7,11,12,17-19,26]. In
particular, an approach of these systems to equilibrium would
greatly help to understand how they can reach the thermody-
namic limits and how the thermalizations of the isolated system
and the collective subsystem of this isolated system are related
[27,28]. It is interesting to study the crossover from coherent
to incoherent dynamics in the damped quantum system [29].

Recently, several stochastic methods have been proposed to
consider the problem of a system coupled to an environment.
This includes the functional-integral approach [7,11,12,17—
19,26], the quantum state diffusion approach [30-33], quan-
tum jumps [34], the quantum Langevin approach [20-24,35],
the quantum Monte Carlo approach [36-39], or the stochastic
method of Refs. [19,40]. Applications of stochastic methods to
non-Markovian open quantum systems are progressing but still
remain tedious when the complexity of the system increases.
So, further development of theoretical methods is required.

In Ref. [41], we considered the quadratic fermionic Hamil-
tonians for collective and internal subsystems linearly coupled
within the rotating-wave approximation (RWA) to analyze the
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role of the fermionic statistics (in the comparison with the
bosonic statistics) in the dynamics of the collective motion.
The Langevin approach [20-24] was applied to find the effects
of fluctuations and dissipations in macroscopic systems. The
Langevin method in the kinetic theory significantly simplifies
the calculation of nonequilibrium quantum and thermal fluc-
tuations and provides a clear picture of the dynamics. Many
problems in various open quantum systems can be described
by using the Langevin equations in the space of relevant
collective coordinates. The results of the Langevin approach
were confirmed by considering the dynamics of an open
quantum system with the discretized environment method
(DEM) [28] which allows us to incorporate environment
explicitly in a discretized form.

The aim of the present work is to extent the results of
Ref. [41] and consider the general case of a fully coupled (FC)
oscillator modeling fermionic (bosonic) collective subsystem
coupled with a fermionic (bosonic) heat bath. The results ob-
tained will be checked with the DEM [28] extended to treat FC
oscillator and compared with those obtained in the RWA case.

In Secs. II and 111, the model is formulated and the expres-
sions for occupation numbers are obtained. The asymptotic
occupation numbers are discussed in Sec. IV. The weak-
coupling limit is considered in Sec. V and the results are
summarized in Sec. VI.

II. MODEL HAMILTONIAN OF FULLY COUPLED
FERMIONIC OSCILLATOR

We consider a two-level fermionic system (collective
subsystem) with creation a' and annihilation a operators,
and with frequency Zw. This system interacts with a bath
consisting of two-level fermionic systems, labeled by index
v, with creation and annihilation operators aI and a,, and
frequency fiw,, respectively. For two-level fermionic systems,
the operators satisfy the following permutation relations:

adt +afa = 1, aa =afal = 0,
ay,ay +aya, = aIaI, + al,ai =0, (1)

T T
aya, +a,a, =06,,.
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The Hamiltonian of the whole system is
H = H;+ H, + Hp, 2)
where
H, =hwa*a (3

is the Hamiltonian of isolated collective subsystem, and

Hy, = Zhwvaiau “4)

is the Hamiltonian of the bath. As the detailed analysis of the
dynamics of occupation numbers in the case of RWA coupling
between the system and bath was presented in Ref. [41], here
we study the FC-type coupling. In this case, the interaction
Hamiltonian is written as

Hyp =Y gu(@' +a)al +ay). (5)

The real constants g, in Eq. (5) determine the coupling strength
between the collective and bath “v” subsystems.

III. EXPRESSIONS FOR OCCUPATION NUMBER
OF COLLECTIVE SUBSYSTEM

By commuting the creation and annihilation operators of
the collective subsystem with total Hamiltonian H, one can
obtain the Heisenberg equations of motion for corresponding
operators:

d . ]
EaT =iwa'+ (1 — ZaTa);Tl ; gv(ai +ay,),

d . i t
dta = —iwa — (1 —2a a)h XV:gV(aU + a,). (6)
These equations contain terms proportional to 2a’a and could
not be solved analytically. However, keeping the terms with
2a'a in Egs. (6), we obtain the zero operators a'afa and
a'aa in the equation of motion for the occupation number
na(t) = at(®)a(@). As follows from Egs. (1), one should skip
the terms a'a’a and a'aa in the equation of motion for n,(r)
(see Appendix A). Because our aim is to derive and study
nq(t), we disregard the terms proportional to 2ata in Egs. (6)
(Appendix A). Note that, for bosonic systems, the equations for
the creation and annihilation operators coincide with Eqgs. (6)
without the terms proportional to 2a‘a. The procedure for
obtaining the occupation number of collective subsystem is
well established [23,41]. The details related to the FC oscillator
are given in Appendix B. Here, we directly write the final
expression for the time dependence of occupation number for
fermionic (f) and bosonic (b) collective subsystem:

ni (1) = A*()A(t)ng,(0)
+B*)BO[1 FnSO0)] + L) + I5(0),  (7)

where

oo 2
F () Yy w *
I = ;/0 dw—y2 n wznf’b(w)M (w, )M (w,t), (8)
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and
2

e g [* yiw .
== f dw———[1 F nepW)IN*(w.HN(w,0).
T Jo ye+w
9

The upper sign in Eqgs. (7) and (9) corresponds to the
fermionic subsystem with the n¢(w) = {expliw/(kT)] + 1!
equilibrium Fermi-Dirac distribution, and the lower sign
is related to bosonic subsystem (FC bosonic oscillator)
with the ny(w) = {expliw/(kT)] — 1}~ equilibrium Bose—
Einstein distribution. Here, an Ohmic spectral density with a
Drude—Lorentz cutoff is used (see Appendix B). The similarity
of expressions for the occupation numbers for fermionic
and bosonic systems is the consequence of similarity of the
equations of motion for creation and annihilation operators.
The integrals in Egs. (8) and (9) arise when we replace the
sums over v by integrals and introduce the bandwidth y of the
bath. The memory time y ~! of the dissipation is the inverse of
the bandwidth of the bath excitations which are coupled to the
collective subsystem.

For the A(¢), B(t), M(w,t), and N(w,t) the following
expressions are obtained (see Appendix B):

e
A =i > Bre™!
k=1
x{(sk = so)[(sk + Y )N 4+ o — 2is) + 2805k v 1},
1 3
B() =i > Bre™!
k=1

x{(sk — so)[(sx + ¥R — w) + 2gosk v 1},

3 2
Mw,1) = | Bee™ (se + v)(sk + io)| ,
k=0
3 2
N(w,t) =Y Bre™ (s + y)s — iw)| (10)
k=0

where sop = iw and s1, $;, and s3 are the roots of the following
equation:

(s + )(s> + o) + 280y ws = 0, (1)
and
S
ﬁk=i1:£(3k_si), ki, (12)

In Eq. (11), 2 = w — 2goy is the renormalized collective fre-
quency which is the result of coupling between the collective
and internal subsystems (see Appendix B).

As one of the main goals of our study is to elucidate the
difference between FC and RWA oscillators, here we present
also the expression for time dependence of the occupation
number in the case of RWA coupling [41]:

R = CH)C (™™ (0) + I(1), (13)

f.b f.b f,b
with
2

* w
o = & /0 dw o ne L 0L, (14
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where

Cy=en LTV | 2TV
1 — 22 22 — 21

L =er— 9TV

(21 —22)(z1 —iw)
4ot 2+vy

(22 —z1)(z2 — iw)

iwt iw +)/

1
(iw —z)(iw = 22)° (>

and z; and z, are the roots of the equation
(z+y)z—i) —igoyz=0. (16)

Note that, in Eq. (16), the renormalized frequency is 2 =
 — goY-

First, we note the structural difference of n{5(¢) and n*(¢).
In the FC case there are two additional terms B*(¢)B(¢)[1 F
nft(0)] and JiS(¢) which have no analogy in the RWA case.
While in the RWA case the dynamics of occupation numbers
of initially unoccupied states [n*(0) = 0] is determined by
the integral term only, in the FC case the behavior of occupation
number is determined by both integral and nonintegral terms
[due to the presence of the B*(¢)B(t)[1 F n{;(0)] term]. As
found, the contribution of the B*(¢)B(t)[1 F n{(0)] term to
ni<(t) is especially important in the short-time range.

The second difference between the FC and RWA oscillators
is related to the difference between Egs. (11) and (16) which
determine the number of the roots. In FC coupling, the
occupation numbers depend on three roots, while in the RWA
case there are only two roots.

In the considered range of parameters y, €2, and gg, Eq. (11)
has one negative real root s; and two complex-conjugated roots
s> = s; with negative real parts and Re[s;] < Re[s,]. This
type of structure of the roots leads to exponential damping
of time evolution of the functions A*(¢)A(t) and B*(¢)B(t)
proportional to es2 57,

For the RWA oscillator, Eq. (16) has two complex roots
z1 and zp with negative real parts. In this case C*(t)C(t) ~
@2 where z, is the root with the maximal real part:
Re[z;] < Re[zz]. In Fig. 1, we compare the dependence of
$> 4 53 = 5 + 55 from Eq. (11) with z, + 2} from Eq. (16) on
parameter y for different coupling strengths go. In the RWA
case, this dependence is rather weak for all g, while in the FC
case the value of s, + 53 increases with y. The dependence of
2 + 55 on y becomes stronger with increasing go.

The behavior of the roots is reflected in time dependencies
of A*(t)A(t), B*(t)B(t), and C*(r)C(¢) (Fig. 2). In the FC
case, the functions A*(¢#)A(t) and B*(¢)B(t) falloff stronger
with time than the function C*(¢)C(¢) in the RWA case. This
means that the initially occupied state [n{;*"*(0) # 0] more
strongly influences the dynamics of occupation numbers in
the case of the RWA oscillator.

In Fig. 3, we show the time dependencies of integral terms
I[h(@), JiS(), and [[}*(¢) in the expressions for occupation
numbers of fermionic and bosonic collective subsystems.
After some transient time the occupation numbers reach their
equilibrium values. As expected, in the case of the FC oscillator
we get a stronger damping of oscillations and correspondingly
reach the asymptotic values more rapidly for both fermions
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FIG. 1. The dependence of s, + s and z, + z3 on the parameter
y for the indicated coupling constant go. The results of calculations
for FC and RWA couplings are presented by solid and dashed lines,
respectively.

and bosons. It is interesting to mention that J{°(¢) and Ji°(¢)
are almost the same. Moreover, at the values of gy and T
considered, these integral terms mainly contribute to nj;(z).
The role of J°(t) and J;°(t) becomes smaller with increasing
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FIG. 2. The time dependence of indicated functions at gy = 0.1,
y/Q=12.
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FIG. 3. The time dependencies of integral terms in n{(¢) (7) and
n{yA(t) (13). The calculations are performed at gy = 0. l, y /2=
and kT /(i2) = 0.1.

temperature or with decreasing gy. The transient time is almost
independent of the statistical nature of the bath.

In Fig. 4, we show the time dependencies of occupation
number and the value of —(dnf;/dt)/nf; of the initially
occupied state n{y**(0) = 1. The occupation numbers 1} (¢)
reach their equlllbrlum values faster then nf}*(z) for both
fermionic and bosonic collective subsystems. However, the
oscillation before reaching the asymptotes are stronger in the
case of a FC oscillator. So, the time behavior of occupation
numbers is mostly determined by the kind of coupling rather
than the nature of the system.

IV. DIFFERENTIAL EQUATION
FOR OCCUPATION NUMBER

By using the explicit time dependence of n{;(¢) [Eq. (7)],
we derive the following differential equation:

—nfi(t) = —ZAFC(t)n NOES 2D L@, (17
where
e _ LdIn[A*()A@) F B*(t)B(t)]
Aiy() = 5 R (18)
and

DIE(t) = ([ B*(0)B() + I5(0) + ()]

ld B*(t)B(t) + T(t) 4+ J(¢ 19
+2dt[ O+ISO+TO]. 19
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FIG. 4. The time dependencies of (a) nfy""*(¢) and (b) the value
of —(dnf$/dt)/nfS of the initially occupied state with n{y " (0) = 1
The results of calculatlons for different couplings (FC, RWA) and
subsystems (bosonic, fermionic) are indicated. The calculations are
performed at go = 0.1, y/Q = 12, and kT /(7i2) = 1.

In Eq. (18) the upper (lower) sign corresponds to fermionic
(bosonic) subsystems.

The same type differential equation was obtain for the RWA
oscillator [41], where

1dIn[C*(t)C
ARWA()_ 2%’ (20)

and
DR (1) = AN O (1) + —I“WA(t) D

are the time-dependent coefficients.

Comparison with discretized environment method

As a cross-check of the analytical solutions given above,
we also applied the discretized environment method [28]
generalized to treat the FC case. The simple idea developed
in this method is that the continuous environment can
be accurately discretized so that the equations of motion are
solved by a direct diagonalization of the complete (collective
subsystem + environment) Hamiltonian. Starting from the
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equation of motion (6) and using the same approximation as
in previous section, the evolution can be rewritten as

d
ma<g)=LGD, 22)

where C' = (a,{a,},=1.y) contains the annihilation operators
of the collective subsystem and bath. N is the number of
states used to discretize the environment. The discretization
procedure is described in Ref. [28] and we only give below
novel aspects associated with the FC case compared with the
RWA case. L is a 4 x 4 block matrix with

L— L*
L= (5 ). 23)
where each matrix is of size (N + 1) x (N + 1). Using the

convention that v = 0 labels the operator associated with the
collective subsystem, we have

Ly =hw, L, =ho,, Ly =Ly =g,
Ly = —ho, L, = =—ho,, (24)
Ly =Ll =—g. Ly =Ly =+s,

while other matrix elements are zero. The matrix L corre-
sponds to the generalized Hamiltonian found for superfluid
systems. It could be diagonalized by using a standard Bogoli-
ubov transformation [42]. The RWA case is recovered simply
if L~ = 0. The diagonalization gives new operators given by

Ae =Y ULC, - ViC], (25)
A

Al =>"vrc] - vec, (26)
A

where U and V are the usual Bogoliubov matrices. The new
operators evolve through

Al(t) = %" A1 (0), 27)

where €2, are the eigenvalues of L. Using this representation,
as in Ref. [28], one can easily obtain the expectation values of
the occupation probability for the environment. An illustration
of the results of the discretized environment method is given
in Fig. 5 and compared with the Langevin-approach result.
The alternative direct solution provided by the discretized
environment method validates the different analytical results
given in this paper. Below, we only show the quantum
Langevin-approach result.

V. ASYMPTOTIC OCCUPATION NUMBERS

Because the roots of Eq. (11) have negative real parts,
A*(t - 0)A(t — o0) =0, B*(t — 00)B(t — o0) = 0 and
the asymptotic occupation numbers are defined only by the
integral terms:

nis(t — 00) = It — o0) + IS (1 — o0). (28)

PHYSICAL REVIEW A 95, 032119 (2017)
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FIG. 5. Time evolution of (a) n{°(¢) and (b) n{°(t) obtained with
the discretized environment method applied to the FC case (star
symbols) and compared with the results of the quantum Langevin
approach (solid lines) for n{;(0) =0, go=0.1, y/Q =12, and
kT /(i2) = 1. The results of the two approaches are almost identical.

The following expressions are found for the asymptotes of
these integral terms:

- 8 [
I(.b(t — 00) = ; dwn;,(w)
0

L ww? + y*)(w + )’
yr+w? (w2 +s7)(w? +53) (w2 +53)
(29)
and
rc g [~
It — o0) = —/ dw[l F n,(w)]
T Jo
Y ww? + y)(w — )’
y2 4+ w? (w2 +s?)(w? +53) (w2 +57)
(30)

For the FC fermionic oscillator, one can rewrite Eq. (28) as

et —oo)=1 +1° (31)
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FIG. 6. The dependencies of asymptotic occupation numbers
ni(t — oo) on the coupling strength gy for the FC (solid lines)
and RWA (dashed lines) fermionic oscillators. (a) The separate
contributions of If°(r — oo) and J{°(r — o0) in Eq. (28) are pre-
sented by dotted and dash-dotted lines, respectively. (b) The separate
contributions of I' and I¢ in Eq. (31) are presented by dotted and
dash-dotted lines, respectively. The calculations are performed at
y/Q=12,and kT /(i2) = 1.

to distinguish the term explicitly depending on temperature,

_ & [~
-2
7 dow*(w? + y?)
v +w? (w +s7) (w? + 53) (w? + 53)

I dwn(w)

. (32)

and the term independent of temperature,
goy? (s12 - a)z) In (slz)
T 2(st = s3) (st = 53)
goy’| (5 —e)in(s3) (55 —?)In(s5)
T 2(s3 —s) (53 —53)  2(s3 —s7) (85— 53)
(51 — 52)(52 — 53)(53 — 51)

2(s7 = 53) (53 = 53) (53 — 7).

By analogy the expression for the FC bosonic oscillator reads

Ic =

+

+goy’w (33)

n(t > o0) =17 +1°, (34)
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FIG. 7. The same as in Fig. 6, but for the FC and RWA bosonic
oscillators.

where

IT

b

_ & [T
T Jo
s 2w(w? +y*)(w? + ?)

y?w? (w? i) (w? +53) (w? +53)
and the term I¢ is the same as in Eq. (31). These expressions
are used further to study the asymptotic behavior of occupation
numbers.

In Figs. 6 and 7, the dependencies of asymptotic occupation
numbers n,;,(t — 00) on the coupling strength g, are shown
for fermionic and bosonic collective subsystems and for
both types of couplings. In the case of RWA coupling
(dashed lines), the values of nfYA(z — o0) monotonically
decrease with increasing g for both fermionic and bosonic
collective subsystem. The dependence of nfC(r — 00) on g is
more complicated. For the fermionic collective subsystem, the
value of nF¢(t — o0) falls down with increasing go up to go ~
0.1 and then starts to increase up to go ~ 0.45 reaching some
maximal value. The further increase of gy causes a decrease
of nfc(t — 00). Such a behavior of occupation number is
due to the contributions of two terms, i.e., I'(r — oo) [dotted
lineinFig. 6(a)] and J{°(t — o0) [dash-dotted line in Fig. 6(a)],
which have different dependencies on gy. As seen in Fig. 6(b),
the temperature-dependent term (dotted line) decreases with
increasing go while the term I¢ (dash-dotted line) increases. So,
the contributions of increasing and decreasing terms provide
the complicated dependence of asymptotic occupation number
on coupling strength. Note that the range of go considered
includes both weak- and strong-coupling regimes.

dwn,(w)

(35)
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Very similar results we have for bosonic collective system
(Fig. 7). However, the dependence of temperature part of I
on go [dotted line in Fig. 7(b)] differs from its fermionic
analogous. For bosonic system, the value of I’ decreases with
increasing go up to go ~ 0.2, and further increase of gg leads
to increasing I7.

VI. WEAK-COUPLING LIMIT

Quite simple expressions for the occupation numbers are
obtained in the weak-coupling limit, gy < 1. Retaining the
terms to leading order in gy, we obtain for the roots of equation
(11) the following expressions:

51 = —y + 28w,

PHYSICAL REVIEW A 95, 032119 (2017)

With these roots Eq. (33) reads

o 2oV +aye - +y?in[f] - o?in[F])
I (2 + w?)? '

(37

Assuming w < y, we get
1
€~ go—In [Z] (38)
T )

Replacing the roots in Egs. (32) and (35) by those from

§$) = —gow — iw, (36) Egs. (36), the temperature terms of asymptotic occupation
_ . numbers for fermionic and bosonic systems are
§3 = —gow + lw.
;1 Y 1 4w’w
I[ = —goy dw o > 3 5 39)
m 0 exp 77 ]+ 1w +2(=1 + g2)w2e? + (1 + g2)’0*|[w? + (¥ — 2g00)*]
and
1 0 1 2 2 2
U= [ duo—— e e - (0)
Ty e T 1 [t 4+ 2(—1 + ) we? + (1 + g) 0 ]w? + (o — 2800

The integrands in Eqgs. (39) and (40) are the §-type functions at
go — 0. At high temperatures (k7 > fiw) the main contribu-
tions to the integrals (39) and (40) arise from the neighborhood

of |lw| & w and yield the usual Fermi—Dirac and Bose—Einstein
expressions
I — 1
I
; 1
[ = ———. 41
exp[i2] -1

This means that the bath imposes its temperature to the
collective subsystem. In the high-temperature limit we recover
a Markovian dynamics [1,2].
Aty — oo and gy < 1 (Markovian weak-coupling limit)
we obtain
. & [ 1 4w’w
I = 7 J; dwexp [2]+1 0 — 2w + ot (42)

and
. 8 [% 1 2w(w? + w?)
L == dw Trw 3 2,0 - 4
T Jo exp 1] — 1w —2w?e? + w
At the low-temperature limit (kT < fiw), in Egs. (42) and
(43) the expansion

1 1 g
(w* — 2w2w? + a)4) w* T+ 2( ) “4)

can be employed to obtain the following analytical expres-
sions:

. 68y (kT\’[ (kT kT
I = —(—> [( >§(3)+30< ) §(5)] 45)
7 \iw ho

(43)

(

and

I, = C 2)+ 18 C @], (46)
7 o ho

for fermionic and bosonic systems, respectively. Here, ¢(n) is
the Riemann zeta function. Note that, in the case of a RWA
oscillator we obtained in Ref. [41]

RWA kT

I; = (hQ) [((2)+6—§(3)} (47
for fermionic subsystem and

™ = KT 2)+4—¢(3) 48

me2(@) o]

for the bosonic subsystem. While in the case of a RWA
oscillator the ratio I /I ~ 1/2, in the case of FC oscillator
the ratio I /I depends on T.

In Fig. 8, the temperature dependencies of asymptotic
values of I7, (solid lines) are shown for fermionic and bosonic
collective subsystems. The calculations are performed at
go = 0.001, y/Q2 = 12. For fermionic (bosonic) system at
temperatures k7T /(fi€2) > 0.3, I7 (I]) almost coincides with
the usual Fermi—Dirac (Bose—Einstein) distribution. At low
temperatures k7 /(i2) < 0.04 the expressions (45) and (46)
seem to be a very good approximation. In Fig. 8, we also mark
the value of a temperature-independent part I° = 5.7 x 10~
of asymptotic occupation numbers. As seen, this term has a
valuable contribution to the occupation number only at small
temperature. Because at go — 0 we get I — 0 (see Figs. 6
and 7), the part I° plays a major role in asymptotic occupation
numbers at small temperature and relatively large go.
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FIG. 8. The calculated dependencies of temperature parts I7, of
the asymptotic occupation numbers for (a) a FC fermionic oscillator
and (b) for a FC bosonic oscillator at temperature 7' (solid lines).
The occupation numbers for the Fermi-Dirac and Bose—Einstein
distributions are presented by dashed lines. The leading-order
expressions obtained for fermions and bosons in power of (kT')/(iw),
Egs. (45) and (46), are presented by dotted lines. The calculated
dependencies of asymptotic If}* in the case of a RWA oscillator
are presented by dash-dotted lines. The value of I¢ = 5.7 x 107
is marked by the horizontal line. The calculations are performed at

g0 =0.001 and y/ Q2 = 12.

VII. SUMMARY

The non-Markovian quantum Langevin equations were
derived for FC fermionic and bosonic oscillators. The explicit
expressions for the time-dependent occupation numbers were
obtained. The initially occupied state influences the dynamics
stronger in the case of a RWA oscillator rather than in the case
of a FC oscillator, i.e., the decay of occupied states is slower
in this case than in the case of a FC oscillator. At the initial
time, the time-dependence of the occupation number oscillates
more in the case of a FC oscillator. While the asymptotic
occupation numbers in the RWA oscillator are defined only
the temperature-dependent term, the temperature-independent
term contributes to the asymptotic occupation numbers in FC
oscillators as well. The former term becomes important at
low temperature and relatively large coupling strength. In FC
oscillator, the contributions of these two terms provide a more
complicated dependence of asymptotic occupation numbers on
the coupling strength than in the case of a RWA oscillator. The
transient time of occupation numbers is almost independent

PHYSICAL REVIEW A 95, 032119 (2017)

of the statistical nature of the bath. The results of numerical
calculations of occupation numbers were found to be identical
to those obtained with the discretized environment method.

ACKNOWLEDGMENTS

V.VS. is thankful to the Mechnikov Program (France)
for partial support. G.G.A. and N.V.A. acknowledge partial
support from the Alexander von Humboldt—Stiftung (Bonn).
The IN2P3(France)-JINR(Dubna) Cooperation Program is
gratefully acknowledged. This work was supported by RFBR
(Moscow) and DFG (Bonn).

APPENDIX A

Using the general equations of motion for the creation
a'(t) and annihilation a(t) operators (6) and the commutation
relations (a')?> = a® = 0, we obtain the equation

dny(1)
dt

= =Y glat) —a'Olajn) - a, (1)

- ;% ng[“I(f)a(t) —a'(ta,(r)

+a(t)a,(t) — al(t)al(®)] (A1)
for the occupation number n,(t) = a'(t)a(t) of the collec-
tive subsystem. For the operators af(t)a(t) — a'(t)a,(t) and
a(t)a,(t) — a'(t)al(t)in Eq. (A1), one can derive the following
equations:

2

ﬁ(aia — aTaU) = —[w— wv]z(a:[a — a*au)
2ig, d
7 E(na - n(l\,)7
2
d7(aav — aTaI) = —[w+ wv]2(aav — a*aI)
2ig, d
thg E(”“ +nq, —1), (A2)

where n,, (t) = ai(t)a,,(t) are the occupation numbers of the
bosonic subsystem. To obtain Eqgs. (A2), we employ the
random-phase approximation for the heat-bath degrees of
freedom:

ngr(ai,av + a:[av/) o~ Zg\,a]:au,
"

Zg\,/(ai,av — a:[av/) ~ 0.
"

Substituting the formal solutions of Egs. (A2) into Eq. (A1)
and taking a(0)a,(0) = 0, a'(0)a{(0) = 0, a{(0)a(0) = 0, and
a'(0)a,(0) = 0, we rewrite Eq. (A1) as

dn,(t) ' -
— == zu:fo ds{W, (t — $)[na,(s) — na(s)]

Wit = 9)[1 = na(s) — na ()]}, (A3)
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where
2¢?

u_hz

cos ([w — wy][r — s]),

2

Wl = 2;;” cos ([w + wy ][t — s]).

This master equation is complemented by the set of master
equations for ng,:

dng, (1)

o fo ds W5 (= 9)[nals) — na,()]

—WIit = 9)[1 = na(s) — na ()]}, (Ad)
In the case of RWA coupling, W/ = 0 in Eqs. (A3) and (A4).

PHYSICAL REVIEW A 95, 032119 (2017)

Note that the terms with 2aa in Egs. (6) do not give any
contribution to the equation of motion (A3) for the operator
n,(t). By using the equations of motion for a’ and a (ai
and a,) without the terms proportional to 2ata (2aia\,), the
same equation (A3) [(A4)] is obtained. Thus, to derive the
rigorous n,(t), one can tweak the terms proportional to 2afa
in Egs. (6).

For bosonic systems, one can similarly derive the master
equations for n,(t) and n,, (t). They coincide with Eqgs. (A3)
and (A4), respectively, with only the replacement 1 — n,(s) —
ng,(s) = 1+ n4(s) + ny (s) because of different statistics.
For the RWA coupling, there is a one-to-one correspondence
between the master equations of the bosonic and fermionic
systems.

J
APPENDIX B

The Heisenberg equations of motion for the creation and annihilation operators of intrinsic subsystems are obtained by
commuting corresponding operator with H:

ia*(:) =iwal + (1 — 2aTaU)£gU(aT +a)
dt v v v h ’

iav(t) = —iwya, — (1 — 2afav)fgv (a' +a). (B1)
dt VR

As in Eq. (6), we disregard here the terms proportional to 2ala, (see Appendix A). The solution of Eq. (B1) is

28y

al(t) + a,(t) = [ al(0) + e a,(0)] + —

{ — [a'(t) + a(t)] + cos (w,1)[a’(0) + a(0)]

+ / cos [w,(t — r)]i[aT(r) + a(r)]dr}. (B2)
0 dt

Substituting Eq. (B2) into Eq. (6) and eliminating the bath variables from the equations of motion for the collective subsystem,
we obtain a set of Langevin-type integro-differential stochastic dissipative equations:

d. . o d
E[a B +a@)] = za)[a ®) - a(t)] - la[a ) —a(t)]

= Qla' () + a()] + / o= z)%[a*(r) +a(0))dt + F(t) + K()[a'(0) + a(0)], (B3)
0

with the renormalized frequency

Q:w—zghzwv, (B4)
dissipative kernel
Ki-1=2%" 22g§ cos [y (t — 7)) (B5)
- h*w,
and random force
F(t) = Z Fy(t) = ; Z gole"al(0) + e~ a,(0)]. (B6)

In Egs. (B3), the operator F(¢) plays a role of random force and depends on the initial conditions for the internal subsystem. The
operators F),(t) are usually identified in statistical physics with fluctuations because of the uncertainty in the initial conditions for
heat-bath operators aI(O) and a,(0). Note that, in the case of bosonic systems, the combinations at@®) +a@) and i[a@?) — a’(H)]
of creation and annihilation operators are the analogy of real coordinates and momentum.

To find a solution of Egs. (B3), we apply the Laplace transform:

1 1
G(s) = ;[—wR(S) +GO)], R@s) = ;[R(O) + QG(s) +sK($)G(s) + F(s)], (B7)
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where G(s) = L{a'(t) + a(?)}, R(s) = —iL{a'(t) — a(t)}, K(s) = L{K (1)}, and
al(®) a0 }

s—iw, §—Iiw,

2
F(s) = LIF0} = & Zgu[

Solving the set of algebraic equations (B7), we find

sG(0) — w[R(0) 4 F(s)] QG0) + s[R(0) + GO)K (s) + F(s)]

2+ o+ swK(s) Ris) = ’ (B8)

G fr—
() 24+ wQ 4+ swK(s)

The Laplace transforms of a'(t) and a(¢) are

o= O oo S
" Xv: % [az(0)2(s + iwu)[i(zs:ci?z)+ swK(s)] * aV(0)2(s - iwv)[i(;i;‘ng swK(s)] }
=0 o
! Z % [“3(0)26 + iwu)?si(s—i-_wlgir sk 02— iwu)[_sl;(s-r_wlgl swK ()] } )

The explicit solutions for the originals are

al(t) = a A ) +aB®) + Y FalOMtw) + Y a O N, (tw,),
a(t) = a(0)A(t) + a'(0)B*(1) + Y %aI(O)N:a,wU) + Zav(O)%Mva,wu), (B10)

where the time-dependent coefficients are denoted as follows:

A) = 15_1 2s—i(w+Q)—isK(s)}’
2 2[s%2 + 0 + swK (s)]
B(t) = 1/:_1 i(Q—w)+isK(s) }7
2 252 + w2 + swK (s)]
. 1 - —i(s —iw)
Mt wy) = ZC 2(s —iwy)[s2 + 02 + swK (s)] }
N(tw,) = 227! G L) }
2 2(s — iwy)[s? + 0w + swK (s)]

So, one can write the time-dependent operator of the occupation number:

a'(Ha(t) = a'(0)a(0)A*()A@F) + a(0)a’(0)B*(1)B(¢)

2 2
+ XU: %al(o)a(O)VM*(t,wv)M(t,wu) + Xv: :—;av(O)aT(O)VN*(t,wv)N(t,wu)-

To find the explicit expressions for the occupation number, it is convenient to introduce the spectral density p(w) of the
heat-bath excitations, which allows us to replace the sum over different two-level systems v by the integral over the frequency:
oo . . .
Yo fo dwp(w) - - -. Let us consider the following spectral function [2]:

2 2 2
8y p(w)g=(w) 1 Y
_1 , Bl1
Ww, Ww b4 g0 y2 4+ w? (B11)

where the memory time y ~! of the dissipation is the inverse of the bandwidth of the heat-bath excitations which are coupled

to the collective system. This is the Ohmic dissipation with the Lorentzian cutoff (Drude dissipation). The relaxation time of
the heat bath should be much less than the characteristic collective time; i.e., ¥ > . Employing Eq. (B11), we obtained the
expressions for the dissipative kernel:

2 o0 ¢
k()= 57" / dw D e, (B12)
T Jo y?+ w?
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and

K(s) =

s+y

PHYSICAL REVIEW A 95, 032119 (2017)

(B13)

This type of spectral function and dissipative kernel leads to expressions (7)—(9) for the occupation number.

The fluctuation-dissipation relations connect the dissipation of a collective subsystem and the fluctuations of random forces.
These relations express the nonequilibrium behavior of the system in terms of equilibrium or quasi-equilibrium characteristics.
They ensure that the system approaches the equilibrium state. We consider the initial distribution of bath fermionic operators
aI(O) and a,,(0). For the correlation of the random force one can obtain

(Fy (@) = (Fu()Fu(1)) =0,

and

4g2

{Fu(OF, () = h—z[e"”v<"’><<a1<0)av<0>>> + 7 ((a,(0)al (0)))].

Using these expressions, one can get the fluctuation dissipation relations

1
K@t =) =5 3 (FOF() + F@OFRO).

v

(B14)

Here, the symbol ((- - -)) denotes the average over the bath. Fulfillment of the fluctuation-dissipation relations means that we
have correctly defined the dissipative kernels in the non-Markovian equations of motion.
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