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We provide a comprehensive study of the energy-transfer phenomenon—populating a given energy level—in
three- and four-level quantum systems coupled to two thermal baths. In particular, we examine the effects of
an external periodic driving and the coherence induced by the baths on the efficiency of the energy transfer.
We consider the Floquet-Lindblad and the Floquet-Redfield scenarios, which both are in the Born-Markov,
weak-coupling regime but differ in the treatment of the secular approximation, and for the latter we develop
an appropriate Floquet-type master equation by employing a partial secular approximation. Throughout the
whole analysis we keep Lamb-shift corrections in the master equations. We observe that, especially in the
Floquet-Redfield scenario, the driving field can enhance the energy-transfer efficiency compared to the nondriven
scenario. In addition, unlike nondriven degenerate systems where Lamb-shift corrections do not contribute
significantly to the energy transfer, in the Redfield and the Floquet-Redfield scenarios these corrections have

non-negligible effects.
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I. INTRODUCTION

The process of energy transfer is a fundamental subject
in physics, chemistry, and biology, which involves energy
exchange among parts of physical, chemical, and biolog-
ical systems. In particular, it is interesting to study such
processes in quantum regimes [1,2]. There exists a vast lit-
erature of pertinent studies in various systems such as crystals
with impurities [3], quantum-dot nanostructures [4], polymer
chains [5,6], and light-harvesting complexes in photosynthesis
[7-10]. Increasing efficiency (or power) of energy-transfer
processes has been one of the main objectives in these investi-
gations [11,12]. Energy transfer usually occurs in two forms:
(i) in real space, where energy in the form of excitation (or
exciton) is to move from one particular “site” of a lattice to
another target site [13—16]; and (ii) in energy space, where en-
ergy is to move from an eigenstate of the system Hamiltonian
to populate another target eigenstate or energy level [17,18].
The latter event in an open quantum system in the presence of
baths is of our interest in this paper.

In real systems, interaction between the system and its
environment (or bath) is inevitable. This results in dissipative
dynamics of the system in the sense that the system evolu-
tion is given by nonunitary master equations, usually after
applying relevant approximations such as the Born-Markov,
weak-coupling, and secular approximations [19-22]. Under
the first two approximations, the Redfield master equation is
obtained; the three approximations yield the Lindblad master
equation [21]. The Redfield equation may not necessarily
guarantee the complete positivity of the system density matrix
(nonpositivity issue), and evolution of populations (diagonal
terms of the density matrix) through this equation may involve
dependence on coherence (off-diagonal) terms. Applying the
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secular approximation (if it holds) retrieves the complete posi-
tivity in the resulting Lindblad equation. If the Hamiltonian of
the system is nondegenerate, the Lindblad equation yields an
evolution for populations fully independently from coherence
terms [23-25]. Although there are some arguments against
the use of the Redfield equation [26], several recent studies
have shown the utility of this equation in some applications
[27,28]. In fact, the main nonpositivity issue with the Redfield
equation may be partially alleviated without the need to apply
the full secular approximation, e.g., by applying a suitable
“partial” secular approximation [27-29]. This approach yields
a Redfield equation which generates positive density matrices.

In this paper, we consider a model which includes a mul-
tilevel system S in contact with two thermal baths at two
different temperatures. The hot bath (e.g., sunlight) is set
to excite the system to its highest energy level(s) and then
the exciton moves through the energy space in the presence
of another cold bath. We work in the local master equation
approximation where the couplings are so weak that the baths
can be assumed to act only locally on the part of the sys-
tem they directly interact with [30,31], and thus effectively
do not see each other. We consider four scenarios—as in
Fig. 1—and their impacts on the energy-transfer efficiency:
(i) the Lindblad scenario—assuming the Born-Markov and
secular approximations, with no applied driving field on the
system; (ii) the Floquet-Lindblad scenario—the Born-Markov
and secular approximations and driving the system by a
time-periodic applied field; (iii) the Redfield scenario—the
Born-Markov approximation, no secular approximation, and
no applied field on the system; and (iv) the Floquet-Redfield
scenario—the Born-Markov approximation, a partial secular
approximation, and driving the system by a time-periodic
applied field.

Each of these scenarios requires its own dynamical equa-
tion for the system. In particular, in the time-dependent driven
cases since the applied field is periodic, one needs to use
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FIG. 1. Four scenarios of the energy transfer. (a) Lindblad scenario: Time-independent system by applying the Born-Markov and secular
approximations. Here the standard Lindblad equation [Eq. (6)] applies. (b) Redfield scenario: Time-independent system and performing only
the Born-Markov approximation. Here the Redfield equation [Eq. (27)] applies. (c) Floquet-Lindblad scenario: Time-dependent system with
the Born-Markov and secular approximations. Here the Floquet-Lindblad equation [Eq. (11)] applies. (d) Floquet-Redfield scenario: Time-
dependent system with the Born-Markov approximation and a partial secular approximation. Here the Floquet-Redfield equation [Eq. (34)]
applies. In time-dependent cases the system is driven by a time-periodic applied field.

Floquet theory. Scenarios (i), (ii), and (iii) can be described by,
respectively, the Lindblad equation, Floquet-Lindblad equa-
tion, and Redfield equation [32,33]. However, for scenario (iv)
we develop an appropriate Floquet-type Redfield equation,
where we employ a particular partial secular approximation
(which is different from that of Ref. [29]). For a different
Floquet-based study of energy transfer (in the site basis), see
Ref. [34].

Our objective is to populate a particular energy level of the
system as the target state (denoted by |b)). Performance of this
task can be quantified by the time averaging of the population
of the target state [35-38]:

ty
n(ty) = (l/tf)/o ds (bles(s)1b)., (1

where ¢/ is the final time and gg(s) denotes the state of the
system at time 0 < s < #7. Our results show that driving the
system by a periodic external field leads to increasing the
population of the target level relative to the case where no
external field is applied. In the Redfield and Floquet-Redfield
master equations we include the Lamb-shift terms, which are
computed by appropriate QED considerations. According to
our analysis, it is seen that for nondriven degenerate systems
the Lamb-shift terms do not have impact on the dynamics.
In addition, we observe that in the presence of a periodic
external field, generating coherence in the system through the
dynamics can enhance the energy-transfer efficiency (in the
Floquet-Lindblad and Floquet-Redfield scenarios).

The structure of this paper is as follows. In Sec. II we
investigate the Lindblad and Floquet-Lindblad scenarios and
their associated dynamical equations. In addition, we consider
the case of a three-level quantum system and calculate the
energy-transfer efficiency for each of the scenarios. In Sec. I1I
we move to the Redfield and Floquet-Redfield scenarios. In
particular, we delineate how one can derive an appropriate
dynamical equation which holds for a driven quantum system
under a time-periodic external field under the Born-Markov
condition. To do so, we introduce a specific partial secular ap-
proximation. Next, we calculate the energy-transfer efficiency

for these scenarios for a four-level system, which also enables
us to see how coherence may also affect the energy-transfer
efficiency. We conclude the paper with a summary in Sec. IV.
Several appendices are also included to elaborate further de-
tails and steps of derivations.

II. LINDBLAD AND FLOQUET-LINDBLAD SCENARIOS

Here we sketch a derivation of the quantum master equa-
tion for the state of an open quantum quantum system which
is driven by a periodic external field. Before presenting the
Floquet-Lindblad equation we set up the problem and briefly
review the standard Lindblad master equation.

A. Lindblad scenario

Consider a nondriven, closed bipartite quantum system
with the total Hamiltonian

Hyo = Hs + Hp + Hy, (2)

where Hy = ), €l€) (€|, Hp, and Hinc = ), S¢ ® B, are, re-
spectively, the system, bath, and interaction Hamiltonians.
It is more convenient to derive the master equation in the
interaction picture which is defined by

2 (1) = U{(1,0) ® U (1, 0)0un(1)Us 2, 0) ® Up(t, 0),  (3)
Hin(t) = U(1,0) ® U (t, OHinUs (1, 0) ® Up(t, 0),  (4)
where Us(t,0) = e /" and Ug(t, 0) = e~ s/ Hereafter
we use boldface letters for the interaction picture. The dynam-
ics of the total system in this picture is given by

dey (1) _
dt
It has been argued that under the Born-Markov and secular
approximations the dynamics of the open quantum system is
given by the Lindblad quantum master equation [21]:

des(1) '
Q;t = _%[HLamb’ os(t)] + Dlas(1)], (6)

—%[Hmt(r), 0] )
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where

Hiamy = (1/M)) Y uer (@)SL(@)Sw (@), (7)

a0

Do) = (1/F)) Y Vaa'(a))[sa’(w)Qs(t)S;(w)

a, o

| -
= 5 8 (@)Su (@), Qs(t)}} ®)

are the Lamb-shift Hamiltonian and the dissipator, respec-
tively. Here y,o(®w) and &,,(w) are related to the bath
correlation functions (Appendix A), and the Lindblad oper-
ators S, (w) are defined based on the system Hamiltonian as

Sa(@)=Y_ le)(elSale’)(€]. 9

e—€e'=hw

B. Floquet-Lindblad scenario

Now we study a driven open quantum system the
Hamiltonian of which is periodic in time, Hs(t + t) = Hs(t)
with period t. It is known from the Floquet theorem [39,40]
that the unitary operator Ug(t,0) satisfying the equation
ih‘%Us(l, 0) = Hs(¢)Us(t, 0) can also be represented in the
form

Us(t, 0) = P(t, 0)e *H1/h, (10)

where H is a Hermitian time-independent operator, referred to
as the Floquet Hamiltonian, and P(¢, 0) is a time-periodic uni-
tary operator, referred to shortly as the periodic operator, such
that P(t + nt,nt) = P(t + nt,0) = P(¢,0) and P(nt,0) =
1,vn e N.

Starting from the dynamical equation (5) and employing
the Floquet theorem, it has been argued that under appropri-
ate Born-Markov and secular approximations the dynamical
equation of an open system S is given by [21,33]

950 _ e a0]+ DOlago). 1

1 .
Hipmy = D2 3D b (@ + 4,0 0)Sa (g, @), (12)

a0 o geZ

1)

1 ,1b |b>
W NS K
|0y ——= V(1)

DO [gs(t)] = %Z DY Vew(@+qR)

a, o geZ

X [so,(q, w)os(t)S! (g, w)

1
— E{S;w, @)Se (g, @), esm}} (13)

are the Lamb-shift Hamiltonian and the dissipator, respec-
tively. Here the Floquet-Lindblad operators S,(g, w) are
defined as follows. First, note that we can Fourier transform
the periodic factor PT(¢, 0)S,P(¢,0) as PT(z, 0)S,P(t, 0) =
> jezSa(@)e™, with @ = 27 /7 being the frequency of the
applied field. Next, we define

Sa(q.0) =Y [E)(EISa(q)lE) ], (14)

é—&'=hw

where H|&) = &|€). In addition, the coefficients yyq (@ + g2)
and &,, (o + g<2) are the real and imaginary parts of the one-
sided Fourier transformation of the bath correlation functions.
For details, see Appendix A. An immediate observation is
that, unlike the Lindblad scenario, in this case the Lamb-shift
Hamiltonian (12) does not necessarily commute with the sys-
tem Hamiltonian.

C. Case study: Three-level system

Consider a driven three-level system which is weakly cou-
pled to two bosonic baths B, and B, with temperatures 7;, and
T. (T, > T.); see Fig. 2. The baths are assumed sufficiently
large and initially in their associated equilibrium states pop =
e Petls /7, where Bg = 1/(kgTg) and Zg = Tr[e P#M5], with
B € {B., Bj,}. One can simulate the baths with electromagnetic
radiation fields which interact with a system through dipole
interaction. A careful analysis of this interaction is reviewed
in Appendix B. As a result, the total Hamiltonian of a driven
three-level system interacting with a radiation field can be
written as

Hy(t) = Hy(t) + Hp, + Hp_ + Hsp, + Hsp,, (15)

where
Hs(t) = Ho + Vi(?), (16)
Hy = eoleo) (€0l + €nlep) (s + €1]er) (e, (17)

Vi(t) = weos(Qu)(|ep) (e + le){ep]), i€{0,1}, (18)

(b)
P
‘xuilb [b) T
W30 /"’wbo ¢
j0)-—

FIG. 2. A three-level system ({|0), |1), |b)}) coupled to two baths and driven by an external periodic field V (¢). In panel (a) the external

field couples |0) and |b), while in panel (b) it couples |1) and |b).
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TABLE 1. Temperatures and constants of the spectral density
functions of the cold and hot baths [denoted by (c) and (4)], in the
form J(w) = Jowe*/“%or, in natural units.

g 1/B J§" I Ot Planort
30 4 4x10™* 4x1073 V2 V02
Hp, = Zh;k(a,iak +1/2), (19)

k
Hp =Y hvy(bib, +1/2), (20)

q
Hsp, =Y fi(leo)(e1] ® &} + €1) (€0l ® ), @1)

k
Hss, = Y _gq(les)(e1] ® b) + le1)(es| @ by). (22)

q

Here Hy denotes the free Hamiltonian of the nondriven sys-
tem, with distinct energy levels €y < ¢, < €;. For brevity,
hereafter and throughout the paper we use the shorthand |[i)
rather than [¢;). (For an n-level system, the free Hamiltonian
can be extended to

Ho=) eli)il, i€{0,b,1,2,....,n =2}, (23)

with €y < €, < €] < --- < €,_7). The external field V,(¢)
[Vi(#)] couples the ground level |0) and the target level |b)
(level |1) to the target level |b)). The operators &Z and Z;IT( are
the creation operators of the kth mode of the hot and the cold
baths, respectively, which satisfy the bosonic commutation
relations [ay, &Z] = [151, 137(] = &;x. Moreover, the interaction
Hamiltonians between the system and the hot and the cold
baths are given, respectively, by Eqs. (21) and (22), where we
assume fis and gs to be real-valued parameters.

In the Born-Markov and secular approximations, the evo-
lution of system S is governed by Eq. (11). Specifically,
here we consider Hy with (&g, €5, €1) = (0, 2.5, 3) and {|0) =
(1,0,0)7, 1) = (0,1,0)7, |b) = (0,0, 1)T}. The system is
assumed to be initially in the state o5(0) = |0)(0], and is cou-

pled to two thermal baths with 8./8, = 30/4. We also assume
(u, 2) = (0.1, 2.25). In all simulations throughout the paper,
we consider natural units where we set i = ¢ = kg = 1, with
¢ being the speed of light and kg being the Boltzmann con-
stant. The properties of the baths are listed in Table 1. We
consider three cases: (i) there is no driving field; (ii) there is
an external field Vj(¢) which couples the |0) and |b) levels;
and (iii) the external field V;(¢) couples the |1) and |b) levels.
(Table IT shows the parameters of the Floquet-Lindblad master
equation for this example.) We also study the effect of the
Lamb shift in the Lindblad and Floquet-Lindblad scenarios
for these cases.

Figure 3 shows the evolution of the state of the system.
When the system is not driven, it is observed that it reaches
its stationary state monotonically [Fig. 3(a)]. Since there
is no coherence in the initial state and also noting that the
master equation of the system is the Lindblad equation, no
coherence is generated during this evolution either. However,
when the system is driven by a time-dependent periodic field
[Figs. 3(b) and 3(c)], it is observed that the system eventually
reaches a stationary state, experiencing some fluctuations in
the meanwhile. The amplitudes of these transient fluctuations
depend on the ratio Q2/wy [which for Fig. 3(b) is in the
near-resonance regime] and €/w;;, [which for Fig. 3(c) is in
the off-resonance regime]. In the former case, at earlier times
the amplitude of the fluctuations are considerable, whereas
eventually the baths would suppress them. In the latter case,
in contrast, the system effectively experiences an effective
static potential, which implies negligible fluctuations [39]. We
note that at long times |og| = O [in case (ii)] and |op| = 0
[in case (iii)], which implies a bath-induced decoherence. In
addition, by comparing Figs. 3(a)-3(c), it is observed that
in case (iii) the driven system reaches its stationary state
relatively sooner than in the other cases. See Appendix C for
details of calculations.

Figure 4 shows the time evolution of the population of
the target level (op5) and the efficiency of energy transfer [as
defined in Eq. (1)] for the three cases. It is observed that
the external field improves this efficiency. However, at earlier
times for case (ii) the efficiency is higher compared to the two

TABLE II. Parameters of the master equation (11). Here we consider two cases for the external field: (i) the field couples |0) and |b) levels
[Eq. (18)], and (ii) the field couples |1) and |b) states [Eq. (C40)]. All matrix representations are in the {|0), |1), |b)} eigenbasis of Hy (as

introduced in Sec. II C), and all quantities are in natural units.

Field couples |0) and |b)

Field couples |1) and |b)

0.0317 0 —0.2939 +0.3347i 0 0 0
A 0 3 0 0 29991 0.0250
—0.2939 — 0.3347i 0 2.4683 0 0.0250 2.5009
¢ (3,2.5472, —0.0472} {3.0003, 2, 4997, 0}
w {£0.4528, +£3.0472, £2.5943, 0} {£0.5006, £3.0003, £2.4997, 0}
q [—24, 24] [—3,3]
—0.0145 0 —0.0016 + 0.0018i ~0.0190 0 0
H 0 0.0166 0 0 0.0162  0.0006
~0.0016 — 0.0018i 0 ~0.0015 0 0.0006  0.0035
~0.0073 0 0.0243 —0.0277i 0 0 0
HHO 0 0.2392 0 0 0.1912  0.0182
0.0243 + 0.0277i 0 —0.2088 0 00182 —0.1711
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FIG. 3. Time evolution of the reduced density-matrix elements of a three-level system (see Sec. II). The system is coupled to two baths with
B:/Br = 30/4. (a) Applying no external driving field on the system. (b) Applying an external driving field V;(¢). Note that here 2/wy = 0.9.
(c) Applying an external driving field V;(¢). Note also that Q/w;, = 4.5. The properties of the system, baths, and external fields are listed in
Table I and the paragraph after Eq. (23). All quantities are in natural units.

other cases. At long times, at r ~ 6000, when V{(¢) is applied,
the efficiency grows by &7% compared to the nondriven case.
Similarly, when V;(¢) is applied, the efficiency increases by
~8% compared to the nondriven case. As a remark, note that
for two baths with equal temperature ratios, their interactions
with the corresponding energy levels can be guided through
appropriate frequency filters [41-44].

In practical studies of open quantum systems through
master equations, it is often assumed that the Lamb-shift
Hamiltonian Hj ., is negligible [45-47]. However, a remark
is in order. We note that Hy,mp in the Lindblad and Floquet-
Lindblad scenarios is of the second order with respect to
H;,—so is the dissipator [21,33]. One can better analyze the
effect of Hyamb On the system evolution by removing this term
from the master equation and comparing the results with the
complete equation. In the Lindblad scenario, since the master
equation is a rate-type equation for the population, then the
Lamb term does not affect the population evolutions for the
nondegenerate case [see Fig. 5(a)]. However, the evolution of

V, (t) field
V, () field
no field

0.3

0.2

0.1

40006000

. 2000,

; ot
1§ 0

Lo b b b b by o F

I I | I I | I I |
0 2000 4000 6000

t
FIG. 4. The comparison of energy transfer for the three cases of

Fig. 3, when B./8, = 30/4; see Sec. II. All quantities are in natural
units.

the off-diagonal terms of the state of the system og (in the
eigenbasis of Hg) depends on the Lamb-shift Hamiltonian;
that is, Hy ., contributes to the coherence effects of Hg in
the dynamics. Hence, due to its smallness, neglecting Hy ymp
compared to Hy seems justifiable.

Nevertheless, note that unlike the Lindblad case, in the
Floquet-Lindblad scenario keeping the Lamb-shift Hamilto-
nian affects the system evolution because H{gnib does not
commute with the bare system Hamiltonian Hg. Thus, care
must be taken when in particular one deals with such cases.
From Figs. 5(a) and 5(c) we observe that neglecting the
Lamb-shift Hamiltonian in the Lindblad scenario as well
as the off-resonance Floquet-Lindblad scenario are plausi-
ble assumptions, because in these cases coherent oscillations
are already negligible. Nevertheless, in the near-resonance
regime of the Floquet-Lindblad scenario this assumption
does not hold unless at the long-time limit of the dynamics
[see Fig. 5(b)].

III. REDFIELD AND FLOQUET-REDFIELD SCENARIOS

Here we study the effect of the coherence on the energy-
transfer efficiency. To do so, we consider two levels |1) and
|2) for the system Hamiltonian and investigate the effect of
their coherence on the evolution of the population of the target
level |b). We note that the Lindblad and the Floquet-Lindblad
master equations [Egs. (6) and (11)] are not appropriate for
this particular purpose because neither of them can couple the
evolution of the populations to the coherences of the system
state. However, if we relax the full secular approximation
and retain only the Born-Markov approximation, the resulting
Redfield equations for the nondriven and driven cases can
offer a physically relevant framework to study the coherence
effect. As we explain later, in the driven case (the Floquet-
Redfield scenario) we shall still need a suitable partial secular
approximation to guarantee physicality of the system states.

A. Redfield scenario

Consider an open quantum system with a time-independent
Hamiltonian Hs. When the system and the bath interact

012208-5
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FIG. 5. Lamb shift vs no Lamb shift in the dynamics (see Sec. II). (a) As Fig. 3(a), with no applied field. (b) As Fig. 3(b), with a near-
resonant applied field V; (7). Here the dotted lines indicate the cases with the no-Lamb-shift Hamiltonian. (c) As Fig. 3(c), with an off-resonant

applied field Vi (¢). All quantities are in natural units.

weakly so that we can apply the Born-Markov approximation,
then the dynamical master equation of the system is given by
the Redfield equation, the general form of which is as follows
[21]:

dos(1) |
= = | dsTealHin(t — 5)est) ® 0gHin (1)
dt nJo

— Hin()Hin (1 — 5)o5(1) ® 0g + Hee].  (24)

This is to some extent similar to the Lindblad equation but
without invoking the secular approximation. To review the
details of the derivation, see Appendix A [where we need
to consider Hy time independent and all discussions up to
Eq. (A11) go through]. This equation has been widely used in
various applications in order to study problems such as light
harvesting [27].

To be specific, let us consider a multilevel system in-
teracting with a bath of a radiation field, where the total
Hamiltonian is given by Eq. (2) with Hg = Hj as in Eq. (23)

J

and the system and the field are coupled through the electric
dipole interaction within the “E - 7’ representation [48—50]

(see also Appendix B):
Hp = Zhvk(a,t ko +1/2), (25)
Hin = ZZg“”u )l ® & + Hee. (26)
i,j kA

Here “H.c.” denotes the Hermitian conjugate; &LX is the cre-
ation operator of a bath bosonic mode (harmonic oscillator)
with frequency v, wave vector {k}, and polarization A; and
g;’{) is the coupling constant of the dipole interaction of the
|i) <> |j) transition of the system with the (k, A)th mode of
the bath; in particular, gu) = [dij - €., with &, being the unit
polarization vector and ji;; = (i|fi|j) being the electric dipole
transition matrix elements in the system energy basis [51].
After some algebra one obtains (Appendix D) the master

equation in the Schrodinger picture as

d
Qd%(’) ——[Hs,gsa)] 3h ZZ[(M,, fi N (@7, BN los (@) + os (1) i)
+ (ij - e Na(@p BYUD T los(@) + esOI VD + 3h ZZMU i j
X [N1(ww 7y B GlosO1N T+ 18)( Tes @)1 ) {il] +N2(a)i’j’v ﬁ)[lj)(iIQs(t)li DG 1Y les @1 G
- Z “” “”czw,, A1) los(t) = os)Ii) i) — Z ‘6‘;’ B1 @y Blos®1) ] — 1) os()]
+ = Z M” M” ~[Ciwryr, B los@ YT = 1) (G los O (i) + Calwr . BYT )T los()]i) (]
uu
— [/Miles®Ii) (' DI, 27
where . Ni(x, B) = x’ii(x, B),
Gty = 2P [ av T, Notx, B) = XliCx. B) + 1. 8)
0 —
_ip °°d Vi@, )+ 1) Here 7i(w, B) = (™ — 1)"!. We see that in the time-
G p)=— /0 v Xx—v ’ independent case, there are not any oscillatory terms on
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(b)

oif /
[0)—— V()

FIG. 6. A four-level system which is in contact with two thermal baths. Two pairs of states are coupled with the hot bath, and two other
pairs are coupled with the cold bath. (a) The system is not driven. (b) An external field couples the |0) and |b) levels to each other (Vj field).

the right-hand side (RHS) of the master equation in the
Schrodinger picture. Hence it seems that this equation
[Eq. (27)] may generate non-negative populations.

Before studying examples, there are two points to take into
account.

(i) Unlike the Lindblad master equation, in general in the
Redfield master equation the spectral density function does
not appear. This complicates the comparison of the results
of these two approaches. To alleviate this issue and make a
fairer comparison, we can study a specific example where the
two approaches can yield the similar master equations and
then by comparing the equations one can read corresponding
parameters. For example, for a qubit interacting with a thermal
bath, with an odd spectral density function [J(—w) = —J(®)],
comparing the Lindblad and the Redfield equations yields

(i0/V6m 3 hieg)” = 7 (wi0)/ @3y, (29)

where wy( is the Hamiltonian gap of the qubit. We remind the
reader that in all examples throughout this paper, we choose
our parameters according to the explanation after Eq. (23),
Table I, and Eq. (29).

(ii) Note the integrals in Eq. (28) which appear in the Red-
field and Floquet-Redfield master equations. As explained in
Appendix D, these integrals are associated to the Lamb-shift
terms. It has been known that the Lamb-shift terms give rise
to modifications of the energy levels. Since the corrections of
the energy levels due to the Lamb shift are typically small,
in some applications they can be safely ignored [29,45—47].
In contrast to the Lindblad scenarios, in the Redfield ones
without introducing the spectral density functions, some
Lamb-shift terms mathematically diverge. However, by intro-
ducing a suitable cutoff frequency (which is compatible with
the dipole approximation) and employing appropriate QED
considerations [49,52-55], these terms take finite values and
the divergence issue can be removed. We also follow a similar
approach to investigate the Lamb-shift effect in Sec. III C.
In some situations such as nondegenerate or time-dependent
system Hamiltonians, we observe that the Lamb-shift terms
lead to considerable effects on the dynamics.

Now we study a specific example. To see the effect of
neglecting the secular approximation, we examine a four-level
system which is coupled to two thermal baths as in Fig. 6(a).
The Hamiltonian of the system is

2

Hs = Ho = ) _eili){il + €|b) (b (30)
i=0

We assume that the hot bath leads to the two transitions
|0) <> |1) and |0) <> |2), whereas the cold bath causes the
|b) <> |1) and |b) <> |2) transitions. The system-bath interac-
tion Hamiltonian reads as

Hin = Hsp, + Hsp,, (31)
where

Hgg, = Y g li)(0] ® s + Hee.,
i=1,2 k,x

Hsg = Y Y f\Pli)(b| ® by, + H.c. (32)

i=1,2 q,v

We study two cases according to the value of the gap
between |1) and |2). First, we consider the nonzero gap case
w1 = (€3 — €1)/h = 0.05, and next we focus on the gap-
less case where |1) and |2) are degenerate states. At first,
let us disregard the integrals in Eq. (27), i.e., Ci(x, 8) and
C>(x, B) coefficients, and analyze the solutions of this dynam-
ical equation. In Fig. 7 the evolutions of the system in both
degenerate and nondegenerate cases are shown (for the cor-
responding analysis of the dynamics with Lamb-shift terms,
see Sec. lIIC). In Figs. 7(a) and 7(b) the temperature ratio of
the two baths is 30/4. When there is a gap between |1) and
|2), the final configuration of the system has populations in
all levels, which yields a relative reduction of the population
of the target level. As expected, according to Eq. (27) even
in the nondegenerate case a nonvanishing coherence between
the levels |1) and |2) is generated because the two |0) < |1)
and |0) <> |2) (|b) <> |1) and |b) <> |2)) transitions are due to
the same bath, i.e., there is more than one way to populate the
levels |1) and |2). The role of coherence in the energy-transfer
efficiency is studied in Sec. III C, where the Lamb-shift terms
are included in the master equation.

B. Floquet-Redfield scenario

Now consider a quantum system which interacts with a
bath and is driven by a periodic external field. The total system
Hamiltonian is

Htot(t) = HS(I) + HB + Hima (33)

where the terms on the RHS are given by Egs. (16), (23), (25),
and (26).

Recalling Sec. IIB, one can obtain a related master
equation for this scenario. However, complete positivity
of this dynamics is not necessarily guaranteed. To allevi-
ate this issue, we apply a partial secular approximation
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dictated by the assumption Q7' « Tz, where T is the
relaxation time of the driven system. This approximation
neglects all terms in the master equation with ¢’ # ¢. This
removes some fast oscillating terms. Note that this approx-

J

dos(t) _

imation is different from that of Ref. [29]. After some
algebra (see Appendix D for details), we obtain the fol-
lowing Floquet-Redfield master equation in the Schrodinger
picture:

. ] o
7 —%[Hs(t)a Qs(l)]—mizi;zzwu'ﬂw)

il q wo

X {IN2 (@' + g9, B) + Co(@ + g, )] x [Lij(q, w; 1)L} (q, o's)0s() — LY (g, @3 1)0s(t)Lij(q, ;1)]

+ [Na(@' + ¢, B) — (@' + g, B)] X [os()Lij (g, o' s DL (q, 031) — L:(q, ;1)os(t)Lij (g, @'31)]

+ [Ni(@' + g8, B) + Ci(o' + gL, B)] x [Qs(t)LZJ-/(q, o'i1)Lij(q, wit) — Lij(q, o; t)Qs(t)L,sz(q, w';1)]

+ [N (@ + ¢, B) — C1 (@' + g, B)] X [L]i(q, 031)Li (g, ';1)os(t) — Liji(q, s 0)os(OL] (g, 0;0)]},  (34)

where the coefficients are defined in Egs. (28) and
Lij(g, @;1) = P(t,0)03(q, @)P"(z,0) (35)

with 0;;(g, ) defined through

oi; = 10){Jl,
PT(tv O)UijP(t, 0) = Zaij(q)eiqgt,
qeZ
oij(q. )= Y [&)Eloi(@IE ) El.
é—é'=hw

Note that Eq. (34) includes the Lamb-shift terms.

As an example we consider a four-level system coupled
to two thermal baths and assume that an external field V,(¢)
couples the |0) and |b) energy levels—see Fig. 6(b). The total
system Hamiltonian is described by Eq. (33), where

Hg(t) = Hy + V(1)
2
= Z€i|i><i| + €,|b) (D] + p cos(2r)(|0) (D] + |b)(0]).

i=0
(36)

The Hamiltonians of the baths and their interaction are also
given by Eqs. (25) and (31), respectively.

At first, we ignore the contribution of the Lamb-shift terms
in the dynamics, i.e., we remove the C;(x, 8) and Cy(x, B)
coefficients from Eq. (34). We consider two degenerate and
nondegenerate cases. For the temperature ratio 8./8, = 30/4
the time evolutions of the states of these two systems are
represented in Figs. 8(a) and 8(b). It is observed that in the
degenerate case [Fig. 8(a)] the coherence |g2|, which is also
equal to the populations of the degenerate levels, is not de-
stroyed by the bath. However, the coherence |oq|, which is
due to the external field, is affected significantly by the baths.
On the other hand, in the nondegenerate case [Fig. 8(b)] the
coherence |o1»| seems to be affected by the baths (note its tail)
and decreases slowly. We also observe that the coherence |0qp|
is destroyed by the baths.

By comparing Figs. 7 and 8, it is seen that when the dy-
namics is driven and given by the Floquet-Redfield equation
(34), the system approaches an almost stationary configura-
tion sooner than in the nondriven Redfield dynamics (27). Due
to the tradeoff between energy and time, the excess energy
pumped by the applied field to the system can modify time
scales for some transitions. See Refs. [56,57] for relevant
earlier studies.

In the next section, we consider the full master equations
(27) and (34) with the Lamb-shift terms included and investi-
gate the effect of the noise-induced coherence as well as the
Lamb-shift terms on the energy-transfer efficiency.

C. Effect of the Lamb-shift terms in the Redfield
master equations

In the derivation of the Redfield-type master equations
we substitute [ ds e = 78(x +v) — iP1/(x + v)—
see Appendix D2. The delta function leads to terms which
appear in the dissipator and the Cauchy principal value results
in the Lamb-shift term, which contributes to the coherent
evolution. Although in some studies the principal value part
is disregarded (which leads to ignoring the Lamb-shift Hamil-
tonians in these master equations), a careful analysis of the
Lamb-shift term is still in order. To do so, we start from the
Hamiltonian of a system interacting with a radiation field.
This Hamiltonian is written in the E - 7 representation and in
the long-wavelength approximation. That is, only the modes
with frequency less than a cutoff frequency value W < oo
are taken into account. Hence the upper limit of all integrals
in Eq. (28) should be replaced with the parameter W. In
addition, we assume a low-intensity and low-energy radiation,
which, respectively, lead to disregarding the second-order
terms O(A?) and the interaction of the magnetic field of the
radiation and the spin of the system. Now consider the expres-
sion for C>(w, B), which includes integrals of the following

types:

w 3 w 3—
u»/ v +u>f av P g
0 w—V 0 w—V
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FIG. 7. Time evolution of a four-level nondriven system in con-
tact with two thermal baths with 8./, = 30/4. The Lamb-shift term
is not included here. (a) The levels |1) and |2) are degenerate. (b) The
gap between |1) and |2) is assumed to be 0.05. All quantities are in
natural units.

where

w 3 w w
IP/ dv :—/ dvvz—a)/ dvv
0 w—=V 0 0

w w w?
—a)zf dv—i—[P/ dv .
0 0 w —V

By employing appropriate QED arguments (see Ap-
pendix E), one can find that the first term on the RHS of
the above relation is completely compensated with another
term with opposite sign, which is attributed to a self-energy
term. In addition, the second term of the above relation can
be concluded to be irrelevant within the low-intensity approx-
imation. Thus, keeping only the relevant terms of Eq. (37), in
the master equation we can effectively replace

(38)

[P/W dv —lﬁ(ﬁ(‘)’ A+D —>|P/W dv —VSﬁ(V"B) — oW
0 w—V 0 w—V
+ o’ In(W/w). (39)

Note that to establish the validity of the long-wavelength ap-
proximation, the cutoff frequency W is chosen large compared

—_—

(a)

I
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FIG. 8. Time evolution of the density matrix for the four-level
driven system in two different temperature ratios. The external field
is given by Eq. (18). The Lamb-shift term is not included here.
(a) The levels |1) and |2) are degenerate. (b) The levels [1) and |2)
are nondegenerate, and the gap between them is 0.05. All quantities
are in natural units.

to the characteristic frequency of the system and much smaller
than the relativistic modes, wy < W < mc? /h, where m is the
mass of the charged particle [48].

At first we discuss the time-independent Redfield scenario
in the presence as well as absence of the Lamb-shift terms.
Our simulations show that for the time-independent degen-
erate four-level system (with |1) and |2) degenerate levels)
the Lamb-shift terms do not affect the dynamics of the sys-
tem and the results are the same as Fig. 7(a). Thus, for the
nondriven scenario [Fig. 6(a)], we only discuss the nondegen-
erate system. In all plots of Fig. 9, we consider a nondriven
nondegenerate four-level system with a 0.05 gap between the
|1) and |2) levels. This figure shows the evolution of the
state of the system in the presence as well as absence of the
Lamb-shift terms. Here we have taken W & 4x 10* (in natural
units). Note that the correct value of the cutoff frequency W
in a model depends on its specifics. Here, however, we have
estimated this frequency simply by trial and error such that
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FIG. 9. Dynamics of a nondriven nondegenerate four-level sys-
tem evolving through Eq. (27). The solid curves correspond to the
Redfield scenario with the Lamb-shift correction, while the dotted
curves correspond to the dynamics without the Lamb-shift terms.
Note that the evolution of the nondriven degenerate system in the
presence of the Lamb-shift terms is similar to Fig. 7(a). All quantities
are in natural units.

the dynamics generates positive density matrices during the
evolution—for a similar analysis see Ref. [58].

It is evident that the Lamb-shift terms are non-negligible.
In the absence of the Lamb-shift terms 011 and g3, are close to
each other and the coherence |0, | (which initially was created
by the baths) is finally destroyed by the baths. In contrast, in
the presence of the Lamb-shift terms, the time evolutions of
all elements of the system density matrix change significantly
and also g1 and oy, are not close to each other either. In ad-
dition, the coherence |g1,| like the other elements eventually
reaches a nonvanishing stationary value. As mentioned before,
the coherence |o1»| (induced by the baths and the Lamb-shift
terms) is not destroyed by the baths, i.e., the Lamb-shift terms
preserve this coherence.

To see the effect of coherence on the efficiency of en-
ergy transfer see Fig. 10, where we compare the Redfield
scenario [Eq. (27)] with the Lindblad scenario [Eq. (6)] for
two degenerate and nondegenerate cases with the tempera-
ture ratio B./B;, = 30/4. At long times the efficiencies of the
Redfield scenario for both cases are greater than the similar
efficiencies of the Lindblad scenario. For example, at ¢t =
2800, the Redfield dynamics yields A8 and ~24% increases in
the efficiency over the Lindblad dynamics for the degenerate
and nondegenerate (w;; = 0.05) cases, respectively. These
increases of the efficiency can be attributed to the coupling
between the populations and coherence terms in the Redfield
scenarios.

Now we consider a four-level system which is driven by
a time-dependent periodic field. We deal with the Floquet-
Redfield scenario [Eq. (34)] and investigate the effect of
the Lamb-shift terms on the dynamics. Similar to the
time-independent models, we study both degenerate and non-
degenerate systems. Figure 11 compares the Floquet-Redfield
scenarios with and without the Lamb-shift terms for the de-

03 f‘ —— ——— —— =
0.2F
0 1:_ A Redfield-degenerate
I E /0 e Redfield-gap 0.05
' — — — Lindblad-degenerate
e Lindblad-gap 0.05
0 ‘ ]

L L L L L L 1 I
0 1000 2000
FIG. 10. Energy-transfer efficiency vs time for the nondriven

cases of the Lindblad and the Redfield scenarios by taking into
account the Lamb-shift terms. All quantities are in natural units.

generate four-level system. The solid curves are related to
the presence of the Lamb-shift terms, and other curves are
related to the absence thereof. We observe that in the Floquet-
Redfield scenario for the degenerate system, the Lamb-shift
terms have a considerable impact on the dynamics. After the
system reaches its stationary state, there is a regular oscil-
lating behavior in all density-matrix elements, the period of
which is comparable to the period of the external field (7).
Another considerable difference caused by the Lamb-shift
terms is related to the coherence |ogp|. In the absence of the
Lamb-shift terms, |gg,| does not have a determined oscillating
behavior and almost immediately vanishes. In contrast, when
the Lamb-shift terms are included, |oo,| even after reaching
stationarity manifests an oscillating behavior with a nonva-
nishing trend. Similar behaviors are observed for the driven
nondegenerate four-level system. Figure 12 compares the ef-
fects of the presence and absence of the Lamb-shift terms
in the driven four-level system time evolution. According to
Figs. 11 and 12, in the presence of the Lamb-shift terms,

Poo
P11, P22/ |P1z|
Pbb

S

Poo

Pbb

1 ’a{, L] il

""\_ P11, P22, P12l

M

FIG. 11. Effect of the Lamb-shift terms in the Floquet-Redfield
scenario for the degenerate four-level system. Solid curves are related
to the dynamics with the Lamb-shift terms, and the dotted curves are
associated with the no-Lamb-shift dynamics. All quantities are in
natural units.
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FIG. 12. Effect of the Lamb-shift terms on the dynamics of the
nondegenerate driven four-level system. The Floquet-Redfield sce-
nario is considered. Similar behaviors in the time evolution of the
density-matrix elements in both cases are observed at least until time
507 & 140. All quantities are in natural units.

there are some specific and non-negligible fluctuations even
after the system reaches a stationary state. In addition, Fig. 13
shows the effect of Lamb-shift terms and the degeneracy on
the energy-transfer efficiency. Moreover, the inset of Fig. 13
shows the effect of the external periodic field on the efficiency
in the presence of Lamb-shift terms. It shows that the external
field causes an increase in the energy-transfer efficiency.

We close this section by a discussion of the full and partial
secular approximations. Consider the Floquet-Redfield and

I
E by ------ noField-Degenerate 3
0.8 B (p— PoFinonbegenese |
F 0.2r Field-Degenerate
i r Field-nonDegenerate
0.6
0.4+
0.2 E i gap0.05-with Lamb
TE ;0 mmmmmes gap0.05-no Lamb 1
E /L degenerate-with Lamb
E degenerate-no Lamb ]
o™
0 10 20 30 40

FIG. 13. Energy-transfer efficiency vs time for the degenerate
and nondegenerate driven four-level systems in the Floquet-Redfield
scenario. In the main plot, in addition to considering degeneracy
the Lamb-shift effect has also been taken into account. One can
observe similar behaviors for these three cases at least until time
50t &~ 140—for the nondegenerate system with and without Lamb-
shift terms and the degenerate system with Lamb-shift terms. The
inset shows the effect of the external periodic field on the efficiency
for the degenerate and nondegenerate systems. All quantities are in
natural units.
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FIG. 14. State of the degenerate four-level system. The curves
for the main plot are related to the Floquet-Redfield dynamics (34),
whereas the inset curves correspond to the Floquet-Lindblad dy-
namics (11). Both equations include the Lamb-shift terms. Similar
behaviors in the time evolution of the density-matrix elements for the
Floquet-Redfield case are observed at least until time 200t ~ 560.
All quantities are in natural units.

Floquet-Lindblad scenarios for a degenerate four-level sys-
tem the dynamics of which are given by Egs. (34) and (11),
respectively. Figure 14 shows how the Floquet-Lindblad and
Floquet-Redfield master equations compare (while keeping
the Lamb-shift terms). Similar behaviors in the time evolution
of the density-matrix elements for the Floquet-Redfield sce-
nario are observed at least until time 200t & 560. This means
that for the Floquet-Lindblad scenario the oscillations have
diminished in time, whereas for the Floquet-Redfield scenario
the oscillations seem to be relatively robust. In Fig. 15 the
energy-transfer efficiencies of these two cases are plotted.
Since in the Floquet-Redfield scenario the system reaches its
stationary state relatively sooner than the Floquet-Lindblad
case, from short times the efficiency takes its maximum value
and remains so. The difference between these two scenarios
is indeed related to the type of the secular approximation

T
L

0.5+ ]
. Floquet-Redfield |
04;: Floquet-Lindblad 7:
0.3 .
n 1
0.2 ]
0.1 ]
O e 1]

0 100 200 300 400 500

t

FIG. 15. Effect of the coherence on the energy-transfer efficiency
in the presence of the external field. The orange curve corresponds
to the Floquet-Redfield master equation (with the Lamb-shift terms),
and the blue one is related to the Floquet-Lindblad master equation
(with the Lamb-shift term). All quantities are in natural units.
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employed in each. When the secular approximation is applied
partially, the evolutions of the population and coherence terms
are coupled to each other, hence there are additional processes
which contribute to populating the energy levels.

IV. SUMMARY AND CONCLUSIONS

We have studied the problem of energy transfer in a multi-
level system in contact with two thermal baths at two different
temperatures. The hot bath excites the system to its high-
est energy level(s) and then the excitation moves through
the energy space in the presence of another cold bath. We
have considered four different dynamical scenarios within the
Born-Markov regime: (i) the Lindblad scenario—assuming
the secular approximation, with no applied driving field on the
system; (ii) the Floquet-Lindblad scenario—assuming the sec-
ular approximation and driving the system by a time-periodic
driving field; (iii) the Redfield scenario—assuming no secular
approximation and no driving field on the system; and (iv) the
Floquet-Redfield scenario—assuming a particular partial sec-
ular approximation and driving the system by a time-periodic
applied field. We have developed a particular dynamical equa-
tion for the last scenario. Our overall objective has been to
study the efficiency of energy transfer to a particular energy
level from other energy levels of the system Hamiltonian in
each of the dynamical scenarios.

We have shown that in the two Floquet-Lindblad and
Floquet-Redfield scenarios, applying an external periodic field
on three-level and four-level systems which couple the tar-
get energy level to another energy level has yielded higher
efficiency for the energy-transfer phenomenon. We have in-
vestigated the effect of the Lamb-shift correction to the system
Hamiltonian. In particular, we have shown that for the no-field
Lindblad scenario the Lamb-shift term does not have any ef-
fect on the dynamics of the system—and hence on the energy
transfer. A similar behavior also has manifested for the case
in which an applied field has coupled the target energy level
to another level in the off-resonance regime. However, when
the applied field is in the near-resonance regime, it affects the
dynamics at short times, while this effect diminishes as time
increases.

For the two Redfield scenarios, Redfield and Floquet-
Redfield, we have considered a four-level system, in which
a coherence between the two upper levels can be generated
through the dynamics. In the Redfield and Floquet-Redfield
scenarios we have considered both nondegenerate and degen-

J

do, (1) _

erate cases. Moreover, we have investigated the effect of the
Lamb-shift terms in the Redfield scenarios. We have observed
that in the Redfield scenario, the Lamb-shift terms have sig-
nificant impact on the dynamics for the nondegenerate system,
and for the Floquet-Redfield scenario they have remarkable
effect on the dynamics—and then on the energy-transfer effi-
ciency.

Our careful and comprehensive study can be useful in the
analysis of energy transfer in synthetic systems, and it offers
outlooks about how one can enhance such processes through
suitable driving fields. As a next step, for example, one can
study how correlation effects may play a role in enhancing or
reducing energy-transfer efficiency [59].

ACKNOWLEDGMENT

The authors acknowledge helpful discussions with V. Rez-
vani. This work was partially supported by Sharif University
of Technology’s Office of Vice President for Research and
Technology through Contract No. QA960512.

APPENDIX A: DERIVATION OF THE
FLOQUET-LINDBLAD MASTER EQUATION

Here based on Ref. [33], we reproduce the derivation of
the Floquet-Lindblad master equation. Consider a quantum
system which is in contact with a bath and is driven by an
external periodic field. We want to obtain a master equation
which describes the dynamic of the system. The total Hamil-
tonian is given by

Hlot(t) = HS(I) + HB + Hints (Al)

where Hs(t) is the periodic driving Hamiltonian of the system
[Hs(t + t) = Hg(t) with period 7], Hp is the bath Hamilto-
nian, and Hj, describes the interaction between the system
and the bath. Evolution of the total system in the interaction
picture is governed by

doy (1) _
dt

where the interaction Hamiltonian in the interaction picture is
defined as

—%[Himm, 0 )], (A2)

Hiu(1) = U{(t,0) ® Ui (t, 0)HinUs(t, 0) ® Ug(t, 0). (A3)
From Eq. (A2) we obtain

i i !
— 1 [Hin(?), 06(0)] — — | Hing(7), / ds [Hin(s), @ ()] | ¢- (A4)
dt h h 0
By considering the Markov approximation, the dynamical equation reduces to
do () i 1 [
— — = —Z[Hin(1), 0t(0)] = —5 | ds[Hin(1), [Hini(5), 010 (1)]], (A5)
dt h " Jo
from which
dog(t) i 1!
% =~ TrslHin (1), 0 (0)] = ;/ ds Trg[Hin (1), [Hin(s), 0,0 ()]]. (A6)
0
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Consider the general form of the interaction Hamiltonian
in the Schrodinger picture as

Hi =) S ® Ba. (A7)

where S} =S, and B} = B,. Substituting Eq. (A7) into
Eq. (A3) yields

Hin(1) = ) Ui (t, 0)S,Us(t, 0) ® U (z, 0)By Up(t, 0)

= S.()® By (1), (A8)

where  Us(1,0) = Te/M I dsHs®) - Up(z, 0) = e ~it/PHs
Sa(t) = U{(t,0)S,Us(t, 0), and B, (1) = Ug(t, 0)B,Us(t, 0).

If we assume that the initial state of the total system is
an uncorrelated state g (0) = 05(0) ® 05(0) and the bath is
prepared in a thermal state, then the first term in Eq. (A6)
vanishes,

TrB[Hint(t)s Qtot(o)]
= Try [Zsam ® B (1), 05(0) ® 93(0>}

=) [Se(0), 05(0)]Trs[B,(1)op(0)] =0,  (A9)

because Trp[B,(t)op(0)] = 0. In addition, we assume the
Born approximation, where the coupling between the system
and the bath is considered to be weak such that one can neglect
the effects of the system on the bath. This approximation is
often incorporated by writing the instantaneous state of the
total system approximately as a tensor product of the system
state pg(¢) and the bath state is assumed almost unchanged
in the course of time, gz(¢) & 05(0) = gp; that is, 0, (¢) =
05(t) ® 0p. Thus, by applying this approximation, Eq. (A6)
becomes

95O _ L[ o Tepl o), [Hin(s). 05() ® 3],
dt hJo

(A10)

If we substitute s — ¢ — s in Eq. (A10) and set the upper
limit of the integral to be infinity (presuming that the inte-
grand, which is proportional to the bath correlation functions,
does not have a substantial contribution for s > 7g) [21],
this reduces Eq. (A10) to the following Markovian master
equation:

dos(t) 1

o0
S0 _ / ds TrglHin(t — $)05(t) ® 0pHim(1)
t h*Jo

— Hin(OHin (1 — 5)o5(t) ® 0 +H.c.].

(Al1)

We now need to incorporate Hiy(¢) in the above equation
from Eq. (A8). To do so, we need to calculate Us(z, 0),
which in general requires a time ordering as Us(t,0) =
Te~ /M JoHs()ds However, noting that the system Hamilto-
nian Hg(t) is assumed to be periodic, one can employ the
Floquet theorem to partially simplify the form of Us(¢, 0).
The Floquet theorem states that [39] the time evolu-
tion operator associated to a periodic Hamiltonian Hg(?),

ih(%US(t, to) = Hs(t)Us(t, tp), can be factorized as

Us(t, 10) = P(t, to)e™ =0/, (A12)
where H is a Hermitian time-independent operator, referred
to as the Floquet Hamiltonian, and P(t, fy) is a unitary and
periodic operator such that P(t 4+ nt,nt) = P(t + nt,0) =
P(t,0) and P(nt,0) =1, with 7 being the period of the
Hamiltonian and n € N.

The Floquet theorem helps us rewrite S, (f) operators in
Eq. (A8) as

S, (t) = Pt (t 0)S,P(t, 0)e HI/E, (A13)

Since the operator P(¢, 0) is periodic, then PT(z,0)S,P(t,0)
is also periodic and hence has a Fourier expansion as

PT(t,0)SuP(t,0) = > _Sa(q)e'™, (A14)

qeZ

where 2 = 27 /7 is the frequency of the periodic Hamiltonian
Hg(t). The Fourier coefficients read

1 [ ‘
S,X(q)=; / dt e 1% P (s, 0)S,P(t, 0), (A15)
0

the calculation of which needs the knowledge of the periodic
operator P(t, 0) only in the first period 0 < 7 < 7.
One can construct another set of related operators as

Sa(g, ©) = Z &) (€lSa(q)I€") (€'l (A16)

é—&'=hw

where € and |€) are, respectively, the eigenvalues and
eigenvectors of the Floquet Hamiltonian, H|e) = &|&). The
summation in Eq. (A16) is over all eigenvalues with the same
(quasi) energy difference %iw, and whenever we encounter a
>, it denotes the summation over all possible (quasi) energy
gaps.

It is useful to identify several symmetries here. By compar-
ing Eqgs. (A14) and (A16) with their Hermitian conjugates, we
find Sg(q) = Sy(—¢q) and Si(q, w) = Sy(—q, —w). By sum-
ming S, (g, w) over all ws we have

Y Salq, @) = Su(q)- (A17)

Substituting Eq. (A14) into Eq. (A13) and then using
Eq. (A16) gives

Sa(t) =Y Y " “r1VS, (g, w), (A18)
qeZ w
which in turn yields
Hip (1) =) ) ) "8, (q,0) ® Bo(1).  (A19)

o geZ w
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Inserting this form in Eq. (A11) gives the following dynamical equation:

dt

a0 w0 q.q

o0
X / dseis(w+qQ)TrB[BZ(t)Ba/(t—S)QB]} + H.c.
0

d
os®) _ hzZZZ eillool a- ‘”9'{[5 (@ @05 @) — S}(d', S (@ 5]

(A20)

This form can still be simplified further by introducing the one-sided Fourier transformation of the bath correlation functions as

o0
Coo (@ + qQ) = / dse "B (B (t — 5)),

0

where (B (t)By (t — s))
1/kBT and ZB

Thus, we obtain

dos(t)
dt

o, w0 q.q9

If the time scale Tg = MaX g,y m @ — @ + m&|~" is con-
siderably small compared to the relaxation time scale of the
driven system (Tg), i.e., MaX o » |0 — ' +mQ|™" < Tg,
then in the summation »_, ., and ) . only the terms for
which @ = o’ and ¢ = ¢’ will have a nonvanishing contribu-
tion. This condition is called the secular approximation, and
gives

dos(t)
TR Z ; > Taw (@ + ¢Q)[Su (g, )5 (1)
x Sl(q, ®) — S(q, 0)Su (g, w)as(1)] + Hec.

(A24)

We can decompose I'y, (x) to a real part and an imaginary
part as follows:
(A25)

|~ (.X) = %Vaa’ ()C) + iEaa’(x)'

By substituting the above expression in Eq. (A24), we
obtain the master equation of the system in the interaction
picture as follows:

o —L[HED), 050)] + DPlgy (1),

Hfy = —Z > Z Eu (0 + S} (g, 0)Ser (g, ),

(A27)
1
DOles] = 53D ) Yew(@+ )
a0 o q
X [Sa/(q, w)as(t)S(q, w)
1 .
— 5180 @)Su (g, @), 950)}}. (A28)

(A21)

= Trp [BZ (t)By (t — s)op]. If we assume the thermal equilibrium state as gp = e PHs /Zp, with 8 =
= Tr[e#H5], then one can see that the bath correlation functions become homogeneous in time:

(BL(t)Bo (1 — 5)) =

(B, ()B4 (0)). (A22)

EZZZZFW (@ + gy D[S, (g, 0)a5(1)SL (g @) = Si(G' @)Sw (g, @)es()] + He.  (A23)

(

Here HL(dmb is referred to as the Lamb-shift Hamiltonian,
which is due to the interaction between the system and the
bath. The second term on the RHS of Eq. (11), DF)[g4(t)], is
a decoherence term induced by the bath.

For the sake of comparison, we close this Appendix with
recalling the standard Lindblad master equation for a time-
independent system in the interaction picture:

p .
% Ot 051+ Dlos)],  (A29)
t h
where
1
Hyamp = Z D 5 buw (@[ (@)Ser (@), (A30)
Digs(t)] = hzZ > Yaw (w)[s (@)as(1)S] (@)

- 5{5,;2 (©)Se (@), Qs(t)}i|- (A31)

Unlike the time-dependent case, here the Lindblad operators
Sy (w) are obtained according to the system Hamiltonian, i.e.,
Hs = Hy. In addition, here the ws are the gaps of the system
Hamiltonian. Note that the y,, (@) and &,, (@) coefficients
are obtained by Eq. (A25), too.

APPENDIX B: HAMILTONIAN OF THE
CHARGE-FIELD INTERACTION

Consider a particle of charge ¢ and mass m (an atom or
a molecule) localized in the origin and coupled to a (quan-
tized) electromagnetic radiation field. Let us also assume the
long-wavelength approximation, which neglects the spatial
variation of the electromagnetic field on the length scale of
the charged particle, and the Coulomb gauge for the electro-
magnetic field. Based on elementary physical principles the
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total charge—ﬁeld Hamiltonian is given by [48]
Hy = [p GAO) + Veou() + Y _hwj(@a; +1/2),
J
(B

where p is the momentum operator of the charged particle,
A is the vector potential operator associated with the electro-
magnetic field, Vcou is the Coulomb potential, {w;} are the
quantized frequencies or modes of the field, and a; is the
annihilation operator corresponding to mode w; of the field.
This form of the Hamiltonian is usually referred to as the
“A.p representation. One can rewrite this Hamiltonian such
that wherein three separate terms can be discerned:

Hio. = Hp + Hg + Hj, (B2)
where
ﬁZ
HP = —+ VCoulv (B3)
2m
Hg = Zhwj(ajaj +1/2), (B4)
J
H; = H; + Hp (B5)

are the Hamiltonians associated to the particle, the radiation
field, and the interaction, respectively. Here Hj; is linear in
terms of the field A and Hj, is quadratic:

Hy =—Lp5.A©0), (B6)
m

_ @ 2o
Hp = —[A(O)] . (B7)

For practlcal purposes, it might be more useful to transform
the A - jp representation to another equivalent “E - 7 repre-
sentation which explicitly depends on the associated electric
field E rather than the vector potential A. The transformation
between these two representations is carried out by the unitary

operator T = ¢~ (/D440 \hich yields

H,

tot — THlotT
ﬁ2
= 5 Voo + Zhw,-(ajaj +1/2)
J
— d - E(0) + edipote (B8)

where ggipole s the dipole self-energy related to the charged
particle Hamiltonian (which is usually ignored in the litera-
ture), and the fourth term is the expected dipole interaction,
where d = g7 is the dipole operator of the charged particle.
It is seen that another appeal of the E-F representation is
that in this representation the Hamiltonian only depends on
the electric field linearly. One can note that the charge-field
Hamiltonian (B8) can be recast in the well-known form

H' =Hp+Hg—d-E0), (B9)

tot

where the first, second, and last terms denote the particle, the
reservoir, and the particle-reservoir dipole interaction, respec-
tively. In this paper we work in the E - 7 representation and
simply denote the associated Hamiltonian by Hiy (without
prime).

Remark 1. In some physical applications, one may assume
the low-intensity approximation which corresponds to ignor-
ing the O(A?) term from the Hamiltonian (B1). In the E - 7
representation this approximation leads to the subtraction of
Hj, from the Hamiltonian (B8).

APPENDIX C: FLOQUET HAMILTONIAN AND PERIODIC
OPERATOR FOR A DRIVEN SYSTEM

1. General analysis

As it was shown in the Born-Markov and secular approx-
imations, the evolution of a driven system with a periodic
external field is governed by Eq. (11), and for using this
equation we should calculate the Floquet Hamiltonian. Thus,
we present a way to obtain the Floquet Hamiltonian approxi-
mately.

On the one hand, we have

Us(t, 0) = Te @M fydsts), (C1)
where Hg(t) = Hy + V(¢t) and T denotes time ordering. On
the other hand, from the Floquet theory, we have

Us(t, 0) = e HT/R, (C2)

According to Eq. (C2) to obtain the Floquet Hamiltonian
H it is better that we have the evolution operator in the
exponential form; to do this notice the following equation
which relates the evolution operator in both the Schrédinger
and interaction picture together:
Us(z,0) = Up(z, 0)U,(2, 0), (C3)
where Uy(t, 0) = e~"H'/" and U, (¢, 0) is the evolution opera-
tor in the interaction picture which evolves as

du,(t, 0)

i
= —ng(t)Ul(t, 0), (C4)

where V() = ¢!/ (t)e=Ho!/" By straightforward calcu-
lation the operator V;(¢) takes the following form for the
operator defined as Eq. (18) (see Fig. 2):

V(1) = pweos(Qu)[e " [0) (b] 4 e"*[b)(0]],  (C5)

where wpy = (€, — €9)/h is the gap of the two states which
are coupled together through the external field with strength
. Thus the RHS of the differential Eq. (C4) is proportional
to u and we can apply the Magnus expansion to obtain the
U,(t,0) as follows:

U,(t,0) = A, (C6)

where the operator A(?) is obtained by the following series
expansion:

A@) =) (=in/h) Ay(1). (C7)

n=1
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The three first terms of the series Eq. (C7) are as follows [60]:
t
Avo) = / dn V),
0
t n
Asl) = (1/2) / dn / dnlV (1), V(i)
0 0

Az(t)=(1/3!)/ dt1f dtz/ dn{[V (), V@), V) + [V (1), V ()], V()1
0 0 0

(C8)

where V (1) = cos(Qt)(e~7*»|0) (b] + € |b)(0]). Here we keep U, (t) up to o). By direct calculation the evolution operator

in the interaction picture is obtained as
U,(t,0)= X ON0) By O1b) O1+h(1)0){01=h(®)|b) {b]

where
x()=gt)+a@)+b)+c@t)+d@)+e)+ f(2),
y(t) = —[g"(t) +a*(t) + b (t) — c(t) +d*(t) + () + f* ()],
wr i [Qcos(a)bot) sin(2t) — wpp cos(Q1) sin(wpot) N 200 + sin(2t§2)]
Q2 ’

ht) = —
® " wly — Wiy — Q2 4Q

and the functions a(t), b(t), c(t), d(t), e(t), f(t), and g(z) are defined as follows:
4Q% sin(1Q)e ™10 (1Q? + 2wy — tw}y) — 42(Q% + w}y)

a(t) = Mwao |:
- 3 2
12R°Q(Q2 — w}) (22 — w})
e~ 1o [Q cos(Q2) + iwpy sin(Q)] — Q@ e #9w[3Q cos(3Q) + iwpg sin(3Q21)] — 3Q
+ > > + > >
Wy — Q Wiy — 9
N 4Qe1wm (:Os(tQ)(SZ2 — it QPwy + “)1%0 + ita)io):|
(Q2 - w;%o)z
2M3wb0 e 2itow ) oy 2 2
b(t) = — X Q cos(2tQ)[Q2(1 + 219wy — w2, (210 — 1)
3 (Q2 — wﬁo)2 8Q (wpy — ) { [ i ]
— Q[ (1 + 2itwy) + 1] + Qo[ 1+ € Qitwyy — 1)]
+ iwpo sin(ZtQ)[Qz(Z — Qritewy 4 ineZit“’bO]},
2ipdwy, Q cos(twp) sin(t2) — wpo cos(t ) sin(twyy) 2t + sin(2rQ)
C(l) = 3 2 2 2 - ’
3 (Q2 — why) Q2 —wy, 40
i3 Q2 — 202 ]
() = . =200 Ay + i cos(tQ) + 2sin(t )]},
1277 (22 — wy)
e(t) = i [1Qw0 (99 — wiy) (w2 + 4wjy)
T 2P — w299 — 102202, + wh) P Y
+ sin(tQ)[—why — 2Q%wj (1 + itwp) + 4Q1wp (13 + Sitwy) — 9QO(L + 2itwy)
— wip(why — 3@ +2Q%wj) | + 2iQwj, (R — wjy) — 2iQwj, cos(3tQ2)(Q* — wj)
+ e " —Qupy cos (1) (927 — wpy)[—2wj (—2i + twpy) + Q2 + 2twi)]}.
_M3efl'tw],()
Vi) { cos(3tQ)(wpy — 32%wp + 2Q%w})

T 24 (92 — wl) (994 — 1092207, + )
+ 2Q[—8Quye" ™ (wyy — 3Q2%) — iQ2 sin(tQ) (> — 1)(wjy — 927)
+ 2wy sin(3t Q) (wpy — 2%)] — wpo cos(tQ) (wjy — w2 [wy — 73 + 22 )]},

ot) = _T’“ {—iep + i€ [wyg cos(t82) + i sin(t2)]}.
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Now we want to calculate the evolution operator in the Schrodinger picture by applying the Baker-Campbell-Hausdorff
(BCH) formula to the RHS of Eq. (C3). By keeping only first 12 terms of this formula, we obtain the operator ‘Eas [61]

1) = In[e®Ver) ~ () + A1) + L[O@), A1)]
+ 5[O), [0@), AN + [A®), [A®), OO — 5 [AD), [O¢), [O(), AN)]]]
— 2 ([A@), [AQ), [AQ), [A@), OO+ [O(), [O(), [O(), [O(1), AT
+ 55 [O@), [A@®), [AQ), [A@®), OO+ [AQ), [O(), [O@), [O@), AN
+ a5 ([A®), [O), [A®), [O), AOT + [O(), [A®), [O(), [A®), OO + -+ -, (C15)

where

n—2
O(1) = (=it /R)Hy = —it (o]0) (0] + wy|b) (b| + ijlj)(jl),

j=1

A(t) = x()[0)(b] + y(t)|b) (0] + A(1)]0){0] — h(t)|b)(b], (Cl16)
w; = Gj/h,
Us(z,0) = ¢0. (C17)

Equation (C16) is related for n-level atoms. In the following a general expression for the evolution operator in the Schrédinger
picture for an n-level system two levels of which are coupled together via an external field is obtained:

n—2
Et) = 1o (1)]0) (0] + 105 (1[0} (b] + upo (1)|B) (O] + (1) |b) (b| — it Y ;1) (- (C18)
j=1

where the functions wug (), uop(t), upo(t), and uy,(¢) have been obtained by BCH expansion as follows:
. i i
upo(t) = — itwo + h(t) + EIX(t)y(t)wbo - %tx(t)y(t)wbo[h(l)2 + x(0)y()]

1
+ mt Swpox(t)y(t) + Otzwgoh(z)x(r)y(t)

uop(t) =x(t) + tx(t)a)bo 12wa¢ x(t)—gtx(t)h(l)a)bo—i- 2h(z)w,§0t2x(t)

1 .
—tx(t)h(t)wbo(hz(t) Fx(OY() — —tradx(t) + 6iz3w20x(r)h(t)

720 0

1 1
- @t Swiox (t)h(t) — —Otzwiox(t)hz(t) + Otzwiox(t)[hz(t) +x()y(@)],

1
—wpt?y(t) — —ry(r)hmwbo - h<r>w§0r2y<r>

up(t) =y(t) — il‘Y(f)wbo o

1
—ty(t)h(r)wbo[h2<r> +x()y(t)] — ==t wiloy(t) + .

720 pa Swioy()h(t)

0

1 1
— Py Oh() 2w§0y<r>h2(r> + 55 2wy (O () 4 x(0)y ()],

180 0

upy(t) = — itwp — h(t) — glx(f)y(l)a)bo + 91—()”6(1)y(f)a)bo[h(l)2 + x(@)y ()]

' 1
_ 1;—0t3a)zox(t)y(t) — %ﬂa)ioh(t)x(t)y(t). <o)

Thus, from Eq. (C2) the Floquet Hamiltonian is
H = (ili/t)E(1), (C20)

from which we can also obtain the eigensystem {€, |€)}. By having the Floquet Hamiltonian and using Eq. (A12) with #y = 0 the
periodic operator P(¢, ty) is as follows:

P(,0) = Us(z, 0)e" /", (C21)
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where Us(t, 0) is obtained by solving Eq. (C1) numerically. To construct the master equation, the next step is to calculate the
correlation functions of the baths. In doing so we should rewrite the interaction Hamiltonian between the system and the hot and
the cold baths [Eqgs. (21) and (22)] as in the following:

Hsp, =0 ® Y feltx +a) + 0" ® Y ifila — a)), (C22)
k k
Hsp, =09 ® Y 8,(by + b))+ 0 ® Y igy(b, — b)), (C23)
q q
where
ol = %(|0><1| +IOD, B =) fula +a)).
k

o = 200011 = )OD.  BY = Y ifitax —a)). (C24)
k
1 A st
o = SUAL+INED, B = ey(by + b)),
q
0l =SB = (DD, BY = ig,(b, — b). (C25)
q

According to Eq. (A21), we also need to calculate the bath operators in the interaction picture, B(t) = e/"3'/"Be="Hs!/% \hich
are obtained as

BV(t) = ) file "oy + "),
k

BY (t) = ifile ey — " ay), (C26)
k

B(IC)(t) — qu(efituql’;q + eiz‘vql;;)7
q

BY(t) =) igy(e"ub, — "b}). (C27)
q

All T';;(x) coefficients can be obtained similarly. For example,

FYII)(X) = /(; ds eiiSX(B(]h)T(S)B(]h)(O» = /0 ds eii”kaz [ﬁ({k, ﬂ)gis{k + [A(ek, B) + l]efislk]
k
= kaz{ﬁ(;“k, B) /Oo ds e T8 (g, B) + 1] /OO ds e—i<x+;k>s}
k 0 0

= /mdv D 80— {fl(v, ﬂ)/oods e TV Ay, B) + 1] foodse_i("+”)“}
0 0

o k

= /oodv.l(h)(v){ﬁ(v, ,3)|:718(x —v)—iP

oo

]+[ﬁ(v,ﬂ)+1]|:n8(x+v)—il]3 ! ]}
x+v

X —=V

0 (v, (v, 1
— i, BITP (x) — I (—x)] — i[P/ dv J<’“>(v)[”(” p) nv.p)+ } (C28)
—0 X—v xX+v

where we have introduced the spectral density function of the hot bath as

TPy =Y [ — g, (C29)
k
and also we have used the following formula:
0 .
/ dse 'O = g8(x +v) — iP , (C30)
0 xX+v
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with P being the Cauchy principal value. Moreover, the following relations for the bosonic creation and annihilation operators
have been used:

(@lar) = sun(, B), (C31)
(@al) = sui, B)+ 1), (C32)
(aay) =0, (C33)
(@lal) = o, (C34)

where B is the inverse temperature of the bath. Finally according to Eq. (A25) by separating the real part from the imaginary
part of the bath correlation function, we find the following expressions:

Y (@) = 2mitx, AP @) — I (=], e = / dvJ® (v )[”(” AT s 1],

v xX+v

y,(g)(x)=2[P/ A )[n(v B) @ p)+ 1]’ £0 () = miitx, HIP () + TP (—x)],

v xX+v
y2l)(x)—2[P/

dv J(h)(v)[ﬁ(v’ B)+1 . (v, ,B)jl’ (h)(x) —mi(x, ,B)[J(h)(x) +J(h)(—x)],

S xX+v X—=v
n(w, p)  aw, p)+1
Vo (¥) = 2mi(x, BTV (x) — I P ()], &, () =P / dvJ® (v >[ + . (C35)
0o -V x+v
For specificity, we choose the Ohmic spectral density function for the baths:
J(x) — _]Oxe—xz/wfumrr’ (C36)

where Jj is a model-dependent and also frequency-independent constant and w¢yfr 1 the bath cutoff frequency. Hence Egs. (C35)
yield

yij(x):07 1#19

ooy )Amax, B (x), x#0
yilte) = {4:110/0@3), x=0, (7
E&i(x) =0, i#],
[o¢]
&i(x) = —Z[P/ do G(x, w), (C38)
0
where
—0? /0%, (x—w)eP™ tx+w
( )= {Jowe " h@-w?) @ # 0, (C39)
2Jo/(hBx), w=
Remark 2. If rather than taking the external field as in Eq. (18), we had chosen the field as
Vi(t) = peos(Q20)(|1) (bl + 1b)(1]), (C40)
then Egs. (C5), (C16), and (C18) would be, respectively, replaced with
V(1) = pcos(Qn)[e" 1) (b] 4+ e~ " b)(1]], (C41)
At) = x(@)|b) (1| + h(1)|b) (D] — h(@®)[1) (1] + y(@)[1)(b], (C42)
n—1
Et) = vpp (D)D) (b| + vp1 ()b (1] + v1p()1) (D] + vin(DI1) (1] — itwp]|0){0] — itzijJ')(jl, (C43)
j=2
where the time-dependent functions wvp,(t), vp1(f), vip(2), 2. Benchmarking the results

and vy;(t) have the same definitions as wupo(?), wuos(?), As in Sec. IIC, here we assume that Hy is given
upo(t), and wup(t), respectively, after the replacemen}s by (€0, €p, €1) = (0,2.5,3) and {|0) = (1,0,0)7,[1) =
0— b and b — 1. Thus, the Floquet Hamiltonian H, 0, 1,0)", |b) = (0,0, 1)7}. The system is assumed to be
the periodic operator P(f,0), and the Lindblad operators initially in the state 0s(0) = |0)s(0], and is coupled to
would similarly be determined through Egs. (C20), (C21), two thermal baths with B./B, = 30/4. We also assume

and (A16). (u, @ =2m/7) = (0.1,2.25).
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FIG. 16. (a) The fidelity between the exact and approximate solutions (Magnus + BCH expansions) of the evolution operator in the
Schrodinger picture and in the first period (z & 2.8) for the model discussed in Sec. IIC. (b) The fidelity of P(z, 0) in two periods which
demonstrates the periodic property of P(t, 0). All quantities are in natural units.

In order to obtain the Floquet Hamiltonian we first need
to employ the Magnus+BCH expansions to obtain the op-
erator Us(t, 0) as an exponential in the form of Eq. (C17).
Since these expansions are infinite series, in practice we
need to truncate them, which in turn renders the obtained
Us(t,0), H, and P(¢t,0) approximate. As a result, one
should investigate the validity of these approximations. To
benchmark the approximate operators, here we have also cal-
culated Us(t, 0) numerically through the fourth-order Runge-
Kutta method [62]. Our figures of merit are the following
fidelities [63]:

FUSP @, 0), Us*(t,0)] = 1| Tr[Ug™ ¢, 00U (2, 0],
(C44)

FIP™(t,0), PP (¢ + 1, 7)]

= H|Te[P(t,0), PP (¢ + 7, 7)]l,  (C45)

where 0 < ¢ < 7. The first quantity measures the fidelity be-
tween the approximate and almost exact solutions for Us(z, 0).
The second quantity measures periodicity of the approximate
P(t, 0) [obtained according to Eq. (C21) where we have used
only the Magnus expansion in order to calculate Us(z, 0)], as
expected in P(t + nt,nt) = P(t + nt,0) = P(¢,0) and the
discussion after Eq. (A12), for two periods. Figure 16(a)
shows that the fidelity of the approximate and almost-exact
unitaries Us (¢, 0) is more than 0.97 in 0 < ¢ < 7. Figure 16(b)
demonstrates that the fidelity between the periodic unitary
operators P(t, 0) in two periods is more than 0.96. We remark
that in numerical calculations of S, (g, ), we have offset all
values less than 1073 to zero. With these favorable results, we
obtain the other relevant quantities of the model (the Floquet
Hamiltonian A, the Lamb-shift Hamiltonian HL(I:%b, and the
range of gs and ws) as in Table II. These results have then
been used to obtain the results discussed in Sec. II C.

APPENDIX D: REDFIELD MASTER EQUATION

In this section, we explain how the Redfield master equa-
tion for a multilevel quantum system can be obtained, and in

particular we focus on the Jaynes-Cummings model discussed
in this paper.

1. Time-independent system Hamiltonian:
Redfield master equation

Consider a quantum system which is coupled to a radiation
bath. The total system Hamiltonian is described by Eq. (33),
where we consider the time-independent case with Hy = Hp,
and the bath is composed of bosons with wave vectors k, fre-
quencies v, and polarization A [see Eq. (25)]. The interaction
Hamiltonian is described as Eq. (26), where the couplings
between the system and the bath are given by

@j) _

8k = —Ekilij - e, (D1)

where é;, denotes the unit vector of A polarization for mode
k, and fi;; = e(i|#|j) is the electric dipole transition matrix
elements, with e being the electric charge [50]. Here the
quantity E; has the dimension of an electric field and is
defined as Ej = /hivi/(2¢pV), where V is the quantization
volume and ¢, is the vacuum permittivity. We stress that in
the derivation of the master equation we use Eq. (C30) for
the integral [; dse~"+", including both the delta function
and the Cauchy principal value terms, contributing to the
decoherence operators and the Lamb-shift Hamiltonian, re-
spectively. We recall the following relation for transforming
the interaction picture back to the Schrodinger picture:

o5(t) = U{ (t, 0)os(t)Us(t, 0), (D2)
dos(t) _ i des®) ], +
1 = pls®.esO1+Us, 0)[ ” }US (t,0),
(D3)

where Us(¢, 0) is the unitary operator generated by Hg(t) =
Hy. After doing some algebra, we obtain the following
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Redfield master equation in the Schrédinger picture:

dos(t) [ 3 o ~ _ o gy
g gl es®l- mz ;wmwm - @iy, B (05 (0) + 051} )
(g Fuyicory, B) + 11U les(0) + s (D] + 3h€ ZZMU iy @
X [fl(ww s B (F1os @1 |+ 1) os (1) (i1 + @i, B) + 11 Gilos@I) G+ 1) Tos @)1) (1]
I'LI /’Ll R o U3[ﬁ(V7 B)+1]
- Z Y ened [(h os(t) — os(®)li ><z|>u°/ v TP
7 0 Wij—V
i u, u, N R CN:))
- E 2 sl = 5 estonP [ av I
0 Wiy —V
00 3=
i Mz - R g g vi(v, B)
t s — ; (8 ClosONET = 1i)() |Qs(l)|J><l|)|P/ dv ———
lj 7 667’[ 0 wjj —V
i /Lz - R 0 N - < VA, )+ 1]
+ = 6’ il [(u Vlos1i) il — i)ilesli) |>n>/ dv R (D4)
., 607[ C 0 a)l.,j, —V
(
We have used this equation in Sec. IITA. where
2. Time-periodic system Hamiltonian: oij = [1){jl, (D6)
Floquet-Redfield master equation + . —ivt A
, . . Up(t, 0)ax 2Up(t, 0) = e”™ a5, (D7)
Now we consider a quantum system in contact with a bath
and also driven by an external periodic field. The model we P(t,0)0;:P(,0) = Z o1(q)e' ™
use is similar to the one discussed in the previous section. To ! vz !
derive the master equation for such a system system, we need i
to combine both Redfield and Floquet approaches. According U,-}(q) = 0i(—q), (D8)
to Appendix A, to derive the master equation we need H iy (). o s
By using Egs. (A8) and (A12) we obtain oij(q.w)= Y [&)(Eloij(q)E) &,
é—é'=hw
H(t) = — (u)esz/hP+ t,0)o;,P(t, 0 e—iﬁt/h
nt(?) ; £ 8k, (t,0)0i;P(z,0) (7,-7;(!1, ©) = 0;i(—q, —w), (DY)
® Uj (1, 00y, Up(1, 0) + Hee., 0y(0) = 3 )" Vay(g. ). (D10)
q
— @ij) 1t(a)+qQ Vi)
=>22 Z 8k 0ij(q, @) ® .1 By inserting Hin(7) [Eq. (D5)] in Eq. (A10) and after some
kx4 algebra, we obtain the master equation of the system in the
+ H.c., (D5) interaction picture:

J

dos(t)
e s D )

l]qwqw

VA, ) + 1]

: 00
% eit(wfw”r(l]*q/)ﬂ) (w'+q’§2)3[r‘z(a)’+q’9,,3)+ 1]+ L[P/ dv Uij(q’ w)aj.,(q’,a)/)gs(t)
T 0 w+qgL—v v

v, B)

: 00
—it(w—ao' -4 / rTON3 = ’ ! T ro
+e 1( +(q—q") )[((J) +qQ) n(a) +q9,ﬁ)—;nj/0 dv a)/+q/g2_U}Uij(q,a))o'i/j/(q,CI))QS(I)

; , , i o0 v3i(v, ,
_ pit@—0+q—¢)) |:(a)’ + q/Q)3ﬁ(w’ +4Q,8)+ ;[P/ dv %}m(q, (z))QS(Z‘)O‘;j/(q , )
0 _
VA, ) + 1]

—it(w—o'+(q—q' ’ ’ PPN / 4 oo AN
_ o itw—0'+(q 4)9)|:(w + 4 Q)@ + 42, B)+ 11— —[Pf dv — - i|o’i7;(q, w)os(t)oy (g, w')
T Jo o +qgQ2—v
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v, B) .
a)/ + q/Q — v ]ai,j/(q/’ a)/)QS(t)G,L(C]» (U)

VA, B) + 1] o
m]";j’(q - )es(1)0i; (g, )

vIa, ) + 11 o
m]gs(f)aﬂjf(q W )Uij(q’ w)

. 00
_ e—it<w—w’+(q—q/>9>[(w/ + 4 Q%0 + ¢, B) — L[P_/ dv
T 0
. / ! i w
— @m0t |:(a)’ +¢' QP[0 +¢'Q, B) + 11+ —[P/ dv
T 0

. )
+ e”“’“”*(qq')m[(w/ +4Q A +4'Q, )+ 11— L[P/ dv
m Jo

Vv, B)

: o)
+ = e [(w’ + 4N + QB+ —P / dv
T Jo o +q2—

} a5(1)5; (4, )0y (g, w)) (D11)
To transform back into the Schrédinger picture, we apply Eq. (D2), where now Us(z, 0) is the unitary operator given by
Eq. (A12). Substituting Eq. (D11) on the RHS of Eq. (D3) then yields

d
Qs(t) — __[HS(I) os(1)] — 6M3h€ ZZZZ(“’J Mz;){ it(q— q)sz[(w + ¢’ +4'Q2, B) + 1]

S dr
ij i'j qw qo

/wdv VA, ) + 1]
0

+—P P(t,0)0;j(q, ®)o; (', @ P (t, 0)os(t) + e "% (o + ¢'Q)’ii(0 + ¢'S2, B)
o +qg2L—v v

T

. o0 3_
- LIP/ av T P(t.0)0,(q. @)or (g, P (£, 0)os(t) — "] (& + ¢ + ¢'Q. B)
7 Jo o +qgQL—v Y

. 00 3 -
+Llp / dv %}P(r, 0)01;(q, )P (1, 0)0s ()P (1, 0)a; (¢, WP (1, 0) — & 4= |:(w’ 4P
T 0 ' q —V

v, ) + 1]

x [0 +4'Q, )+ 1] — i”’/ dv P(t,0)0, (q, ®)P'(t, 0)0s(t)P(t, 0)0; (¢, @ )P’ (z, 0)
T Jo o +q¢gQL—v Y

Vv, B)

. 00
— iR [(w’ + 4 + 2 p) — —P / dv ——— }P(r, 0)oy (g, @)P' (1, 0)as(t)P(t, 0)
T Jo o +qgQ2—v

) , . oo 317 , 1
x 0} (g, @)P' (1, 0) — &40 [<w/+q/sz>3[ﬁ(w/+q/9,ﬁ>+ 0+ P / v M]
T Jo o +qgRQL—v

x P(t,0)0;,(q", @ )P (1, 0)0s(t)P(t, 0)0ij(g, @)P'(z, 0) 4 ¢~ "4~4% [(w’ +q' Q@ +4¢'Q, B) + 1]

_ip
T

gy VA0 ) 1 W
/0 dv %}Qs(ﬂp(l, 0)0 (¢, )0} (g, 0)P' (2, 0)

. , ] o V3, .
4+ ¢itla=a)0 |:(a)/ + q/Q)3ﬁ(a)’ +4Q,B)+ i[P/ dv %}Qs(ﬂp(h O)U;jf(q/, w/)aif(q’ w)P(t, 0)}.
0 _

(D12)

The above master equation contains some fast oscillating terms which may lead to nonpositivity of the density matrices. To
alleviate this problem, we remove some fast oscillating terms by applying a partial secular approximation which is given by the
assumption Q! « Tx, where T is the relaxation time of the driven system. This approximation neglects all terms where ¢’ # g.
Note that this approximation is different from that of Ref. [29]. As a result, we obtain the following modified Floquet-Redfield
master equation:

d
Q;t(t) [HS(I) QS(I) P 3fl€0 ZZZZ(H!} Mtj

ij i'j 9 wo

vy, B) + 1]}

T ’ / — i *
x {L,»j(q, w;f)Li'fjr(Q»wﬁ)QS(l‘)[(w + (0 + %, B) + 1]+ —[Pf dv —,
T Jo o +gQ—v
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i s

+ L{i(q. o)L j(q, '3 )os(t)| (0 + qQ)* A0 + g, B) — %[P/ dv
L 0
- L

— Lij(q. w;)as (L] (g, ;)| (@ + qQ)’A(0 + 42, B) + ;[P/ dv
L 0

— L}(q, ;)05 Lij (g, @3 1)| (@ + qQ) [0 + ¢, B) + 11 —
- L

= Lij (g, @005 (OL};(q, 01| (& + Q@ + g2, B) = —P f dv
L 0

— L} (g, @3 1)os(1)Lij(q, ;1) (w/ +q2° [0’ + 42, ) + 1

+ 0s(t)Li j (g, @'s LY (g, ;1) (w +qQ (Ao +¢2, B) + 1]

i o0
+Qs(t)L,T/j,(q, o';1)Lij(q, ;1) (w’+q9)3ﬁ(a/+q9,ﬂ)+ ;[P/ dv
L 0

where

Lij(g, w;t) = P(t, 0)0;;(q, @)P'(t, 0). (D14)

We have used this equation in Sec. III B.
As a final remark, in our numerical simulations the Cauchy
principal values

b Xo—€ b
[P/ dxf(x):/ dxf(x)—i—/ dx f(x) (D15)
a a Xot+€
have been calculated with a small € chosen such that for
smaller values the integral does not change appreciably.

APPENDIX E: COMPUTING THE LAMB-SHIFT
CORRECTION IN THE REDFIELD EQUATION

In both Egs. (D4) and (D13) we have included the Lamb-
shift terms. These terms may give rise to divergence. It has
been known that by introducing a finite cutoff frequency W <
oo one can make these corrections finite. In fact, the physical
reason for the introduction of the cutoff frequency is related
to the long-wavelength approximation (w|7|/c < 1, where |7|
is of the order of the atom size) [48]. After introducing W we
need the following integral for the computation of the Lamb-

shift corrections:
w 3i(v, 1 w
[p/ dv% — u:/ d
0 0
w 03
+ IP/ dv . (ED
0

w—V
w—V

Vv, B)
y—

w—V

V(v B)
o + g2 — vj|
vy, B)
o +qQ — vi|

. 00 3r=
i[p/ dvv[n(v,ﬁwu]
T Jo o +gQ—v
V3i(v, B) }
o +qgQ—v

/ V[, ﬁ)+l]]
o +qQ2—v
/ v3[i(, ,3)+1]]
o +qQ—v
vy, B)
a)’—i—qQ—v“’

Note that the second term of the RHS can also be recast as

w »3 w w w
[P/ dv =—/ dvvz—a)/ dvv—a)z'/ dv
0 w—V 0 0 0

w W’
+ P / dv . (E2)
0 w—V

(D13)

(

A careful QED investigation reveals that the first term of
Eq. (E2) is fully compensated and canceled out by other terms
emerging from the QED treatment [49]. As in Appendix B,
consider a charged particle (an atom or a molecule) cou-
pled to a radiation field. Based on Eq. (B8) in the “E - #”
representation, we have an extra term &gipole corresponding
to a dipole self-energy of the particle. In particular, in the
Jaynes-Cummings model by considering a cutoff frequency
this dipole self-energy term is simply a constant energy value
and thus it is usually discarded in the literature [64]. However,
interestingly, it has been known that this term contributes an
extra term in the Lamb-shift correction which is the same as
the first term of the RHS of Eq. (E2), now with the opposite
sign. That is, the dipole self-energy contribution in the energy
shift completely cancels out the effect of the first term of the
RHS of Eq. (E2). Furthermore, as argued in Remark 1 of
Appendix B, in the low-intensity regime, the appearance of
the —H), term in the Hamiltonian contributes an opposite term
in the Lamb-shift correction, which cancels out the effect of
the second term of the RHS of Eq. (E2).

Remark 3. Note that for low-energy photons one can ignore
the interaction between the spin magnetic moment of the
charged particle and the magnetic field of the radiation field
[48].
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