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We study the emergence of quantum memory effects in a spin-boson system at finite temperature driven
by an external time-periodic force. Quantifying memory effects by the trace-distance based measure for non-
Markovianity and performing numerical simulations employing the hierarchical equations of motion approach,
we find a pronounced peak structure when plotting the non-Markovianity measure as a function of the driving
amplitude. This distinctive feature is interpreted using Floquet theory and the Floquet-Lindblad master equation,
associating the peaks with the degeneracies of the quasienergy spectrum which lead to a strong enhancement of
the relaxation times of the system. These results suggest strategies for the efficient control of non-Markovianity

in open quantum systems by periodic driving.
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I. INTRODUCTION

Any realistic quantum system is almost never perfectly
isolated: it rather interacts with its surroundings, exchang-
ing both energy and information. Such systems are naturally
described within the framework of open quantum systems
[1,2]. The interaction with a reservoir typically leads to
dissipation and decoherence. Beyond these well-understood
effects, the environment can also act as a memory reservoir,
giving rise to memory effects, i.e., non-Markovian dynam-
ics. Non-Markovianity can qualitatively alter the behavior of
quantum systems, affecting coherence times and entangle-
ment dynamics [3-5]. Understanding these effects is therefore
of fundamental importance, both for foundational aspects of
quantum theory and for practical applications in quantum
technologies.

A paradigmatic model for investigating open-system dy-
namics is the spin-boson model [6]. Despite its apparent
simplicity, it captures key features of a wide range of phe-
nomena, including electronic transfer [7] and macroscopic
quantum coherence [8]. Of particular relevance to recent ef-
forts aimed at protecting quantum coherence via external
control is the periodically driven spin-boson model [9,10].
While non-Markovianity in the undriven spin-boson model
has been extensively studied [11,12], its role in periodically
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driven variants remains largely unexplored, and has received
attention only recently [13].

In this work, we employ the non-Markovianity measure
introduced in [14] to investigate the impact of periodic driv-
ing on memory effects in the dynamics of the open system
(spin) in the spin-boson system. To this end, we have carried
out extensive numerical simulations of the driven spin-boson
model using the hierarchical equations of motion (HEOM) ap-
proach [15]. Our results uncover a distinctive and unexpected
peaklike structure in the non-Markovianity of the system as
a function of the driving amplitude. We further observe a
similar structure in the relaxation times of the open system
with peaks which are in one-to-one correspondence with the
peaks of non-Markovianity. We demonstrate that these results
can be understood theoretically by utilizing the quasienergy
spectrum and the Floquet-Lindblad master equation [1,16,17]
of the system. Indeed, each peak corresponds to a degener-
acy of the quasienergies, leading to a significant change of
the structure of the Lindblad jump operators of the master
equation. In the degenerate case only two dissipative channels
remain active, compared to three channels outside the reso-
nances. This yields a strong increase of the relaxation times of
the spin leading to the emergence of an almost decoherence-
free subspace and long-lived information backflow processes
resulting in peaks of the non-Markovianity. This physical
mechanism paves the way for the development of strategies to
control relaxation rates and memory effects in open systems
through periodic driving of the open system. The manuscript
is organized as follows. In Sec. II we introduce the definition
of non-Markovianity used in this analysis and explain how it
is quantified. In Sec. III we present the physical model of the
driven open system considered in this work. In Sec. IV we
briefly review the Floquet formalism relevant for describing
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this model within the Markovian semigroup approximation.
In Sec. V we present our numerical results and discuss their
physical interpretation. Finally, in Sec. VI, we summarize and
comment on our findings.

II. NON-MARKOVIANITY

Defining non-Markovian processes in quantum theory is a
nontrivial task, as the concepts employed in classical proba-
bility theory do not naively generalize to the quantum setting
[4,18-20]. In recent years, several approaches have been
proposed to define and measure non-Markovianity for open
quantum systems [14,21,22]. In this work we employ the
definition developed in [14], which is based on the notion of
information backflow. The central quantity of this approach
is the distinguishability between two quantum states of the
reduced system p? and p® quantified by means of the trace
distance [23,24]:

D(p", p¥) = 3Tr|p" — p°, )

where |A| = v/ATA. If the dynamics of the open system is
described by the family {®; | # > 0} of quantum dynamical
maps ®,, then for any pair of initial states {p?, p®} the time
evolution of the trace distance is given by

D, (p", p®) = D(®,[p"], ®:[0")). 2)

A monotonically decreasing trace distance, i.e., D, €0, im-
plies that the two states are becoming increasingly less
distinguishable, which is interpreted as a unidirectional flow
of information from the system to the environment. This
clearly defines a Markovian dynamics as the information
initially contained in the reduced system is lost in the envi-
ronment and never retrieved. Conversely, an increase of the
trace distance over time, i.e., D, > 0, is interpreted as infor-
mation flowing from the environment into the system. This
phenomenon, known as information backflow, is regarded as
the characteristic feature of non-Markovian dynamics [14,25].
Based on this interpretation, a quantitative measure of non-
Markovianity for the process described by the maps ®; is
defined by

N[®] = max/ dt Dy, 3)
P08 Jp,>0

where the maximum is taken over all possible orthogonal pairs

of initial states.

III. DRIVEN SPIN-BOSON MODEL

The spin-boson model is a paradigmatic model in the
theory of open quantum systems providing a perfect venue
to understand dissipative effects [1,6,26]. It describes a two-
level system with Hamiltonian (wo/2)o, coupled to a bath of
harmonic oscillators with Hamiltonian Hp = Zn wnaj;an by a
linear interaction term:

H =0,®) gilal+a), )

where o, = le) (| —|g) (gl, o = le) (g +1g) (el, and af, a,
denote the bosonic creation and annihilation operators asso-
ciated with the harmonic oscillator of frequency w,. Finally,

the coefficients g, describe the distribution of the couplings
between the system and the different harmonic modes.

In this work, we consider in particular a variation of this
model that includes a driving term modeling, e.g., the in-
teraction with a classical monochromatic radiation field on
resonance, so that the complete system Hamiltonian reads

wo
Hg(t) = 702 — Q cos(wopt )oy, ®))

where €2 denotes the driving strength and we use units such
that = 1. The influence of the environment on the open
system can be expressed using the spectral density [1,2,26],
which encodes the information on couplings and frequencies
distribution relevant for the reduced dynamics. We assume a
spectral density of the Lorentz-Drude form,

(6)

.
J(w) = awwz mn wf’
where w, represents the cutoff frequency and « the coupling
strength between system and environment. This widely used
expression is particularly suitable for the numerically exact
HEOM approach [15,27,28] employed in the present work.

We further assume an initial product state of system and en-
vironment, psg(0) = ps(0) ® pp with the bath in the thermal
state pgp = e PHp/Z. With these assumptions, a formally ex-
act expression for the dynamics of the reduced system can be
written in the path-integral formalism, where all the informa-
tion regarding the environment is encoded in the correlation
function [29]:

Ct) =Y Igal*([an(t) + af()][a,(0) + af(O)])p,,  (7)

which can be expressed in terms of the spectral density of the
environment according to

1 i @)
C(t)—E/dwe [ fa" ()

Within the HEOM approach the integral (8) can be com-
puted by means of the residue theorem in the form C(¢) =
>, me ", where {n;,y,} are determined according to the
Padé decomposition scheme [30], and the reduced system
density operator is obtained resorting to a hierarchy of cou-
pled equations for auxiliary density operators, which can be
truncated and solved numerically with high accuracy. This
provides access to the full reduced dynamics, enabling a direct
computation of the non-Markovianity measure as defined in

Eq. (3).

IV. FLOQUET-LINDBLAD MASTER EQUATION

The periodicity of the driving allows us to exploit the ex-
tension of Floquet theory to open quantum systems. Floquet’s
theorem states that the time-evolution operator determined
by a time-periodic Hamiltonian, Hg(¢) = Hs(t + T) with T =
21 /wyp, admits the representation

U) = Z | (1)) (ux (0)] ™", €))
k

where the states |ui(t)) are known as Floquet states, which
form an orthonormal basis of the Hilbert space for each
fixed time ¢, and the real constants ¢; are the associated
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quasienergies [31-38]. This decomposition offers a natural
framework for deriving in the weak-coupling limit and for not
too low driving strength a time-dependent Markovian master
equation for periodically driven open systems, known as the
Floquet-Lindblad master equation [1,16,17,39,40], which we
will use to benchmark and theoretically explain our results
obtained by means of numerically exact techniques. In the
interaction picture it takes the form

d
77 Ps(0) = Dlps(t)] (10)

where the dissipator is given by

# ot
Dipl =Y y(wr)| Alwr)pA (wr) - 1A' (@p)A(wr). o},

3
(1)

with jump operators expressed in the Floquet basis as
Alwp) = ZCZ |u:(0)) (u; (0)], (12)

i,j,n
and decay rates
_ J(wr)

y(wr) = 1= oFor " (13)

The Floquet frequencies wp are given by differences between
quasienergies and harmonics of the driving frequency, so that
the sum in (12) is to be extended over the set of indices
i, j, n that satisfy the condition €; — €; — nwy = wr. The co-
efficients are the Fourier components of the coupling operator
in the Floquet basis, namely,

Tar ..

C?j=/ e " (ui ()] o |uj (1)) . (14)
o T

V. NUMERICAL RESULTS AND THEORETICAL
INTERPRETATION

In the simulation, the environmental parameters were kept
fixed while increasing the driving amplitude €2, and the
non-Markovianity measure N of Eq. (3) was computed by
maximizing over 1000 randomly drawn initial pairs of orthog-
onal states.

As shown in Fig. 1 (top) the results exhibit a distinctive
peaklike structure. In order to explain this behavior, we carried
out a systematic numerical investigation of the relaxation rates
as a function of the driving amplitude 2. The time evolution
of the matrix elements piSj(t) of the reduced system density
matrix was fitted to an exponentially decaying envelope func-
tion of the form f;;(¢) e”"/%i in order to extract the decay
time 7;; of each element. The overall system decay time was
then defined as T = max; ; 7; ;. The extracted decay times
provide a quantitative estimate of the relaxation rates and
are depicted in Fig. 1 (bottom). The simulations reveal a
peaklike structure also for the relaxation time, with a clear
correspondence to the non-Markovianity peaks. We can gain
further physical insight into the origin of these numerically
observed effects by analyzing the dependence of the system’s
quasienergies appearing in Eq. (9) on the driving amplitude
Q. These quasienergies can be computed numerically using
standard tools [27] and are shown in Fig. 2. Upon comparison
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Q (drive amplitude)

@ Max Positions
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FIG. 1. Non-Markovianity (top) and relaxation time (bottom) of
the driven spin-boson model as a function of the driving amplitude
Q for resonant driving. Parameters in units of the system frequency
wq are kgT = 1.0, = 0.1, and w. = 1.0.

with Fig. 1 we observe a clear one-to-one correspondence be-
tween quasienergy crossings and peaks in non-Markovianity,
suggesting a deeper physical origin for the peak structure.

0.4

0.2 A

0.0 1

—-0.2 1

€1,2 (quasienergies)

—0.4

0 2 4 6 8 10
Q (drive amplitude)
FIG. 2. Quasienergies of the driven spin system as a function

of the driving amplitude €2, for the same parameters considered in
Fig. 1.

022203-3



FOLLIA, VACCHINI, AND BREUER

PHYSICAL REVIEW A 113, 022203 (2026)

To provide a microscopic understanding of the obtained
results we consider the Floquet-Lindblad master equa-
tion Eq. (10), which provides a good approximation for the
dynamical description in the weak-coupling regime, in both
the degenerate case in which the quasienergies coincide and
the nondegenerate regimes away from the quasienergy cross-
ings.

Starting from the nondegenerate case, namely, €, # €3,
we determine the jump operators according to Eq. (12) by
numerical evaluation of the Fourier components defined in
Eq. (14), which yields ¢} | = —c5 ,, ¢ || =[5, = é(én,l +
8n.—1), and ¢ , = (¢5 )" & 8,0 (see Appendix B for further
details). The Lindblad jump operators for the nondegenerate
case are thus given by

Aler —€1) = ug) (uz| = Z,
A(wo) = +(Jur) (ur| — |ua) (ua) = £ 5., (15)

where |u;) = |u;(0)) was used to simplify notation, and the
Floquet basis has been used to define a representation of the
su(2) algebra with Pauli operators ¥4 and X,. Thus, we have
three Lindblad operators: The operators A(wr ) and AT (wr) =
A(—wp) describe upward and downward transitions between
the Floquet states |u;) and |up) with transition frequency
wr = (€] — €;), while A(wg) represents elastic-scattering
processes at the resonant frequency wr = wg. According to
Eq. (11), given the jump operators defined in Eq. (15) the
Floquet-Lindblad dissipator in the master equation for the
nondegenerate case is given by

1
Drplps(t)] = m[E—PS(I)ZJr - §{E+2—7 /Os(t)}:|

1
+ V¢[2+ps(l)2— — B2 ,Os(t)}}

+ 25 [Zps(0: = ps(0). (16)
where ND stands for nondegenerate and the rates read

y, =J(e2 —€)(N(ea —€1) + 1),
v =J(e2 — €))N(e2 — €1),
¥. = J(@o)(2N (wp) + 1), )

with N(w) = (e#® — 1)~! the Bose-Einstein distribution.

We can now solve for the time evolved density ma-
trix of the reduced system using the basis defined by the
Floquet states, namely, pg’ (1) = (u;| ps(t) |u;). The popula-
tions pg’i (t) decay exponentially to their equilibrium values
with relaxation time gt = 1/(y; +y;), while the off-
diagonal elements pg’ () are exponentially suppressed on the
timescale op ¢ = 1/[(y, + v4)/2 + 2./251.

The degenerate case, in which the two quasienergies of the
system coincide, so that €; = €, and a crossing occurs, leads
to a different set of jump operators. Indeed, exploiting the
previous evaluation of the Fourier components we find

A0) = |uz) (ur| + |ur) (ua| = 2y,
Alwo) = F(lur) (ur] — |u2) (u2]) = £ 2., (18)

which yields the Floquet-Lindblad dissipator

Dolps()] = vl Bxps(t)Ex — ps(t)]

+ %[zzpsmzz —ps].  (19)

where D stands for degenerate and we have further introduced
the rate

ye = lim J(@)2N() + 11, (20)

While the jump operator A(wy) for elastic scattering and the
associated rate y, are the same as in the nondegenerate case,
transitions between Floquet states |u;) and |u;) are described
by the jump operator A(0) = X, with transition rate y, given
by (20). The emergence of the jump operator ¥, can be
understood from the fact that both the transition |u;) — |u;)
and the reverse transition |uy) — |u;) correspond to zero tran-
sition frequency and, hence, the associated jump operators add
coherently.

Similarly to the nondegenerate case, the dynamics can be
solved using the Floquet-state basis. For the diagonal ele-
ments, we still have exponential relaxation to the equilibrium
value with decay time r]‘)hag = 1/y,. However, the real and
imaginary part of the coherences, while still exponentially
vanishing, have different relaxation times, namely,

3T (Re) = 25/(2.),
t]gff—diag(lm) = 1/[2(7/x + yz/zs)]’ (21)

and comparing Eqs. (16) and (19) we can immediately
observe a fundamental change in the dissipation channels
appearing in the Floquet-Lindblad master equation. Indeed,
in the nondegenerate case of Eq. (16) three jump operators
appear, namely, ¥, X_, and X, whereas in the degenerate
case only two dissipation channels are present: X, and X,.
Importantly, since all y’s are of the same order of magni-
tude, although all matrix elements decay exponentially in both
cases, the different combination of jump operators leads to the
fact that the relaxation time associated with the real part of the
coherences in the degenerate case is significantly longer than
all other timescales:

off-diag off-diag off-diag _diag _diag
T (Re) > 1 (Im), iy 5 Tp s Tnp 22)

as follows from Eq. (21). This feature highlights the emer-
gence of a nearly decoherence-free subspace along the
direction of the x component in the Floquet basis. In such
a way, we can explain the longer relaxation times observed
numerically at the quasienergies crossings. We further note
that, in our analysis, the role of the spectral density is lim-
ited to the determination of the relative weights of the decay
coefficients, which makes the presented mechanism of rather
general nature. These longer relaxation times allow for more
information backflow processes to take place, resulting in
the non-Markovianity peaks observed numerically. Indeed,
as shown in Appendix A, the non-Markovian behavior is
determined by small but persistent information backflow pro-
cesses that accumulate during the dynamics. The longer the
relaxation time, the higher the non-Markovianity measure of
Eq. (3). Since this backflow process may persist until the last
component of the reduced system reaches its limit value, it
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is ultimately determined by the maximum among the relax-
ation times, thereby justifying the choice presented in Fig. 1.
Indeed, as discussed below, the optimal pair maximizing the
measure of Eq. (3) corresponds to eigenstates of X, the co-
herences of which decay on a timescale given by 73" ““%(Re).
This analysis further accounts for the monotonic increase with
driving amplitude of the relaxation time peaks’ height that
can be observed in Fig. 1. This behavior stems from the
slight decrease of the value of the coefficient c%’l [Eq. (14)]
for increasing €2 when evaluated in correspondence of the
quasienergies crossings (see Appendix B for details), which
leads to a corresponding increase in 7 *“¢(Re). Note that
this argument holds in the regime of validity of the Floquet-
Lindblad master equation, that is, for driving strength high
enough, which explains the missing first peak in the relaxation
times of Fig. 1. In fact, for the corresponding value of €2
neither the value of Re(c}_z) is close to 1, nor can |Ci,1| be
approximated by %

We stress that this mechanism of suppression of deco-
herence does not depend on a specific choice of parameters
and is remarkably robust. In Appendix C we analyze the
behavior of relaxation times and non-Markovianity for non-
resonant driving and different cutoff frequency, that confirms
the appearance of the peaks and their correlation with the
quasienergy crossings, further demonstrating the reliabil-
ity of our findings. Our analysis differs substantially from
previous suggestions in the literature. In [41] decoherence
suppression was observed at quasienergy crossings but on
the basis of a different mechanism without emergence of a
decoherence-free subspace. The study was conducted relying
on high-frequency and static approximations to account for
the influence of the driving, so that it requires very low tem-
peratures. In the present work, we treat the Floquet-Lindblad
master equation numerically, evaluating the corresponding
Fourier coefficients, so as to obtain a finer analysis that puts
into evidence the appearance of a protected channel that al-
lows for peaks of the non-Markovianity measure that are
determined by the presence of a suitable protected pair of
states. The protection mechanism considered in [9] appeared
at extremal points of the quasienergies and considered spe-
cific sources of noise; it is no longer valid in the presence
of quasienergies crossings. In the recent work [42], the au-
thors identify a coherence-protection mechanism that is again
linked to the presence of quasienergy degeneracies. Their
analysis, however, relies on a partial secular approximation
that does not capture the subtle interplay between the degen-
eracies and the behavior of the exact Fourier coefficients ;.
The latter govern the existence of a decoherence-free channel
in the time evolution, a feature that is crucial for the emer-
gence of the non-Markovianity peaks.

The interpretation given above is further supported by the
detailed investigation of the initial pair of states maximizing
the non-Markovianity measure of Eq. (3), which according
to [43] has to be orthogonal and therefore given by pure
states for a two-level system. Each pair is thus determined
by a single pure state. We have numerically determined the
maximizing pairs of pure states for different values of the
driving amplitude 2 and visualized the results in Fig. 3. It
clearly appears that the states leading to the highest value of

I 0.040

- 0.035
F 0.030

F0.025

Lo.o20 MQ)
L 0.015

r0.010

I0.00S

FIG. 3. Pure states defining optimal pairs which maximize the
non-Markovianity measure N for each value of the driving ampli-
tude Q2. To simplify the visualization, all states are displayed in the
positive octant of the Bloch sphere, with the corresponding non-
Markovianity measure represented as a heatmap. The highest values
of non-Markovianity corresponding to the red points are indeed
obtained for pure states in the x direction.

non-Markovianity are given by the eigenstates of X, namely
in Bloch notation by the states ,o?’B 0) = %(]I + X,). Indeed,
this pair of states maximizes the real part of the coherence
which is protected from dissipative effects in the degenerate
case, thus leading to long-lasting processes of information
backflow.

VI. CONCLUSIONS AND OUTLOOKS

We have investigated the role of memory effects in the
spin-boson system under external periodic driving, highlight-
ing and explaining a peak structure in the non-Markovianity
measure based on the trace distance approach [14] as a
function of the driving strength. The numerical evidence ob-
tained using the HEOM technique has been interpreted by
means of Floquet theory, through the analysis of the oper-
ator structure of the Floquet-Lindblad master equation. At
driving strengths corresponding to crossings of the Floquet
quasienergies, the master equation undergoes a structural
change and a nearly decoherence-protected subspace arises.
This is evidenced by the emergence of much longer relaxation
times and a corresponding signature in the non-Markovianity
measure. These findings provide complementary insights into
coherence protection compared to previous work [9,41,42],
suggesting a universally valid mechanism that does not
rely on low-temperature regimes or highly specific environ-
mental features. Furthermore, our results reveal a peculiar
mechanism linking extended coherence times and enhanced
non-Markovianity, to the extent that the maximizing pair of
initial states can be identified at the quasienergy crossings by
the one maximizing the coherence time, suggesting a strategy
for the efficient control of memory effects by periodic driving.
This opens avenues for applications requiring long-time co-
herence preservation in open quantum system dynamics, such
as solid-state qubits used for quantum computation.
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t (time)

t (time)

FIG. 4. Time dependence of the trace distance at quasienergy
crossings for two different values of the driving strength 2. Solid
red line, initial pair maximizing non-Markovianity; dashed blue line,
randomly drawn initial pair of states. Top and bottom panels corre-
spond to 2 = 4.24w, and 7.44w,, respectively.
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APPENDIX A: TRACE DISTANCE BEHAVIOR

In this Appendix we provide evidence for the attribution
of the non-Markovianity peaks to the appearance of longer
coherence times. To this aim we analyze the time evolution of
the trace distance.

In Fig. 4, we plot the behavior in time of the trace dis-
tance for two distinct values of the driving amplitude €2, both
corresponding to quasienergy crossings. The trace distance
is evaluated for both the pair of orthogonal states maximiz-
ing non-Markovianity and another randomly chosen pair of
initial states. It can be observed that at quasienergy degener-
acy information backflow processes are small but persistent

throughout the entire time evolution. This behavior allows us
to link non-Markovianity to longer coherence times: as the
coherence time increases, the non-Markovianity measure of
Eq. (3), that is given by the sum of the heights of the revivals,
Srows.

APPENDIX B: NUMERICAL EVALUATION OF ¢} ;

The coefficients ¢} ; defined according to Eq. (14) play
a central role in determining the structure of the Floquet-
Lindblad master equation and, consequently, the system’s
dynamics, since they determine according to Eq. (12) the jump
operators. In this work, we employ suitable approximations
for these coefficients, based on their numerical evaluation,
which is detailed in this appendix. The coefficients are the
Fourier components of the coupling operator in the Floquet
basis, defined in Eq. (14), which we report here for conve-
nience:

T

dr .

Cf/:f %e_mwm (ui(t)] oy (1)) . (B
0

They can be computed numerically by standard means. We
evaluate the time evolution of the Floquet basis states using
the QUTIP library [15,27,28] and then implement a discrete
Fourier-transform algorithm. The validity of the relationships
¢l =—cy, and ¢, = (c5 )" already presented in Sec. V
leads to the evaluation of only two coefficients sets, namely,
¢l and cf,, with n € Z. For the sake of clarity we first
provide in Fig. 5 the Fourier coefficients for two fixed values
of the driving amplitude 2 representative of the degenerate
and nondegenerate cases. We then explicitly show in Fig. 6
the €2 dependency of the relevant coefficients.

In Fig. 5(a) the Fourier components ¢}, evaluated at a
crossing point of the quasienergy (speciﬁczilly Q =4.27wp)
are shown. Similar results are obtained for all values of the
driving strength corresponding to quasienergy crossings, as
we shall see considering the dependence of the coefficients
on the driving amplitude 2 in Fig. 6. From this, we can
deduce that the imaginary part of cf , is negligible compared
to its real part for all n. Moreover, the only real component
significantly different from zero is obtained for n = 0, which
can be approximated by 1, leading to

Cly A 8uo. (B2)

On the other hand, the only relevant coefficients of the
diagonal components correspond to n = +1 and can be ap-
proximated by 0.2, so that we have

6’11,1 ~ %(an,—l + 811,1)- (BS)

In Fig. 5(b), the Fourier components are shown for the non-
degenerate case (specifically 2 = 6.5wy). It is evident that
approximation (B2) still holds, while the approximation (B3)
is no longer valid. In particular, all coefficients ¢} | appear to
be negligible in this regime. ’

According to Eq. (12) in the degenerate case we are left
with the Lindblad operators specified in Eq. (18), while in
the nondegenerate case we have to consider the operators
Eq. (15), thus leading to two different master equations. These
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FIG. 5. Comparison between Fourier components ¢;; for degenerate and nondegenerate cases. (a) Coefficients Re(c{, ), Im(c{,), and cf, as
a function of n for Q2 = 4.27w,, corresponding to a quasienergy crossing. (b) Same quantities for 2 = 6.5w,, away from the crossing. The
imaginary part of cf, is negligible for all n, while ¢/, is appreciably different from zero only in the degenerate case for n = 1.
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FIG. 6. Fourier components c}; as a function of the driving
amplitude 2. The dashed vertical lines denote the quasienergy
crossings.

observations motivate a more detailed analysis of the depen-
dence of ¢, and c|, on the driving amplitude €. From
Fig. 6 (top), it can be seen that approximation Eq. (B2) for

120
—— T (HEOM) ®
off-diag
o T Re
100 D (Re) °
2
= 807 °
C
°
T 60 °
x
o
p
— 404 [ ]
~
20
0 2 4 6 8 10

Q (drive amplitude)

FIG. 7. Comparison between relaxation times obtained by
HEOM simulations and relaxation times for the real part of the
coherences in correspondence of quasienergy crossings obtained by
the analytical solution of the Floquet Lindblad master equation in the
degenerate case.

the coefficient ¢ , remains valid for all Q % 2.0wo, thereby
confirming its general applicability. The behavior of ci 1
shown in Fig. 6 (middle), is more intricate, as it exhibits sign
changes. However, due to the explicit expression of the jump
operators, only the relative phase between ¢}, and cj, is
relevant for determining the Floquet-Lindblad’master e’qua-
tion. Therefore, the sign change is irrelevant in light of the
relation ¢ | = —c} ,. Thus, for simplicity we can restrict the
analysis to the absolute value |ci’1|. The plot of |c%’1| as a
function of the driving amplitude in Fig. 6 (bottom) confirms
the validity of approximation Eq. (B3) at the quasienergy
crossings. Importantly, as the driving amplitude €2 increases,
the value of |c] || at the crossings slowly decreases. This trend
plays a key role in explaining the secondary effect observed
in Fig. 1, namely the increase of the coherence time peaks
with increasing €2. Indeed, using the numerically computed
values of c} , (see Fig. 6), the relaxation time of the real
part of the coherences at the quasienergy crossings can be
accurately determined by inserting the numerical value into
Eq. (21), instead of using the approximate value |c%’1| = %,
according to

M (Re) = ————. (B4)
2‘C%,1| Vz

The relaxation times obtained from Eq. (B4) inserting the
values used in the simulations for « and w,. to evaluate y, are
plotted in Fig. 7 and compared with those extracted from the
HEOM simulations.

The results show excellent agreement between the two
quantities. In particular, the monotonic increase of the re-
laxation times with the driving amplitude €2 is accurately
reproduced, further supporting the validity of our interpreta-
tion and its predictive power.

In the nondegenerate regime, c; | varies significantly with
2, but it remains consistently smaller than C(1),2’ so that this
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FIG. 8. Relaxation time (left) and non-Markovianity (right) for the driven spin-boson system with reduced cutoff frequency w, = w,/2.
Red dots denote the maxima positions. The driving frequency is set to the resonant value w = wy, so that quasienergy crossings occur at

Q = {1.05, 2.68,4.27,5.85, 7.43, 9.00} .

dependency does not influence our analysis. As a result, the
dissipative channel associated with X, always has the smallest
rate. For simplicity, we have approximated the absolute value
of c}’ | by its average value over the considered values of the

driving strength, leading to ¢{ | ~ 0.2.
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APPENDIX C: DEPENDENCE ON CUTOFF
AND DRIVING FREQUENCY

We emphasize the robustness of the emergence of these
peaks in the relaxation times, and hence of non-Markovianity,
at quasienergy crossings, by presenting numerical simulations
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FIG. 9. Relaxation time (left) and non-Markovianity (right) for the driven
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spin system with off-resonant driving fre-

quency ® = 0.8wy (top) and w = 1.2w, (right). Red dots indicate the maxima corresponding to quasienergy crossings at Q =
{0.76, 2.10, 3.39, 4.66, 5.92, 7.19, 8.45, 9.71}w, (for = 0.8wy) and 2 = {1.32, 3.24, 5.14, 7.04, 8.93}w, (for v = 1.2wy).
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in different parameter regimes. In the simulations presented
in Sec. V, the cutoff and driving frequencies are chosen to
be equal to the two-level system energy splitting, i.e., w, =
w = wg. Here, we consider the behavior of relaxation times
and non-Markovianity for a different cutoff frequency. In
Fig. 8 we present the numerical results of relaxation times
and non-Markovianity for w, = wy/2. The peaklike structure
in both the relaxation times and non-Markovianity, as well
as the one-to-one correspondence between the peaks, are
immediately seen to be preserved by modifying the cutoff
frequency.

Furthermore, we consider the situation in which the driv-
ing is not resonant. Indeed, the mechanism considered in
this work takes place at the quasienergy crossings that
appear for any driving frequency. In Fig. 9 we present
the numerical results for relaxation times (left panels) and
non-Markovianity (right panels) in both the red detuned and
blue detuned cases, w = 0.8wy and 1.2wy, respectively. It
can be observed that the peak structure is maintained even
under the two off-resonant conditions. Moreover, the exact
correspondence between quasienergy crossings and the peaks
in non-Markovianity and relaxation times remains preserved.
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