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For a two-level atom in a lossy cavity, a scheme to manipulate the non-Markovian speedup dynamics has been pro-
posed in the controllable environment (the lossy cavity field). We mainly focus on the effects of the qubit—cavity detuning
A and the qubit—cavity coupling strength k on the non-Markovian speedup evolution of an open system. By controlling the
environment, i.e., tuning A and k, two dynamical crossovers from Markovian to non-Markovian and from no-speedup to
speedup are achieved. Furthermore, it is clearly found that increasing the coupling strength k or detuning A in some cases
can make the environmental non-Markovianity stronger and hence can lead to faster evolution of the open system.

Keywords: non-Markovianity, quantum speed limits, open system dynamics
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1. Introduction

All realistic quantum systems should be used as an open
system due to their unavoidable coupling to uncontrollable
environments.!!! Recently, how to understand and control the
dynamics of the open quantum system has attracted more and
more attention. Generally speaking, the dynamics of the open
quantum system must take into account the effects of the en-
vironment. The dynamics of this quantum system can be di-
vided into two categories: the Markovian dynamics without
the memory effects and the non-Markovian dynamics with the
memory effects. To date, many studies have demonstrated
that the memory effects of the non-Markovian dynamics of
the open system have played an increasingly important role

2=171 and experiments.['8-201 In the process of non-

in theory!
Markovian evolution of the open system, the non-Markovian
behavior of the system not only enables the entanglement and
coherence of the quantum system to revive!>!=23! but also ac-
celerate the quantum evolution speed of the system.[?4-2] Be-
sides, it is worth noting that the improvement of the quantum
dynamical speed of a quantum system!*’! by controlling the
non-Markovian effects of the environment is very significant
for quantum information processing.31-3]

So far, for detecting non-Markovian behaviors of open

[3.7.9.37.40-46] gaveral measure methods have

system evolution,
been proposed, such as the Breuer—Laine—Piilo measure based
on the distinguishability between different initial states of the

9 the Lorenzo-Plastina—Paternostro measure based

system, !
on the volume of accessible states of the system,*!! and so

on.['31 Based on the above measures, the non-Markovian evo-
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lution process can absolutely be detected. In Ref. [3], the au-
thor analyzed the non-Markovianity of the damped Jaynes—
Cummings model with detuning. Recently, a number of peo-
ple have focused on how to generate non-Markovian dynam-
ics behavior and speedup the dynamics of the quantum sys-
tem. In Ref. [24], the author considered the damped Jaynes—
Cummings model for a qubit resonantly coupling to a leaky
single-mode cavity and focused on the non-Markovian ef-
fects that could speedup the dynamics process in the strong
coupling regime. Then if we consider the damped Jaynes—
Cummings model with detuning in the weak-coupling regime,
can we acquire the non-Markovian speedup dynamics of the
system in the weak coupling regime?

With this question, we mainly study a generic damped
Jaynes—Cummings model with detuning of a two-level atom
interacting with a lossy cavity. We focus on the effects of de-
tuning A and the coupling strength kK on the non-Markovian
speedup behaviors of the open system. Here, the Breuer—
Laine—Piilo measure!! is used to describe the Markovian dy-
namics and non-Markovian dynamics. In order to measure
the extent to which the open quantum system accelerates, the
quantum speed limit (QSL) time?*4754 is used to define
the speedup evolutional process. Furthermore, two dynamical
crossovers of the quantum system, from Markovian dynamics
to non-Markovian dynamics and from no-speedup evolution
to speedup evolution, are achieved by manipulating the two
parameters, i.e., the qubit—cavity coulping strength x and the
qubit—cavity detuning A.

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11647171, 61675115, and 91536108).
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2. Theoretical method

We investigate a model that the qubit is coupled to a cav-
ity while the cavity is coupled to a Markovian reservoir. The
total Hamiltonian is given by (i = 1)

H = Hs + Hc + Hsc + Hcr, (D

where Hs = 0,0, 0_ is the qubit Hamiltonian, Hc = @w.a’a
is the cavity Hamiltonian, Hsc = k(0ya+ 6_a'") is the inter-
action Hamiltonian between the qubit and cavity, and Hcr =
Y gx(ab +a'by) is the interaction Hamiltonian between the
cavity and the Markovian reservoir. In the above expression,
a’ and a are the creation and annihilation operators for the
cavity with frequency @, b,j and by, are the creation and anni-
hilation operators for the £ mode of the Markovian reservoir,
o, =|e){g|, - =|g){e| and @ are the inversion operators and
transition frequency of the qubit, x is the coupling strength be-
tween the qubit and the cavity, and g is the coupling strength
between the cavity and the k mode of the Markovian reservoir.
Furthermore, in this paper, we consider that there is a detuning
between the frequency of the cavity field mode and the qubit
frequency, i.e., A = @, — .

We assume that the atom is initially in the excited state
and the cavity is in the vacuum state. The evolutional state of
the total system takes the form

9(2)) = a(1)[1)s]0)c +b(1)[0)s|1)c, 2

where a(t) and b(t) are the probability amplitudes of the
qubit and the cavity, respectively. Besides, the probability
amplitudes a(¢) and b(¢) of the system are governed by the
Schrédinger equation, from which we can obtain

ia(t) = xb(t) + wsa(r),
ib(t) = ka(t) + cb(t) — (1/2)Tb(t). 3)

Then the above equations can be solved by Laplace trans-
form. For convenience, we express the dynamics of the qubit
by the reduced density matrix in the system’s basis {|1),|0)}
as

plr) = (pu (0)a(r) por(O)a()” ) @
P10(0)a(t)  poo(0) + P11 (0)(1 —la(®)[?) )
where p11(0) =1 and p()()(()) = pl()(O) = p01(0) = 0. The
probability amplitude a(z) can be solved to give the exact solu-
tion by Laplace transform and inverse Laplace transform, i.e.,
a(t) = a(0)g(t), where
I Qr I +2iA Qt)

glt)y=e 2 (cosh4 + Tsinh 2

with Q = /(" +2iA)2 — 16x2.

From the expression of a(z), we try to explore whether
the dynamical behavior of the quantum system can be modi-
fied by the qubit—cavity detuning A, and the coupling strength
Kk between the atom and the cavity field. In other words, we
can change the dynamical behavior of the quantum system by
manipulating the dynamical behavior of the cavity field.

3. Non-Markovian dynamics control

In order to further illustrate the roles of the parameters
K and A, in what follows we would describe how to tune
the cavity field dynamics from Markovian to non-Markovian
by manipulating the qubit—cavity coupling strength x and the
qubit—cavity detuning A. A general measure N(&) for non-
Markovianity, which can be used to distinguish the Markovian
dynamics and the non-Markovian dynamics of the quantum
system, has been defined by Breuer et al.'! For a quantum
process @(t), p*(t) = ®(¢)p*(0), where p*(0) and p5(z) de-
note the density operators at time ¢ = 0 and at any time ¢ > 0 of
the quantum system, respectively, then the non-Markovianity
N(®) is quantified by

N(®) = max

! droft, p1,(0)], )
piz(O) Jo>0

with ot, p} ,(0)] being the rate of change of the trace distance,
and

ol p1a(0)] = < D(pI(), p3(1)).

The trace distance D describing the distinguishability between
the two states is defined as D(p;},ps5) = 3P} — p5||. where
|M|| = VMM and 0<D < 1, and oft,pj,(0)] < 0 corre-
sponds to all dynamical semigroups and all time-dependent
Markovian processes, while a process is non-Markovian if
there exists a pair of initial states and at certain time ¢ such
that o[t, pj ,(0)] > 0. That s to say, when o t, p7 ,(0)] > 0, the
non-Markovianity N(&) > 0. However, when o[t, p},(0)] <
0, the non-Markovianity N(®) = 0. We should take the
maximum over all initial states pj,(0) to calculate the non-
Markovianity. In Refs. [3] and [9], by drawing a sufficiently
large sample of random pairs of initial states, it is proved
that the optimal state pair of the initial states can be cho-
sen as 3 (0) = ([g) +1))/V2 and p* (0) = (|g) — [e))/V2.
Here, for this optimal state pair, the rate of change of the
trace distance can be acquired as oft,p} _(0)] = A la(t)|*.
Then the non-Markovianity of the quantum system dynam-
ics process from p*(0) to p*(¢) can be calculated by N(P) =
Ji(@la(P)]s0dr.

First of all, for the case of resonating, i.e., A =0,

g(t) = e ¥ <cosh (T) + g sinh T),

with Q = VT2 — 16K2. In Ref. [2], the author proposed that
the Markovian and non-Markovian regimes can be identified
by a critical coupling strength xr = I'/4. When k < kr in
the weak-coupling regime, the evolution is Markovian. How-
ever, when kK > Kt in the strong-coupling regime, the evolu-
tion is non-Markovian. Here, we mainly try to achieve the
non-Markovian dynamics behavior of the open quantum sys-
tem by tuning the environment (the lossy cavity field) in both
the weak-coupling and strong-coupling regimes.
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Fig. 1. (color online) (a) and (b) The rate of change of the trace distance o[r,p} _ (0)] as a function of the dimensionless time parameter I't. (c)
and (d) Non-Markovianity N () of the atom dynamics process from p§ = |e) (e to p3 as a function of the coulping strength x and the detuning
A between the qubit and the cavity. The parameters are (a) Kk = 0.2I"; (b) A =4I";(c)and (d) T=1.

To achieve our goal, the rate of change of the trace dis-
tance ot,p} _(0)] with respect to the dimensionless time pa-
rameter I 't for different A or x is plotted in Figs. 1(a) and 1(b),
respectively. By fixing k¥ = 0.2" in Fig. 1(a), for the case of
resonating, i.e., the solid-black line for A = 0, the Markovian
behavior of the quantum system could always appear in the
weak-coupling regime. However, if the qubit and the cavity is
detuning, i.e., A #0, in the case A =3I",4T", G[t,pi,,(O)] >0
would appear in the dynamics process, as shown in Fig. 1(a).
In other words, the non-Markovian dynamics of the open
quantum system could be acquired with increasing detuning
A. Similarly, by fixing A =4I in Fig. 1(b), for the case of
k = 0.1I", the Markovian dynamic of the open system would
occur in the weak-coupling regime. However, for the case of
kK =1I,2I, 5 in Fig. 1(b), oft,p5 _(0)] > 0 would occur at
a certain time in the strong-coupling regime. That is to say,
by fixing the value of A = 4I", the non-Markovian dynamics
of the quantum system could be acquired with the increase of
the coupling strength k. So it is interesting to find that the dy-
namical behavior of the quantum system can be controlled by
tuning the parameters of the whole system in both the weak-

coupling regime and the strong-coupling regime.

Next,
Markovianity of the quantum system.

we focus on how to manipulate the non-
In Ref. [3], the au-
thors considered the case with qubit-reservoir detuning and
acquired the non-Markovian behavior of the quantum system
by controlling the qubit-reservoir detuning A and the spectral
width A of the reservoir. In the following, we also acquire
the non-Markovian dynamics behavior of the quantum system
by tuning the qubit—cavity detuning A and the qubit—cavity
coupling strength x. In Figs. 1(c) and 1(d), we show how
to manipulate the non-Markovianity of the quantum dynamics
process by the qubit—cavity detuning A and the qubit—cavity
coupling strength x. In the inset of Fig. 1(c), there exists a
critical detuning A.. When A < A, in the case A =0, I, 3T,
the dynamics process abides by Markovian behavior. How-
ever, when A > A, in the case A =4I, the non-Markovianity
monotonically increases with increasing k. It is worth not-
ing that the dynamical crossover from Markovian behavior to
non-Markovian behavior (ps(0) — ps(7)) can occur at a crit-
ical qubit—cavity coupling strength xr; in Fig. 1(c). When
kK < Kr1, the dynamics process abides by Markovian behavior
and then the non-Makovianity increases monotonically with
increasing k. Furthermore, when k1| < K < K12 (Kr2 1S a spe-

010302-3



Chin. Phys. B Vol. 27, No. 1 (2018) 010302

cific value of k), the non-Markovianity increases with increas-
ing detuning A. However, when k1, < K < K3 (k3 is another
specific value of k), the non-Markovianity increases with de-
creasing A. After, the non-Markovianity increases with in-
creasing A. In Fig. 1(c), the change of the non-Markovianity
indicates that the increase of the detuning not only enhances
the non-Markovianity of the quantum system but also weak-
ens the non-Markovianity in some cases. The variation of the
non-Markovianity with respect to the detuning A for differ-
ent K is plotted in Fig. 1(d). It is worth noting that the non-
Markovianity increases with increasing k. In general, we can
manipulate the two parameters of the cavity field, i.e., the cou-
pling strength k and the detuning A, to achieve the transform
of the quantum system from the Markovian processes to non-
Markovian processes.

Finally, in order to further investigate how the qubit—
cavity coulping strength k and the qubit—cavity detuning A
affect the non-Markovian character of the quantum system,
the speed v of the quantum system evolution and the variation
rate dv/dz of the speed with respect to the coupling-strength
k and the detuning A are plotted in Fig. 2. Figures 2(a) and
2(b) show the speed v of the quantum system evolution as a
function of x or A at different A or k. It is worth noting that

3.0
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a dynamical crossover from the decelerate to speedup of the
quantum system evolution or from the speedup to decelerate
of the quantum system evolution can occur at a certain spe-
cific value of k or A in Figs. 2(a) and 2(b). In other words, the
coupling-strength x or the detuning A can derive the transition
between the Markovian dynamics process and non-Markovian
dynamics process.

Figures 2(c) and 2(d) show the variation rate dv/dr of the
speed as a function of x or A. In Fig. 2(c), we can clearly find
that the acceleration part (dv/dr > 0) of the quantum evolu-
tion process increases as the detuning A increases within cer-
tain ranges of coupling strength k. However, the speedup part
(dv/dr > 0) of the quantum evolution process decreases with
increasing detuning A in the other ranges of coupling strength
k. Furthermore, the variation rate dv/d¢ of the speed with
respect to A /I for different k is plotted in Fig. 2(d). It can be
seen very clearly that the speedup part (dv/d¢ > 0) increases
with increasing k. That is to say, the non-Markovianity be-
comes stronger with the increase of the coupling-strength x.
Combined with the above analysis, the purpose of the non-
Markovian dynamic control can really be achieved by control-
ling the dynamics of the cavity.
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Fig. 2. (color online) (a) and (b) The speed v of the qunatum system evolution as a function of the dimensionless parameter k/I" and A /I". (c)
and (d) The variation rate dv/dt of the speed of the qunatum system evolution as a function of the dimensionless parameter k/I" and A/T".
The parameters are (a) and (c) A =0, I",3I",4I"; (b) and (d) x =0.1I",I", 2I', 5I".
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4. Quantum speedup dynamics control

Recently, the authors of Refs. [24]{27] proposed that the
non-Markovianity in the dynamics process (p*(0) to p5(7))
can lead to faster quantum evolution. In our investigated
model, it is easily found that accelerating the evolution of
the quantum system can also be achieved by the control-
lable non-Markovianity discussed above. Then, in this sec-
tion, we mainly focus on how the qubit—cavity detuning A
and the qubit—cavity strength coupling x accelerate the evo-
lution of the quantum system. In order to characterize how
fast the quantum system evolves, here we use the definition of
the QSL time for an open quantum system,**/ which can be
helpful to analyze the maximal speed of the evolution of an
open quantum system. The QSL time between an initial state
p*(0) = |do){¢o| and its target state p*(7) for an open system
is defined as Tos1. = sin®[B(p*(0),p*(1))] /A", where

B(p*(0),p*(7)) = arccos /(9o|p*(7)[90)

denotes the Bures angle between the initial and target states
of the quantum system, and A7 = 77! [||p*(¢)||d? with the
operator norm ||p%(#) ||« equaling to the largest singular value
of p3(r). When the ratio between the QSL time and the driving
time equals one, i.e., TosL /T =1, the quantum system evolu-
tion is already along the fastest path and possesses no poten-
tial capacity for further quantum speedup. While for the case
TosL/ T < 1, the speedup evolution of the quantum system may
occur, and the shorter the 7qgsr./ 7, the greater the capacity for
potential speedup will be.

1.2

1.0

0.8

0.4

0.2

k/T

In the following, by considering the dynamics process in
which the cavity field starts in the excited state p*(0) = |e) (e

s

we discuss how the coupling strength k and the detuning A in-
fluence the non-Markovian speedup of the cavity field evolu-
tion process from p*(0) to the target state p*(7) with the actual
evolution time 7. In Fig. 3, we depict the QSL time 7qs1./7T as
a function of k or A, where the transtion from no speedup to
speedup is clearly shown. From Fig. 3(a), in the case A =0,
I', 3T", we can clearly find that there exists a critical coupling
strength kr. When x < Kr, TgsL. is equal to the evolution time
7. However, when ¥ > Kr, TosL /7T is always less than one.
In other words, the non-Markovian speedup behavior of the
quantum system can occur. Furthermore, while A = 4" in
Fig. 3(a), the QSL time is always less than the actual evolu-
tion time T with increasing coupling strength k. That is to
say, the non-Markovian speedup behavior of the quantum sys-
tem can always be acquired. Then a remarkable phenomenon
in Fig. 3(b) appears when «x is not large enough, 7gs;, would
have a sudden transform from 7Tgsr. = 7 to TgsL < 7 at a cer-
tain critical A.. When A < A, in the case k¥ = 0.1I", I', the
QSL time is actually the evolution time and then decreases
monotonically with increasing detuning A. However, when K
is large enough in Fig. 3(b), in the case k = 2I", 5I'", the QSL
time decreases with increasing detuning A. So it is clearly
found that the non-Markovian speedup behavior of the quan-
tum system from ps(0) to ps(7) can be acquired by controlling
the two parameters k and A of the environment.
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Fig. 3. (color online) The QSL time for the atom dynamic process as a function of the coupling-strength kx and the qubit-cavity detuning A.

The parameters are (a) A =0, 1",3I",4I"; (b) k =0.1I", I, 2I", 5T".

5. Conclusion

In order to achieve the non-Markovian dynamics control

of the quantum system, we investigate the generic damped

Jaynes—Cummings model with detuning of a two-level atom
interacting with a lossy cavity. We investigate the effects of
the qubit—cavity detuning A and the qubit—cavity coupling

strength k by manipulating the parameters of an adjustable
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environment. We find that two dynamical crossovers of the

quantum system, from Markovian to non-Markovian dynam-

ics and from no-speedup evolution to speedup evolution, can

be achieved by manipulating k¥ and A. Furthermore, we

also find that the speed of quantum system evolution can be

controlled by tuning ¥ and A. Finally, the non-Markovian

speedup dynamics control of the damped Jaynes—Cummings

model with detuning can be achieved by controlling the envi-

ronment (the lossy cavity field).
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