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Energy preservation of a motion-assisted quantum battery

in a lossy cavity
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Abstract: As a potential alternative energy source in the quantum regime, a quantum battery inevitably ex-
periences a process where the extracted work decreases due to the environmental decoherence. To inhibit the
energy dissipation, we have put forward a scheme of a moving atom battery in a lossy cavity coupled to a
structured environment. We investigate the dynamics of the maximally extracted work called the ergotropy
by the open quantum system approach. It is found out that the decay of quantum work is significantly re-
tarded in the non-Markovian environment. In contrast to the static case, the storage performance of the
quantum battery is improved when the atom is in motion. The effect of energy preservation becomes more
pronounced at higher velocities. Both the momery effect and motion control can play a positive role in ex-
tending the discharge lifetime. In addition, we have investigated the effects of environmental temperature,
random noises, and quantum entanglement. These present results provides a feasible protocol for the open

quantum battery.
Key words: quantum battery; non-Markovian dynamics; ergotropy
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1 Introduction

In recent years, researchers have explored vari-
ous quantum thermodynamic devices with different
functions. The representative quantum thermody-
namic devices involve quantum heat engines!''?,
quantum refrigerators!'*'%l, quantum thermal val-

and

vesl!7-19],

quantum thermal amplifiers”-*%,

quantum thermal rectifiers™!. In quantum thermody-
namic regime, microscale devices storing energy
have become a research hotspot so far. Similar to
classical batteries, quantum batteries with quantum
effects have become a nascent direction in the de-
velopment of nanoscale devices. Up to now, some
experimental schemes of quantum batteries have
been put forward, including solid quantum bat-

26-29
1 and

teries® !, topological quantum batteries!
spin quantum batteries?*??. The study on quantum
battery has also fostered the advancement in the

33]

fields such as quantum information®, quantum

sB*31and quantum optics®®. There

thermodynamic
are some valuable studies on how to utilize other
quantum effects to enhance the performance of
quantum batteries, such as quantum entanglement
and uncertainty relations®’="),

Because of the experimental feasibility, much
more attention have been paid to a practical
quantum battery composed of atoms confined in an
optical cavity. In the cavity quantum battery, the im-
pact of the environment on quantum extracted work
is inevitable in a lossy cavity. Therefore, it is valu-

40-46

able to study open quantum battery™*-*!. The dynam-
ics of open quantum systems can be classified into
two types: Markovian evolution and non-Markovi-
an one. The later evolution embodies the memory
effects of the environment. In previous protocols,

most of quantum batteries were in a stationary state.

doi: 10.37188/C0O.EN-2025-0015

CSTR:32171.14.CO.EN-2025-0015

In some ueage scenario, we need to take into ac-
count the supply of energy to a moving quantum
device. Moreover, achieving a static state for atoms
in a cavity is a challenging task. Recently, the
impact of the translational motion of atoms on
quantum information has been investigated™-%. It
has been demonstrated that the motion of qubits has
a positive effect on the entanglement preservation in
Markovian or non-Markovian environments. These
present results motivate us to study the motion ef-
fects of quantum battery on energy preservation.
The structure of the paper is organized as fol-
lows. In Sec. 2, we introduce several notable per-
formance metrics of quantum batteries. In Sec. 3,
we establish the physical model of a moving
quantum battery in a lossy cavity. We investigate
quantum evolution of the atom moving at a control-
lable velocity. In Sec. 4, the performances for the
moving quantum battery can be obtained. Finally, a

discussion concludes the paper.

2 Performance indicators of a quan-
tum battery

As a quantum battery with a good performance,
it should be capable of storing sufficient energy and
releasing as much of it as possible. Usually, quan-
tum batteries are charged or discharged through
time-dependent auxiliary fields. The time evolution
of the quantum state of the quantum battery is unit-
ary, and the stored energy at arbitrary time can be

expressed as

Eb =Tr [HBpB(t)] —Tr [HBpB(O)] 5 1

where Hy is the Hamiltonian of the quantum bat-
tery and pp(#) denotes the state of the quantum bat-
tery at time 7. In the process of extracting energy, a

cyclic unitary operation needs to act on the quantum
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battery. The unitary operation is generally realized
by the interaction between external suppliers and
quantum battery.

According to the laws of thermodynamics, it is
impossible to convert the total energy into effective
work without any thermal loss. Similar to classical
batteries, quantum batteries also experience the
spontaneous discharging process due to the interac-
tion with the environment. To evaluate the perform-
ance of a quantum battery, ergotropy which is the
maximum extractable work and the corresponding
efficiency are defined as:

W, = Tr[pg(1)Hg] - Tr(0,, Hg), 1= E
b

where o, is a passive state and no amount of work
can be extracted from this passive state. In the same
Hilbert space, the battery Hamiltonian Hy and an
evolved state pg(?), can be expanded in their eigen-
bases, respectively,

H; = Zsj |8j><8j|, gin=¢gNj

1

P =D )l sV (3D
The eigenstates |sj> of Hy are arranged in the
increasing order and the corresponding ones )rj) of
the battery state in the decreasing sequence. The
passive state can be expressed in the following form
of
UPBZer|8j><8j| . (4)

J

For a two-level battery Hp = fiwy|1)(1|, the
density matrix of the battery state is represented by
P = Z PO (Jl, where |1),]0) are the excited

i,j=0,1
state and ground one, repectively. The parameter wq

denotes the energy gap where /i =1 is assumed. In
the Bloch representation, the state can also be ex-
pressed as pg = (1+F-6)/2, where F= (r|,15,73)" is
the Bloch vector and & = (6,,5,,6) are the Pauli
matrices. The ergotropy for a two-level quantum

battery can be obtained as

W, =@(|7|+r3):

1 1
hwo[§ _P11+§\/(2p11—1)2+4p01p10 - (5

During the spontaneous discharging process in-
duced by the interaction of the environment, the er-
gotropy will decline to a stable value A over a cer-
tain time interval. We define this time interval as the

discharge lifetime 7.

limW,()=A . (6

-7

If the value of A is zero, it indicates that the ex-
tracted energy of the battery is completely dissip-
ated. If the value of A is non-zero, the energy pre-
servation of quantum battery can be realized. When
the spontenous discharge lifetime is longer, the ef-
fect of the energy preservation is more pronounced.
To better the storage performance of quantum bat-
tery, we try to enhance the ergotropy and extend the

spontenous discharge lifetime.

3 Model and discharge process

We consider a two-level atom which is mov-
ing at a constant velocity in a leaky cavity, illus-

trated in Fig. 1 (color online).

o

SO
—

X

Fig. 1 Schematic diagram of an open quantum battery
composed of a moving atom in a lossy cavity. The
quantum battery moves at a constant velocity along

the z-axis in the cavity

The direction of motion is restricted to the z-
axis. The atom undergoes a translational motion de-
scribed by the trajectory z = vt . The motion manip-
ulation can be accomplished by applying an appro-
priate external electric field. The coupling between

the atom and external field will induce a Stark shift
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which contributes to the motion of the atom. The
total Hamiltonian of the whole system is expressed

as

H=Hy+ Z wkazak + [Z s fiao, + H.c.],
k k
7

where o, are the atomic inversion operators, g
the coupling between the atom and the reservoir,
and a; and a, are the creation and annihilation oper-
ators of the kth mode with frequency w; of the
reservoir.

When the atom moves along the z-axis of the
cavity at a constant velocity, the shape function
fi(z) can characterize the couplings between the

moving atom and the environment

fi@) =sinfw (Bt —1)] (8)

where I = L/c with L being the size of the cavity.
In addition, the velocity parameter is 8 =v/c where
¢ refers to the light velocity.

In the one-excitation space, the initial state of

the whole system can be written as

[¥(0)) = colpo) + 1Oy - 9
Here, [¢/o) =10)5 ®10)g, /1) =1)5 ®10); and |0)g is

the vacuum state of the environment. After the time,

the state evolves as

[¥() = Co|¢’0>+01(t)|¢11>+20k(l‘) ey, (10D
T

where [¥) =|0)s ®|1:)E, |14)g represents the single-
photon state in the k-th mode of the environment.
By solving the Schrédinger equation, a closed integ-
ral differential equation respect to ¢,(¢) can be for-

mulated as

é4(t) = —jof F(t—t)e,(Odt;, (11

where the kernel F(z—1,) is given by a certain two-

point correlation function of the reservoir,

F(t-1)= ff(w)fk(Z)fk(Z’) expli(wp —w)(r —1)]dw.
(12>

For a structured environment, Z| alt —

IJ(w)dw is considered where J(w) is the spect-
ral density function and describes the reservoir
spectrum. In a cavity QED system, a general form
of Lorentzian spectral density is taken into acco-

unt,

Yo e

—_— (13)
(wg—w—08)"+ A2

1
J((x))—ﬂx

where 0 = wy—w, is the detuning between atomic
frequency w, and the center frequency of the struc-
tured environment w, . The spectral width A repres-
ents the coupling strength between the system and
environment. The parameter vy, is closely related to
the decay of the atomic excited state under the
Markovian limit.

After a series of calculations, the correlation

function can be transformed into the following form
A
Fi—1)) = %exp [m(t—1,)] cosh[B(t—1,)], (14

where m =i(wp—-w.)—A, B =p(iw.+A1). Taking
the Laplace transform of Equation (11) yields

Yod s—m
= —X—mm——— . 15
J0 =X
Subsequently, the probability amplitude c,(¢) =
c1(0)é(¢) can be obtained via the inverse Laplace

transform L', where &(f) is expressed as

&=L ! . e

rod s—m
t T g
(s—m)”—p

In summary, the complete evolution of the
quantum state can be represented by the following

state mapping,
0% ®10)e — [0} &10),
|15 ®[0); -
EDDs 10+ VT-£(0) ) 10s@l1)e . (17
k

When an initial state of the quantum battery is
0 L. 0
/) = cos §|0>B +esin §|1)B and the reservoir is in

the vacuum state, the reduced density matrix of the

moving battery can be written as
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pe(0) =Tre [[¥@O) (PO = Zpu(t)liﬂjl ;

where

pi1=1=po = |Clé:(l‘)|2, P10 :Pm*ZCSle(t)- (18)

0
Here, ¢o =cos 5:C1= —e' sin 5 In the following,
we will study the spontenous discharge behavior of

the moving quantum battery.

4 Numerical results and analysis

We will investigate the spontenous discharge
process of the quantum battery under two kinds of
conditions. In the following discussion, we focus on
the motion effect on the dynamics of the ergotropy.
Meanwhile, the memory effect of the environment
on quantum battery is also explored in detail. The
velocity of the moving battery can be controlled by
varying the parameter f. The momery effect of the
environment is determined by the interaction str-
ength between the battery and environment. Acc-
ording to the previous study™, when A/, <0.5,
the evolution adheres to the Markovian dynamics;
whereas when A/y, > 0.5, the dynamical process
shows non-Markovian behavior.

It is shown that the revivals and oscillations oc-
cur during the discharge process in Fig. 2 (color on-
line). This kind of non-Markovian behavior results
from the momery effect of the environment. More-
over, the overall dynamical trend shows a decline.
The corresponding stable value of the ergotropy is
zero. In the static case of 8 =0, the ergotropy de-
cays rapidly to zero. It is insteresting that the pres-
ence of motion significantly can slow down the de-
cay of energy. With the increase of the motion velo-
city, the discharge lifetime is longer. Quantum co-
herence plays an important role in the energy preser-
vation of open quantum batteries. As the speed of
atomic motion increases, quantum coherence of
moving atoms can be maintained for a longer dura-
tion under the circumstance of environmental noi-

sest™, The high velocities can suppress the decoher-

ence of atoms in a cavity. Therefore, when the mo-
tional speed is increased, energy dissipation from
environmental decoherence can be decreased to a
certain extent. This result demonstrates that the ef-
fect of energy preservation becomes beneficial at
high velocities. This result demonstrates that the
translational motion effectively suppresses the spon-

taneous discharge process of the battery.

1.0
—--p=0
- - s =0.9%1071
08 f=1.2x10"10
—— B=1.5x10710

Fig.2 The dynamics of the ergotropy at different velocit-
ies in a non-Markovian environment for W; = 1x
10%y0, /70 =0.01, 6=n

In the Markovian regime, the evolution exhib-
its no oscillations, and the ergotropy decays mono-
tonically in Fig. 3 (color online). Similar to the non-
Markovian case, the significant increase in speed
contributes to enlarging the discharge liftetime. At a
certain time interval, the more energy preservation

can be obtained under the circumstance of high ve-

locity.
1.0
- =0
p=2x10710
08 _ﬁzsxloflo
_ 06
K]
= 04
0.2
0

0 0.5 1.0 15 20 25 30
t

Fig. 3 The dynamics of the ergotropy at different velocit-
ies in a Markovian environment for W, = 1x10%yy,
Alyo=5,0=mn

The discharge lifetime of the quantum battery
can serve as a metric for evaluating the effect of en-

ergy preservation. In Fig. 4 (color online), it is seen
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that the discharge lifetime of the quantum battery is
significantly longer in the non-Markovian environ-
ment compared to the Markovian one. Additionally,

increasing the movement velocity helps to suppress

1500
(a)
A
A
AA
A
1000 WA
A
A
= AA
AA
500 At
AA
N
ast
A
0
8.0x10°"  1.2x107°  1.6x107°  2.0x10°'°
B

the decaying rate of the quantum battery. Therefore,
to extend the discharge lifetime, we focus on in-
creasing the speed of the qubit in the non-Markovi-

an regime.

(b) ¢

2 ...o'.

0 2.0x107° 4.0x10° 6.0x10° 8.0x107
B

Fig. 4 The discharge lifetime as a function of atom velocity in bth Markovian and non-Markovian environments for

Wo = 1x10%0,6 = n. (a) Non-Markovian dynamics with 1/yy = 0.01; (b) Markovian dynamics with /yy =5

0.47

1.0x10°1° 12><10 10 1.4x10°1°

0.020

0.016

~ 0.012

0.008

0.004

Fig. 5 The contour of the discharge efficiency of a quan-
tum battery as a function of the coupling strength
and the velocity. We set the parameters as Wy = 1x
10%yy, 6 =m/2

Meanwhile, we investigate the combined im-
pacts of the velocity 8 and the coupling strength A
on the efficiency of quantum work extraction, which
can be used to demonstrate the effect of energy pre-
servation. As shown in Fig. 5 (color online), it is
shown that the increase in the velocity of the mov-
ing atom can give rise to improving the efficiency of
quantum work extraction. The result means that the
manipulation of moving velocity helps for inhibit-
ing energy dissipation at a certain extent.

In addition, other important factors also affect

the performance of quantum batteries. In the follow-
int, we will study the impacts of environmental tem-
perature, random noises and quantum entanglement
on the energy storage of batteries.

For example, the squeezed generalized amp-
litude damping(SGAD) channel is a Lindbladian
noise channel that incorporates environmental tem-
perature effects. The Kraus operators for this chan-

nel are given by

K = vpi| vl ‘1)}
-

K= V7| 10_# 1O—v]
K4E\/172i «/ﬁg""’" \(ﬂ L a9

where p;+p,=1.
v and ¢, can be obtained from Ref. [53]. The map

The expressions for p;,a,u,

&sgap governing the time evolution under SGAD
has the following Kraus representation: gsgaplp] =
K,pK| + K:pK} + K:pK! + K,pK;. It is evident from
Fig. 6 (color online) that lower temperatures are
more conducive to the storage of battery energy.
This is probably because the temperature rises, caus-

ing an increase in the system’s disorder and con-
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sequently resulting in the absence of quantum co-

herence.
‘\ —-- 7=
\ —_—
047", =2
\
\ o
- v N
S v
S v
02 \\ N
\ S
\\\\ ~ . -
\*\\ RS .
0 e R
0 0.5 1.0

Fig. 6 The plot of the ergotropy variation induced by tem-
perature changes inherent in the SGAD channel.

The parameter settings are s = 0.5 and ¢, =0

Besides it, we combine the environmental ran-
domness with quantum battery. We consider the
random telegraph signal which represents a wide-
sense stationary stochastic process characterized by
a zero mean. This model is pertinent to any two-
level quantum system undergoing interaction with
an environment that exhibits random telegraph sig-
nal noise. Similarly, the effect of RTN channels can

also be represented by Kraus operators®",

K;(v) = MI
V™ 2
K,(v) = ,/#@ . (20)

1.
Here, A(v)=e""[cos(vu)+ i sinv)l,  with  p =
) 9

ics is non-Markovian. We assume the initial state of

2a\’ 2a\’
— | -1l and v="9r. If || > 1, The dynam-

1
the atom to be [¥(0)) = —2(|€)+|g>), the state at

\/_

some later time ¢ is given by

exnlp] =K3p(0)K] + K,p(0)K] =

Lol
| 2 2 | QD
ZA Z
A5

It can be observed from Fig. 7 (color online)
that, similarly in a non-Markovian environment,

random telegraph noise also has a positive effect on

the ergotropy of the battery and on delaying self-dis-
charge.

From Fig. 8 (color online), we demonstrate that
quantum entanglement can enhance the efficiency of
energy transfer between atoms. In the condition of
entanglement, energy can be converted into usable
work more rapidly and effectively. The discharge
lifetime is large enough to ensure the high effi-

ciency of energy preservation.

0.5

0.4

0.3

Wy/w,

0.2

0.1

Fig. 7 The influence of RTN channel and atomic motion
on the ergotropy in quantum batteries. The red line
represents the moving atoms in Fig. 1, while the
blue line indicates the effect of the RTN channels.
The parameter settings are S=12x10"10, 6=mn/2,
a=0.05, '=0.001

1.0

W w,
(=]
W

0 100 200
t

Fig. 8 The ergotropy evolves in a quantum battery of two
simultaneously moving atoms. Atoms at the same
velocity, the red solid line represents the maximum
1
coherence state [¥b(0)) = —=(leg) +Ige))
V2

5 Discussions and conclude

As a feasible scheme in atomic quantum in-
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formation, it is valueable to investigate how to pre-
vent energy dissipation from environmental noise.
We have put forward a moving atom quantum bat-
tery in a cavity. We have explored the synergistic
effects of atom velocity and the environmental
memory on the spontaneous discharge performance.
In the Markovian case, the ergotropy of the quantum
battery undergoes a monotonical decay. Meanwhile,

in the non-Markovian condition, energy backflow

thus extending the discharge lifetime. Increasing the
velocity of the atom in a cavity will contribute to en-
hancing energy preservation, which can lengthen the
discharge lifetime of the quantum battery. The high
velocities helps to suppress the decaying of quantum
coherence which play a positive role in energy pre-
servation of quantum batteries. These results can of-
fer a novel approach for achieving superior storage

performance in the condition of environmental

occurs, causing oscillations in the ergotropy and noises.
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