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Abstract

The performance of quantum technologies that use entanglement and coherence as a resource is
highly limited by the effects of decoherence due to their interaction with some environment. In
particular, it is important to take into account situations where such devices unavoidably interact
with surrounding. Here, we study memory effects on energy and ergotropy of quantum batteries
in the framework of open system dynamics, where the battery and charger are individually allowed
to access a bosonic environment. Our investigation shows that the battery can be fully charged as
well as its energy can be preserved for long times in non-Markovian dynamics compared with
Markovian dynamics. Moreover, the non-Markovianity increase makes it possible to extract the
total stored energy as work and the discharge time becomes longer. Our results indicate that
memory effects can play a significant role in improving the performance of quantum batteries.

1. Introduction

Quantum batteries (QBs) are energy-storage quantum systems that make it available for future purposes. In
fact, well-known examples of classical batteries are electrochemical devices converting chemical energy to
electrical ones. They can be disposable or rechargeable using electricity and so on. Therefore, batteries are
very comfortable for their multiple-use, and their presence in everyday life has transformed them into
essential elements. The role of quantum effects on the issue of energy storage has been extensively studied in
the last years [1-8]. On the other hand, studies over the past few decades show that many modern-day
technologies are based on the principles of quantum mechanics [9—11] can be more efficient than their
classical ones. Then, we believe that quantum mechanical effects can be useful for miniaturized batteries at
the quantum realm. In recent years, the study of QBs has attracted much more attention (there is
worldwide interest in exploiting QBs) as small quantum systems used for temporary energy storage and
transferring it from production centers to consumption centers [1].

As mentioned above, the research on QBs and the investigation of the stability of stored energy are very
important. Recently, there have been many efforts to design protocols whose main purpose is to control
charging or discharging processes (such as the ability to conserve energy and the stability of quantum
batteries) in order to achieve more operational quantum batteries [12—15]. In most research, QBs are
considered as closed systems, that do not interact with external environments. However, quantum systems
are open systems where they undoubtedly interact with their surroundings. Also, open system dynamics can
be characterized by either the Markovian approach or non-Markovian one [16]. In general, Markovian
approximation is based on the assumption that the coupling between the system and its environment is
weak and the initial total state is factorized. Ignoring each of these conditions leads to non-Markovian
dynamics and implies the presence of memory effects [17-29]. Since the charging process of QBs has been
considered in the Markovian regime [7, 30], in the case where non-Markovian effects are present is yet a
point to be addressed. Hence, it is worthwhile investigating the quantum memory effects to counteract the
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energy dissipation in the process of charging or discharging and the maximum extractable work from QBs
in such scenarios.

In this paper, we study the role of dissipation and the information backflow on the energy, ergotropy;,
and discharge time of QB. For this purpose, we consider a battery B connected to a charger A, where each of
them interacts separately with its environment. The battery and the charger are two-level systems. We
accurately obtain the time evolution of the total system and then we analyze the charging process efficiency
(power) and the amount of work that can be extracted from the QB for both Markovian and
non-Markovian dynamics. Specifically, we study the different ways in which the dissipation of the
environment and coupling with the charger contribute to the process. In particular, the non-Markovian
dynamics plays a substantial role in the underdamped regime by increasing the energy transfer power from
the charger to the battery. Moreover, non-Markovian dynamics may provide a charging performance near
to the ideal case (without decoherence effects). To end, we study an important phenomenon called
self-discharging, which limits the performance of QBs in storing the energy for long times [12]. We show
how non-Markovian dynamics and its consequent memory effects allow for increasing the self-discharge
time of the battery.

Our paper is structured as follows. In section 2 we describe all important concepts from the quantum
batteries. We present our physical model and we derive the exact equations governing the time evolution of
the QB-charger system coupled to two independent reservoirs in section 3. In section 4 we outline the
Markovian and non-Markovian effects on the charging process of quantum batteries. A detailed description
of the Markovian and non-Markovian self-discharging of quantum batteries will then be discussed in
section 5. Finally, section 6 contains a brief summary and our main conclusions. One can be found some
further technical details in the appendix.

2. Quantum batteries

In this section, we briefly introduce the system we will use throughout this paper. A QB is a physical
quantum system that stores energy, where the advances in stored charge and charging process of such
devices are associated with quantum mechanical phenomena. For this reason, it is not possible to say that
any system with discrete energy spectrum can therefore be considered as a QB. The performance of QB does
not emerge from the discrete spectrum, but the usage of quantum correlations and/or coherence [13]. In
order to define the energy scale of the QB we start by considering a time-independent reference
Hamiltonian H, where the Hilbert space of the battery is assumed to be finite. In general, the available
energy that can be extracted from a QB is not given by the difference of the internal energy of the system.
Such amount of energy is well defined from the ergotropy of the system given by

W = tr(pH) — max tr((UpU']H), (1)

where p is the initial system state and we maximize over the set of all accessible unitary operations /. In
particular, in cases where p is a pure state we can show that the optimal U is so that UpU' = Pgs> Where py,
is the ground state of the reference Hamiltonian H [12, 13].

From the above discussion emerges an important element for quantum batteries called passive states.
Passive states were originally introduced in reference [31], with recent reviews and a detailed discussion on
its relation with the equation (1) given in references [32, 33]. In summary, passive states are associated with
a state where no amount of work can be extracted from the QB in a cyclic unitary process, so that the
uniqueness of passive states are not possible in general [33]. Then, consider a reference Hamiltonian H and
a given state p, we can write both of them in their respective eigenbasis (increasing for H, decreasing for p)

H=> gle)el g >V, (2)
j

p=" rlr)nl r <1 V. 3)
j

Then, we say that the state p is passive with respect to H if and only if (i) p and H are diagonal in the
same basis being valid the commutation relation [p, H] = 0 and (ii) p contains no population inversion,
ie., e; <& = r; > rj. We have denoted passive states by o, thus it takes the following form [32, 33]

o, = er\sj><5j|. (4)
j

The understanding of passive state is important to define the empty battery state, since no work can be
extracted from a passive state we therefore say the battery is empty when the battery state is passive.
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Figure 1. Sketch of the system considered here, where the charger and the battery are considered as two-level systems. Initially
the system is composed of the charger that it will transfer its energy to the battery. Along the evolution losses are considered and
it can affect the charging performance of the battery. In the ideal case, all energy is transferred and the battery ergotropy is
maximum. After the charging process, whenever possible, some amount of available energy (ergotropy) in the battery can be later
used to some consumption hub and this extractable energy by unitary operations is evaluated by equation (1).

Intuitively, non-passive states are called active states because energy can be extracted from the QB [2]. In
this sense, it is evident that the charging process of a battery does not mean increase the system energys it
means we need to increase its ergotropy. Of course, in some cases we can have simultaneously both
increasing ergotropy and system energy. However, it is not the case here because the charging (discharging)
processes are not necessarily unitary and the quantum system may interact with its surrounding. For this
reason, it is important to define the ratio between the extractable work and the energy value of the battery
as

W(t)

AE(t)’

with W(t) and AE(t) = tr[Hp(t)] — tr[Hp(0)] being the instantaneous ergotropy and energy variation,
respectively. In addition, its instantaneous charging power is defined here from available work in the battery

L(t) = (5)

as

P(t) = 1

W(t+ At) —W()  dW(r)
1210 = . (6)

At S dr

In fact, how fast can a battery charged (or discharged), it depends on its power. In the next section, we
introduce the model of open QB used here by assuming that its performance may be affected by a
dissipative environment.

As sketched in figure 1, the charging process of our battery is considered as a non-unitary process, since
we want to study the decoherence effects on such process. On the other hand, from equation (1) we can see
that to compute the ergotropy we need to consider unitary processes. Therefore, the non-unitary evolution
cannot here be viewed as a work extraction process, but it is an ergotropy transference phenomena (or a
charging process of a QB). The energy extraction from the QB, as given by the ergotropy, needs to be done
for later unitary process when we couple the QB to some consumption hub.

3. The model

Here, we consider a model consisting of four components: two two-level systems (two qubits) interacting
with each other at a given time interval, such that one is considered as a quantum battery B and another as
charger A, and each qubit is locally contacted with an independent amplitude damping reservoir E (see
figure 1). So, the total Hamiltonian is given by (with & = 1)

H = HO + Hint) (7)

where

wo wo
H, = > or+ =P+ Zwk aar + Zw,]fb by, (8)

in which the two first terms indicate the free Hamiltonians of the charger and the QB, respectively, as well as
two last terms denote the free Hamiltonians of the independent environments coupled to the charger and
the battery, respectively. In our system wy is the transition frequency of the battery and charger, where
0}’_ (j=A, B) represents the Pauli operator in z-direction of the systems A and B, respectively. Also,
w] (j=A,B) is the frequency of the kth mode of the environments A and B, respectively, a,ﬁ and bl (ak, bx)
are the creation (annihilation) operators corresponding to the kth mode of the environments.

To study the energy transfer from the charger to the battery, we consider the interaction Hamiltonian
defined as

Hip = k(0% 0® +0%0%) + Z(g“\ogak +g UAa,TC) + Z(gk ol b+ gt bT) 9)
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where the first term describes the interaction between the two qubits with the coupling constant x, and two
last su_rnrnations show the coupling between the charger and the battery to their respective environments,
that g/ (j=A,B) is the coupling constant between the jth qubit and the kth mode of its corresponding
environment. Here, we are denoting o = (ol + O'){) /2 as the raising and lowering Pauli operators of the jth
qubit.

In this work, we exactly obtain the time evolution of the total system. For this purpose, we work in the
interaction picture defined by

Hiy (1) = " Hip e, (10)
in which the Hamiltonian takes the form
mt(t) = I*i(0'+0' +0A0i)—|—HI(t) (11)
where
Hi(0 = Y (ghotae " +he) + (ol b D" + he). (12)
k k

As shown in appendix A, the total system dynamics can be written as a superposition given by

(1)) = [p(t)le,g) + v(t)|g, €) ] ®10,0)E + [g, )s @ (Znﬁ(t)llk, 0) + 1 (1)[0, 1k>> , (13)
E

k

with u(t), v(t), n2(t) and n{ (t) being functions to be determined. We are using the notation
[, ¢)s = |1h)a|p)p for the system and |n, m)g = |n*)|m®) for the Fock basis of the reservoir.

Therefore, we analytically solve the system dynamics under the initial condition [1/(0)) = |e,g)s ® |0,0)g
with £4(0) = 1 and v(0) = 0, a situation in which the QB is empty and the charger has maximal energy, the
dynamical equation for p(t) and v(t) are obtained from respective inverse Laplace transform of (see
appendix A) )

B PR T P (14)
[s + k()] + r? [s + k(s)]* + 2
with l~<(5) being the Laplace transform of k(#), with k(r — ') being the correlation function given by
k(t—1¢)=(v/ 2)AeATNI=1 20], where the parameter 7 is an effective coupling constant which is
connected to the relaxation time of the qubit 7r ~ 7!, X is the width of the Lorentzian spectrum that is
linked to the environment correlation time 75 ~ A~ ' and A is the detuning of w and the central frequency
of the environment.

The Markov approximation takes into account the two relevant time scales 7 and Ty, where the
standard condition for such approximation is identified as 7g < 7g [17, 20]. This condition implies that, in
Markovian regime, the evolution of an open system depends only on its current state, rather than past
states. By defining the dimensionless positive parameter R = v/ to distinguish the weak coupling regime
from the strong coupling regime, the Markov condition can thus be written as

rR=T=-"«1. (15)
A TR
It has been demonstrated that for R < 1 the dynamics is completely-positive-divisible (Markovian), while
for R > 1 it becomes noncompletely-positive-divisible (non Markovian) [18-20, 23—30]. See for example
[17, 22] for more details on Markovianity and non-Markovianity in the system under consideration
throughout this work.
In the following, ergotropy and instantaneous energy of the QB and the charger is computed from
reduced density matrix for each system, then according to equation (13), the reduced density matrix of the
QB and the charger are respectively as follows

ou®) = Iw(OPle)els + [1 — (] Ig) gl (160

pa(t) = [u(0)Ple)(ela + [1 = ()] 1) (glas (16b)
so that it is straightforward to show that the internal energy Ex(t) =tr[p(t)Hy'®], with Hy = (wo/ 2)o/B,
for the battery and the charger can be obtained as, respectively,

Ep(t) = huwolv(t)*,  Ea(t) = huwo|p(t)|? (17)

As previously mentioned, the above equations do not represent the available energy that can be
extracted from the QB after the charging process. To find the ergotropy of the QB we can use the
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equation (16a), where it is possible to see that for [ (¢)|* < 1/2, no amount of energy can be extracted from
the QB by unitary processes so that Wi (t) = 0 for all # with [v(£)|> < 1/2. However, when |v(£)]* > 1/2,
then we have available energy because the ergotropy is given by Wi ()|,(251/2 = fwo 2y - 1).
Therefore, by using the Heaviside function ©(x — xo), which satisfies ©(x — x9) = 0 for x < xy,

O(x — x9) = 1/2 for x = x and ©(x — x9) = 1 for x > xp, we can write the

Wa(t) = O ([t = 1/2) Wa()| ) ps1/a- (18)

In the following, by using the above equation we can study the charger-mediated charging process of the
battery under Markovian and non-Markovian dynamics. In appendix B we give more details on the effect of
the the system-environment interaction on the the dynamics of coherence and populations of the battery
and the charger in both the strong and weak coupling regimes. Moreover, we discuss about a merit figure
for studying the Markovian and non-Markovian effects in our system, as considered in references [21, 22].

4. Markovian and non-Markovian effects on battery charging

Now we investigate the amount of available energy transferred from the charger to the QB after the charging
process under Markovian and non-Markovian effects. As a first assumption, in our calculations we consider
the case where both charger and battery are in resonance with the reservoir modes by putting A = 0. As we
shall see, it would be worth to consider A # 0, but A # 0 means a non-maximum effective coupling
between the system and the reservoir. For this reason, we consider the case where we have maximum
coupling in order to provide a good approach to the charging and discharging process in the worst
decohering scenario. As mentioned in the previous section, in order to discriminate the strong coupling
regime from the weak coupling regime, we can define the dimensionless positive parameter R = /. It is
important to emphasize the ratio between vy and « plays a significant role in energy transfer. Hence, we
display two distinct regimes where we have (i) an underdamped regime occurring for x >> +, that means
the coupling between the QB and the charger is stronger than the interaction between them and their
corresponding environments and, conversely, (ii) the overdamped regime obtained for x < . As a third
situation, we also consider (iii) an intermediate coupling regime with x ~ v (for example, Kk = 7).

By driving the system (QB and charger) without interaction with the baths, one finds the required time
T to fully transfers the energy from charger to QB and such parameter works as a natural time-scale for
the charging process. By definition, the time 7, is obtained from Ws(7ch) = Winax, Wwhere Wi, = huwy is
the maximum ergotropy that can be stored in the QB. Since the excitation present in the charger will be
transferred to the QB in absence of surroundings interacting with the system, we can solve the Schrédinger
equation and find that the probability of transferring the excitation from the charger to battery is

p(H) = (g, el () = |(g ele” FE2 o2 0)) 2 = sin (ret), (19)

so that p(f) = 1 when 74, = 7/2k. In this case, it is possible to define the average power to energy transfer
given by
We(t) — Wh(t hw 2R
P = (1) B(t0) _ W fiwo’ (20)

t— 1 Tch s

for a non-decohering process. Now, when we consider the decohering effects on the system the above
quantities can be drastically changed, as shown in figure 2.

In figure 2, we consider the coupling regimes from underdamped (left-hand graph) to the overdamped
case (right-hand graph) for different values of R. In the underdamped regime it is possible to see that the
smaller the parameter R (R = 0.01 and R = 0.1), the worse will be the charging performance of the battery.
On the other hand, by increasing the parameter R (R = 10 and R = 100) we can achieve the regime of
maximum power charging of the battery given in equation (20), since the first maximum peak of the
dashed-dot-dot black and the magenta curve happens for t = 7,. More precisely, at t = 7, we have
P(Ten) & 99.995% for both cases R = 10 and R = 100, so that it means we transfer 99.995% of the
maximum energy (hwy) to the battery. Therefore, the non-Markovian dynamics of the system allows for an
optimal energy transfer in the underdamped coupling regime. In order to get a direct comparison with the
Markovian case, at instant t = 7, we have p(7,) ~ 87.057% and p(7c) ~ 95.948% for R = 0.01 and
R = 0.1, respectively. More drastically, for the cases where we have intermediate (7 = x) and overdamped
(v = 10k) coupling regimes, the battery is not charged for the cases R = 0.01 and R = 0.1, with the best
charging process obtained for R = 100.

It is worth mentioning here that the value zero and constant for some time intervals At does not mean
the system energy is zero. The energy in the QB is computed from the quantum mechanics postulates as
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Figure 2. Ergotropy Wi (t) (in multiple of Wi,y ) as a function of the dimensionless quantity «t for different values of the
parameter R. We consider effects of the coupling strength for (left) underdamped regime with v = 0.05x, (middle) intermediate
regime with v = « and (right) overdamped case where v = 10x. Numerically we can show that in case where v > 100+ we get
Wi (t)=0forall t € [0,47].
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Figure 3. Instantaneous energy Ep(t) in the battery (as multiple of /) as a function of the dimensionless quantity «t for
different values of the parameter R. We consider effects of the coupling strength for (left) underdamped regime with v = 0.05k,
(middle) intermediate regime with v = k and (right) overdamped case where v = 10k.

Eg(t) = Tr[Hyp®(1)] — Eg, where Egg = hwj/2 is the ground state energy for our battery and pB(t) is the
battery reduced density matrix. As we can see from figure 3, the energy flux in the charger-battery system is
continuum along the system dynamics. However, such energy may be stored in the battery as a
non-extractable amount of energy. In fact, for example, if the charger-battery system state is maximally
entangled |¢pa) = (|e, ) + |g> €))/v/2 with 1(0) = v(0) = %, we have some energy in the battery but it
can not be extracted from the battery by unitary processes because its reduced density matrix reads

pfbben =1. This result allows us to clearly see the main difference between the energy of the system and
system ergotropy.

5. Markovian and non-Markovian self-discharging of quantum batteries

In classical batteries we have a phenomenon known as self-discharging of batteries associated with undesired
effects that compromise the storing performance of the battery [34—37]. The self-discharging process is
characterized by a loss of charge in the battery, even when the battery is not coupled to some consumption
hub. In the quantum realm, the self-discharging mechanism has been introduced as a consequence of the
inevitable coupling of the QB with some external reservoir [12]. Here we are interested in investigating the
role of Markovian and non-Markovian in the self-discharging of a two-level quantum battery, since such
mechanism has been considered in a tree-level QB [12].

To this end, first we consider the system as composed by the QB and its reservoir. This system can be
considered by taking the limit £ — 0 and starting the QB at state |e)p and the reservoir in state |0)g. Under
these assumptions, the evolved state of the system QB-reservoir is described by

[a(8)) = va(t)]e)s @ [0} + > 1 (1)]g)s ® |Li)e (21)
k

where the subscript ‘sd’ means self-discharging. Again, it is possible to show that the reduced density matrix
of the QB is given by the equation (16a) but now the coefficient is obtained from the inverse Laplace

transform of .

Usd(s) = —=—, 22
als) e (22)
which can be obtained from equation (A.17b) of the appendix A with x — 0. Then, the solution to the
above equation provides
r 1 A —iA 1
lvaa(t)| = e‘TA cosh (Et§> + gl sinh <Et£> , (23)
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Figure 4. Ergotropy Wi(t) in the battery (as multiple of WW,,,«) in the function of the dimensionless quantity ¢ for different
values of the parameter R. Here we consider the influence of A by choosing (left) A = 0, (middle) A = 0.5+ and (right)
A = 27.

where ¢% = (A — iA)? — 2. As a first result, let us consider the case where A — 0, so that the above

equation becomes
tvv/T — 2R 1 . [(tyW/I—2R
cosh + sinh
2R v1—2R 2R

where we already used R = /. Now, notice that the parameter R allows us to provide different
self-discharging processes, so that it is evident that such process depends on the Markovian and
non-Markovian regime. Due to the quantity 1 — 2R, here we can highlight three important regimes (i)
R < 1/2, (ii) R = 1/2, and (iii) R > 1/2. Therefore, in figure 4 we present the ergotropy as for different
values of R, including the case R = 1/2. However, regardless of the regime we consider the battery becomes
fully discharged in limit #y — oo, then the question here is how this discharging process happens.

By comparing the curves in graphs of the figure 4, as already mentioned, by increasing the value of
A # 0 we decrease the effective coupling of the system with the reservoir and the self-discharging becomes
slower than in the cases where A = 0. As for the role of the Markovianity and non-Markovianity, in
summary the self-discharging of the QB follows the same behavior as the charging process, where the bigger
R, the better the performance of the QB performance against its self-discharging process. Therefore, in this
case, the non-Markovian processes are preferable regarding Markovian ones.

lim|va(t)| = e , (24)
A—0

6. Conclusion

In this paper, we provided a model for robust quantum batteries, inspired by the inevitable interaction of
quantum systems with their environments. In the charging process the quantum battery interacts with the
charger, while each of them is in contact with independent environments. Our results show that the
memory effects due to non-Markovian dynamics are beneficial for the charging process of our battery,
where we can approximately achieve the maximum charge of the battery. Therefore, this energy can be later
used and transferred to consumption hubs. Moreover, we studied the phenomenon related to the
self-discharging of the battery. Such a study is motivated by its classical counterpart, where these undesired
effects limit the performance of classical and quantum batteries in storing energy [12]. We showed that the
self-discharge time of the battery in non-Markovian dynamics is longer than the Markovian dynamics, as a
consequence the stored energy can be preserved for a long time in the presence of non-Markovian
dynamics. Our results suggest that memory effects can play an important role in improving the
performance of quantum batteries in the framework of the open system approach.
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Appendix A. Solution for dynamics

To solve the dynamics of the system considered here we use the fact that the number operator is a constant
of motion i.e; [H, N] = 0, where

N=> 0olo! + ala+) bib (A.1)
k

j=AB k
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Therefore, if we assume that the initial state of the system is a combination of the ground (|g)) and
excited (|e)) states of the battery and the charger such that the total initial state given by
(IO + [1(0)]* = 1)
[£(0)) = [1(0)|e)alg)s + v(0)[g)ale)s] @ [0%)[0%), (A.2)

with |)4 and |¢)p denoting the charger and the battery states, and |0/) being the vacuum state of the
corresponding environment, then we can write the general dynamics of the system in basis spanned by a
single excitation subspace as

[9(6)) = [p()]e,g) + v(1)lg, €)]s @ 10,005 + [g,8)s ® | (1|16, 0) + (D0, 1) | (A.3)
k E

in which from now on we are using the notation [, ¢)s = [1)}|¢) for the system and |n, m)g = |n*)|m®) for
the Fock basis of the bath. Here |1;) characterizes a state of the corresponding environment with one
excitation in the kth mode. Now, by putting the above ansatz in Schrodinger equation one can find the
following differential equations for the probability coefficients 1(¢), v(¢) and n,ﬁ(t)

() = —ilku() + )it (n)ghelcoin), (Ada)
k

P() = —ilrpu(r) + > _nP(nghe o), (A.4b)
k

() = —ip(t)ge™ (wo—wp)t (A.4c)

iR(1) = —iv(t)gle Lo, (A.4d)

Now, by using the two last differential equations in equation (A.4) with the initial conditions
(O) =1 5(0) = 0, the probability coefficients n /(t) can be written as

t
ne(t) = —ig;f‘*/ u(t')e"(“’o’“’?)t/dt', (A.5a)
0

t
nB(t) = —igh* / p()e o) gy (A.5b)
0

By applying above equations, the differential equations for () and v(#) can be obtained as
t
[(t) = —ikv(t) — / ka(t — )p(t)dt, (A.6a)
0

t
v(t) = —iku(t) — / kg(t — Hv()dr, (A.6b)
0
where the kernels ka (f — ') and kg (r — ¢) are given by

kA(t - tl) _ Z‘gmzei(wofw?)(tfﬂ)’ k (t _ t) _ Z|gB‘2 i(wp— “]k) t— t) (A.7)
k

For simplicity, we suppose ka(t — ') = kg(t — ') = k(t — ¢'). In continuum limit, the correlation
function k(¢ — #') can be expressed as

k(t —1t) = / dw] (w)el@o @)=, (A.8)
0

in which J(w) is the spectral density of the environments. In order to give a discussion from an
experimentally feasible discussion in atom-cavity system [38, 39] and/or superconducting two-level atom
interacting with light [40, 41], for example, we consider the spectral density for bosonic reservoirs given by
the Lorentzian spectral density [42, 43]

v A2
2m[(wo —w — A)2 + X2]°

J(w) = (A.9)

where 7 is an effective coupling constant which is connected to the relaxation time of the qubit 7 ~ v~

and ) is the width of the Lorentzian spectrum that is linked to the environment correlation time 75 ~ A\~
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and A is the detuning of wy and the central frequency of the environment. By some calculations, one can
obtain the correlation function as k(t — ') = %’yz\e("\"‘im“‘t/‘ [20].
At this step, let us define
z(t) = p(0) +v(1),  w(t) = p(t) —v(o). (A.10)

Then, by regarding equation (A.6), one can write the following equations

72(t) = —ikz(t) — /t k(t — t)z(t)dt, (A.11a)
0

t
w(t) = ikw(t) — / k(t — Hw(t)dr. (A.11b)
0
Applying the Laplace transform, the above equations becomes

sz(s) — z(0) = —ikz(s) — I~<(s)2(s), (A.12a)

st (s) — w(0) = ik (s) — k(s)w(s), (A.12b)

in which z(s), w(s) and I~<(s) are the Laplace transforms of z(t), w(t) and k(¢ — ¢’), respectively. To solve the
dynamics, we begin with first equation of (A.12) in the main text

s2(s) — 2(0) = —ir 2(s) — k(s)z(s), (A.13)
the above equation takes the following form

. z(0)
= The 1 el @14

Similarly, starting from the second equation in (A.12), one can get the following equation for w(s)

oy w(0)
w(s) = 7{5 n l~<(5) el (A.15)

On the other hand, by following definitions

. 1. . _ 1 .
) = 5[2(s) + @), 2ls) = S[2(s) — (s, (A.16)
and some straightforward calculations, they can be written as

[s + k(s)]u(0) — ix1(0)
[s 4+ k(s)][s + k(s)] + K2’
[s + k(5)]1(0) — irep2(0)
[s+ k(s)][s + k(s)] + K2

fi(s) =

(A.17a)

v(s) =

(A.17b)

From equations for fi(s) and (s), with the initial conditions 14(0) = 1, 7(0) = 0, we apply the inverse
Laplace transform to get

) exp [ /\+1(2 A))t] {)\ —i(A+ k) sinh ( ) + cosh ( )]

2 «@
exp [FAHUEERNT TN (A —k) . (Bt B8
+ . 2 { 3 sinh ( 5 ) + cosh (—)} (A.18)
—O\pi(i— A
V(t):exp[_ 22 ] { 1(3"'“) nh(2)+cosh(2t)}
—(A—i(k+A)t _ : _
L e [72 i [ HI(BA %) Ginh (%) _ cosh (%)] , (A.19)

with a = \/—(A + Kk +iN)2 =2y and B = /—(A — k +1i\)2 — 29\
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10.0

Figure B1. Decoherence function as a function of At in weak-coupling regime (black lines) with R = 0.3 and strong-coupling
regime (dashed red lines) with R = 3 for (a) overdamped regime, £ = 0.017 and (b) underdamped case k = 2. Here we

consider A = 0 and p(0) = v(0) = %

. 0.01£~ =
0 w/4 7/2 3x/4 T 00 w/4 7w/2 3m/4 T
Kt Kt

(a) (b)

Figure B2. The population of excited (solid lines) and the ground (dashed lines) levels as a function of st in weak-coupling
regime (red lines) with R = 0.01 and strong-coupling regime (black lines) with R = 100 for (a) quantum battery and (b)
charger. Here we consider A = 0,y = & (intermediate regime) and ;(0) = 1, 7(0) = 0.

Appendix B. The reservoir effects on the system dynamics

In this appendix we give more details about the reservoir effects on the system. As already mentioned, the
open system evolution can be described by either Markovian or non-Markovian dynamics. In recent years,
many methods have been proposed to determine the degree of non-Markovianity according to two different
approaches: completely-positive-divisibility (CP-divisibility) and information backflow [19-25]. In the first
case, an evolution is called non-Markovian if it is not CP-divisible and in the second case the information
flows back from the environment to the system. Since a measure for the distinguishability of two different
states is trace distance, hence, the time variation of distinguishability can be considered as a witness for the
information flow. Therefore, a measure is introduced respect to the trace distance for an arbitrary mapping
€& as following form [23, 24]

N(€) = max dt o(t, p12(0)), (B.1)

£1,2(0) ) 550

where o (t, p12(0)) = %D(pl(t), p2(1)) and p1,(t) = Eop1,2(0). In addition, the trace distance of p, (¢) and
p,(t) is defined as

Dipa(8),p2(6)) = 3 pr(8) = 2O (B.2)

where the trace norm of an operator A is ||A||; = Tr VAT A [23]. Reducing the amount of ¢ indicates the
flow of information from the system into the environment, while an increase of it detects a backflow of
information from the environment to the system. Hence, in non-Markovian dynamics the information
flows from the environment to the system for some interval of time, where o > 0. As discussed in details in
the references [20-23], for R < 1 the dynamics is CP-divisible (Markovian), while for R > 1 it becomes
non-CP-divisible (non-Markovian).

Now, to investigate the effect of the system-environment interaction on the dynamics of coherence and
populations of the system we define the decoherence function via the off-diagonal elements of the
batterry-charger density matrix p,5(#) in the following form [16]

p(t)v*(t)
©(0)v*(0)

The figures B1(a) and (b) illustrate the time evolution of decoherence function D(¢) for strong-coupling
(dashed red lines) and weak-coupling (black lines) regimes with R = 3 and R = 0.3, respectively. We have
considered the initial conditions 1(0) = v(0) = 1/ v/2. As can be seen, the decoherence decreases uniformly
for Markovian dynamics while we see revivals of coherence in some time intervals under non-Markovian
dynamics, which leads to better performance of quantum batteries. Moreover, we observe that the

DU) — In ’ . (B.3)
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decoherence occurs more slowly in the underdamped regime than in the overdamped case. In other words,
the dissipation effects of the environment are stronger than the coupling strength between the battery and
the charger in the latter.

In addition, as can be seen in figures B2(a) and (b), at the beginning of the charging process the
population of the excited level of the battery is increasing in an intermediate regime x = ~ under both
Markovian and non-Markovian dynamics, where it is decreasing for the ground level. While we are dealing
with the inverse behavior for the charger by similar conditions. In ideal terms, this dynamic behavior
implies a trade-off between the battery and the charger, as expected. We remark here the striking revival of
the population in the ground and the excited levels for the battery and charger, respectively, due to the
information backflow from the environment in the strong-coupling regime. Consequently, the
time-dependent behavior of the population of these levels affects the energy and the maximum extractable
work of the open quantum batteries.
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