PRX ENERGY 5, 023003 (2026)

Quantum Batteries: A Nonreciprocal Thermal Edge

Niaz Ali Khan

I'and Dahai He® 2"

1Depam‘mem‘ of Physics, Xiamen University, Xiamen 361005, China
? Shenzhen Research Institute of Xiamen University, Shenzhen 518057, China

® (Received 9 November 2025; revised 1 March 2026; accepted 26 March 2026; published 23 April 2026)

Nonreciprocal quantum batteries (QBs) leverage engineered environments to impose unidirectional
energy flow, achieving a fourfold enhancement in energy storage over conventional designs. In this work,
we establish thermal-reservoir engineering as a powerful tool for controlling and optimizing the perfor-
mance of QBs. We demonstrate that a thermal-reservoir-driven nonreciprocal QB achieves significantly
enhanced charging, surpassing its vacuum-reservoir counterpart. Crucially, the nonreciprocal ergotropy is
thermally invariant and coincides with the vacuum-reservoir energy, despite the temperature-dependent
rise in total stored energy. This reveals a “thermally shielded” work potential, where nonreciprocity
effectively decouples energy storage from energy quality, ensuring robust work extraction despite the ther-
mal environment. Consequently, engineered thermal reservoirs emerge as a key resource for developing

high-performance, noise-resilient quantum batteries.
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I. INTRODUCTION

Quantum batteries (QBs) have emerged as a promising
class of energy storage devices that leverage quantum-
mechanical principles to surpass the fundamental limita-
tions of their classical counterparts [1-21]. Their potential
lies in harnessing quantum effects to achieve transforma-
tive performance metrics, including ultrafast charging [2,
22], enhanced extractable work (ergotropy) [3], and min-
imal dissipative loss [23]. Recent theoretical and experi-
mental advances have demonstrated remarkable progress
toward these goals, including high ergotropy [3—5], faster
charging [24,25], and nearly lossless energy dynamics
[23]. A diverse landscape of QB models has been explored,
ranging from many-body systems [26] and Dicke QBs
[27,28] to implementations using ultracold atoms [29],
Sachdev-Ye-Kitaev models [30], and Tavis-Cummings
cavities [4]. A deeper understanding and improved con-
trol of these platforms have been driven by innovative
strategies spanning intelligent control techniques, such as
reinforcement learning [28] and optimal-control protocols
[31,32], and the exploitation of physical effects such as
non-Markovian dynamics [33], wireless charging [14], and
weak measurements [34]. Concurrently, a key quantum
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advantage, the collective, quadratic scaling of charging
power, has been firmly established [5,30,35] and vali-
dated in experimental platforms including superconducting
qubits [36] and quantum optical systems [27,37]. More
recently, the nascent paradigm of nonreciprocal QBs [15,
16] creates a distinct performance advantage by enforc-
ing a unidirectional flow of energy, offering a new route
to combat energy leakage and enhance efficiency.
Quantum nonreciprocity, engineered to break time-
reversal symmetry and enforce unidirectional propaga-
tion, has emerged as a powerful resource in quantum
technologies [38—47]. This capability underpins critical
functionalities such as directional amplification [48—50],
quantum information routing [40], and the stabilization
of topologically protected states [51]. Nonreciprocity can
be engineered through a diverse suite of physical mech-
anisms, including reservoir engineering [15,48-53], the
magneto-optic effect [54], nonlinear optics [55], quantum
squeezing [56], non-Hermitian engineering [57], and chi-
ral or topological photonics [46]. These distinct strategies
enable nonreciprocal functionality across a wide range of
spectral regimes and platforms, from integrated photonic
circuits to quantum communication systems. This founda-
tional progress has culminated in the development of key
devices such as optical isolators [40], circulators [38], uni-
directional waveguides [44,58], and directional amplifiers
[59], with recent extensions into emerging domains such
as QB charging [15,16]. Pushing the boundaries further,
a groundbreaking frontier involves harnessing dynami-
cal phase transitions in nonreciprocal many-body systems,
such as the nonreciprocal Dicke model [60], opening
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new pathways for controlling quantum states and energy
transfer.

Recent breakthroughs in nonreciprocal QBs [15,16]
have enabled unprecedented spatiotemporal control of
energy transfer, heralding new opportunities for quantum
technologies. However, the practical implementation of
these devices is hindered by a fundamental obstacle: the
vulnerability of quantum coherence to decoherence in real-
istic environments and the thermal passivity of the QBs
[61—63]. This manifests as thermal excitations that com-
pete with coherent dynamics, populating the system and
fundamentally limiting its performance. Most critically, a
thermal reservoir drives the QB toward a passive state
[13], from which no work can be extracted via cyclic
unitary operations. This irreversible loss of ergotropy ulti-
mately constrains the practical viability of quantum energy
storage technologies. This fundamental challenge moti-
vates our investigation into the role of thermally engi-
neered reservoirs in governing the performance of non-
reciprocal QBs. We propose a platform comprising two
single-mode harmonic oscillators, designated as a charger
and a battery, coupled to a shared thermal reservoir. The
architecture leverages reservoir engineering to break reci-
procity, establishing a unidirectional coherent coupling
from the charger to the battery. Importantly, we demon-
strate that this thermal-reservoir-driven design achieves
significantly enhanced charging performance, surpass-
ing the capabilities of its vacuum-reservoir counterpart.
Remarkably, although the total stored energy increases, the
extractable work remains identical to the vacuum-reservoir
value. This reveals a “thermally shielded” work potential,
where nonreciprocity actively protects the QB’s maximum
extractable work from environmental noise. Our approach
to nonreciprocity is fundamentally rooted in the theory
of cascaded quantum systems [64—66], a framework for
engineering unidirectional coupling between quantum sub-
systems. This formalism is not only versatile enough to
describe our system but also extensible, for instance, to
include amplifying interactions [48].

The quest for stable open QBs is a battle for quantum
control, fought on three distinct fronts. The first employs
intrinsic control, utilizing adiabatic protocols [67,68] and
optimal control [69], to fortify the battery’s state from
within. The second leverages extrinsic control through
measurement-based feedback [70], Floquet engineering
[71], and environment engineering [15,16] to actively sup-
press decoherence by reshaping the battery’s interaction
with its surroundings. The final front addresses the ther-
modynamic challenge, confronting the fundamental limits
imposed by temperature itself [72].

Research has established a fundamental dichotomy
between closed and open QB paradigms, defined by their
operational goals, physical constraints, and performance
characteristics. For instance, Sathe er al. [73] demon-
strated that no universal charging protocol exists for closed

systems, whereas such protocols can be constructed in
open settings. This requires coupling the battery to an
external system, such as an auxiliary device or a thermal
bath. Related studies by Canzio et al. [74] further explored
that while open-system QBs can retain a quantum speed
advantage, their practical design requires careful manage-
ment of switching costs, interaction timing, and detuning,
with performance characteristics critically dependent on
the underlying physical model. Our work extends this line
of inquiry by investigating how engineered thermal reser-
voirs can be harnessed to enforce nonreciprocal energy
flow and protect ergotropy storage, thereby bridging con-
cepts of open-system control with practical QB design.

Nonreciprocal phenomena have become a central focus
in quantum science and technology, driving extensive the-
oretical and experimental research. Their implementation
is actively being explored across a variety of platforms,
including microwave quantum circuits [75], on-chip pho-
tonic devices [54], and optoelectromechanical architec-
tures [76—78]. This interest is motivated both by the
pursuit of efficient optical and microwave isolators and
by the exploration of novel nonreciprocal effects. These
techniques enable the realization of unidirectional energy
flow and are readily compatible with current experimental
capabilities.

The structure of our paper is as follows. Sec. I presents
the theoretical framework for the QB model and defines the
figures of merit, introducing the Lindblad master equation
that governs the system’s dynamics. Subsequently, Sec. 111
analyzes the charging behavior across different dynami-
cal regimes, with a focus on the thermal effects on QB’s
performance. The last section summarizes our conclusions.

II. QUANTUM BATTERY MODEL AND FIGURES
OF MERIT

We establish a theoretical framework for a QB charg-
ing process, as shown in Fig. 1. The system is composed
of two single-mode harmonic oscillators: a charger (mode
a with frequency w, and decay rate k,) and a battery
(mode b with frequency wj and decay rate k). Importantly,
the battery and charger are coupled identically to a com-
mon thermal reservoir, with a coupling strength denoted
by I'. We emphasize that the shared-reservoir coupling
considered here constitutes a convenient implementation
of nonreciprocal dynamics, rather than a necessary condi-
tion [48,49]. Moreover, the charger is driven by a classical
field with amplitude A and frequency wy, whereas the
battery is initialized in its ground state. Crucially, the
charging dynamics are governed by two distinct inter-
actions: a coherent, uniform complex-valued coupling of
strength J between the charger and battery, and a dissipa-
tive interaction of strength I', mediated by the engineered
reservoir. Furthermore, we analyze the charging dynam-
ics in the Markovian limit for the engineered reservoir,

023003-2



QUANTUM BATTERIES: A NONRECIPROCAL THERMAL...

PRX ENERGY 5, 023003 (2026)

Classical field

Ka Kb

Charger

Battery

Thermal reservoir

FIG. 1. Schematic of the quantum battery model under a
thermal-reservoir engineering. The model comprises a charger
and a battery, modeled as single-mode harmonic oscillators with
frequencies w, and wjp, and local decay rates «, and «;, respec-
tively. The charger is driven by a classical field of amplitude A
and frequency wy. The two modes are coherently coupled with
strength J and are simultaneously connected to a shared thermal
reservoir via a nonlocal dissipative interaction of strength I.

which requires that the reservoir-induced damping rate
is comparable to the dissipative rates of the charger and
battery.

The system Hamiltonian describing the QB model is

H =waa’a + wpb’™d + (Ja'b + J*bTa)
+ A(eiwota + e*iwotadv‘)’ (1)

where a and b are the annihilation operators of the charger
and battery, respectively. It is worth noting that the dis-
sipative interaction is engineered by coupling both the
charger and battery to the common reservoir. Strikingly,
this configuration yields an effective dissipative interaction
that persists even in the absence of direct reservoir medi-
ation, constituting a non-Hamiltonian contribution to the
dynamics.

The nonreciprocal behavior of the QB is driven by
the interplay of coherent and reservoir-induced dissipative
interactions. The dynamics are governed by a Lindblad
master equation for the density matrix p [79-83]:

p=—ilH,pl+ Y Li(p)+ (nn+ DT L:(p)

i{a,b}

+ nnI" Lt (p), 2)

In Eq. (2), the first term governs coherent Hamiltonian
dynamics, the second describes local cavity losses (x,
and «3), and the third represents the engineered thermal-
reservoir coupling. The collective channel is characterized
by a damping rate I" and a mean thermal occupation ny, =
(e®/® 8D _ 1)1 where w, is the reservoir frequency and
T its temperature. Notably, a vacuum-reservoir (7 — 0)
leads to ng — 0. These processes are encapsulated in
Lindblad superoperators L,(p) with x € {a, b, z}, defined

as follows:
1
L.(p) =xpx" — 3 {x'x, 0}, 3)

where L,(p) and L,(p) are the Lindblad superoperators
modeling the local dissipation of the charger and battery,
respectively. The term L£.(p) captures the collective dis-
sipation arising from the coupling of both subsystems to
a common engineered reservoir. This is governed by a
collective jump operator of the form

z = uya + upb, 4)

with complex coefficients u, and wu;, derived from
the cascaded quantum systems formalism [48,64,66,84].
The complex coefficients encode the respective coupling
strengths and phases of the charger and battery to the
shared reservoir. The interference between these channels
underlies the nonreciprocal dynamics, enabling directional
energy transfer from the charger to the battery.

To evaluate the effect of thermal reservoirs on the non-
reciprocal QBs, we employ two key figures of merit:
the energy storage capacity £(¢) and the ergotropy W(¢).
These quantify the efficiency of energy transfer from the
charger to the battery and the maximum extractable work
from the battery, respectively. The energy accumulated
into the QB over the charging time ¢,

&) = Tr[Hppp (D] = 0(b'b), ®)

where w denotes the frequency of the harmonic oscillator
battery and Tr is the trace over the reduced state (pp) of
the battery. The quantity &,(f) measures the mean energy
stored in the battery at time 7. To quantify the useful work
capacity of the QB, we employ the concept of ergotropy. It
is a central concept in quantum thermodynamics that quan-
tifies the maximum amount of work that can be extracted
from a quantum system via a cyclic unitary process and has
the form [61]

Wa®) = Tr[Hypy(0)] — min T H, Uy oo (1) U, (6)

where pp(?) is the reduced state of the battery at time ¢,
and the minimization in Eq. (6) is over all local unitaries
Uy, acting on the battery. The second term in Eq. (6) cor-
responds to the passive energy of the system, the portion
of its energy that is inaccessible to any unitary operation
Uy. Since the system is Gaussian, its ergotropy can be
expressed in terms of operator expectation values of the
mode operators as follows [12]:

Wi(t) = Ep(t) — Ep(1), @)

where £,(¢) is the energy of the corresponding passive
state of the battery, from which no work can be extracted
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cyclically via unitary operations [13]. The energy of the
passive state can have the form:

Ip() = w (@) , 3

where D is a dimensionless composite parameter encapsu-
lating the battery’s first and second moments. Its explicit
form is

D =[1+2((b'b) — [(b)H)]* — 4(bb) — (B)*|>.  (9)

For a quantum harmonic oscillator coupled to a zero-
temperature Markovian bath (vacuum reservoir), the
ergotropy is identical to the coherent part of the energy
storage. In this scenario, all second-order moment cor-
relators factorize perfectly into products of first-order
moments; namely, (a'a) = Ha)|?, (aa) = (a)?, (bTh) =
|(b)|?, and (bb) = (b)?. As a direct consequence, the key
quantity D becomes unity, leading to an exact equality
between the battery’s internal energy and its ergotropy
[Ex(t) = Wy(H] [11,12,16]. This ergotropy is fundamen-
tally enabled by the nonreciprocal coupling, which simul-
taneously suppresses deleterious energy backflow and pre-
serves the quantum coherence essential for maximal work
extraction. However, under nonzero incoherent driving,
this factorization breaks down, resulting in ergotropy that
is different from the total stored energy.

I1II. CHARGING DYNAMICS

To characterize the thermal reservoir’s influence on the
nonreciprocal QBs, we derive the equations of motion
of the mode operators. Based on the Lindblad master
equation, we obtain the following thermal-independent
first-order moments for the charger and battery modes:

(10)

where = —ulu, has magnitude |u| =1 for nonzero
coefficients. The parameter A; = I'; + k; with I'; = I'|u;|?
for i € {a, b} represents the reservoir-induced damping
for the charger and battery. From the Lindblad master
equation, we derive the following analytical expressions

for the second-order moments:

(ata) = —AglaTa) + 2Im [(J + m%) <aTb>]
— 2Im[ A& (a)] 4 ny L,

(bthy = —A,(bTh) — 2Im [(J — mg) <a7‘b>] + ng Ty,

A+ Ay

(ath) = — (a'by —i (J* + ’Mg) (a'a)

r )
+i (J* - W*E) (bTb) + iAe (b) — nyu'T,

(@) = —Qiw, + Ay){d?) — 2i <J + mg) (ab)
— 2iAe™ ™" (q),

(52) = — Qiwp + Ap)(b?) — 2i <J* + lu*%) (ab)

(ab) = — <i(a)a + wp) + #) (ab) — iAe™ 0 (p)

A b L
—l(J +iu 5)(a)—z<]+zu5)(b),

(1D

The engineered reservoir is crucial for establishing non-
reciprocal energy transfer between the charger and battery.
This condition is mathematically enforced by a precise bal-
ancing of the complex coupling between the two systems
to a specific value,

J s 12
= —ip. (12)

This directional coupling enforces a nonreciprocal
energy transfer, preferentially channeling energy from the
charger to the battery while suppressing backflow. Con-
sequently, the charger exerts a causal influence on the
battery’s dynamics, but not vice versa. The engineered
reservoir mediates a nonlocal damping force that couples
the charger and battery modes, analogous to a coher-
ent interaction. Crucially, the asymmetry in the coupling
coefficients allows us to decouple the charger’s dynamics
from the battery by enforcing the condition in Eq. (12).
This breaks time-reversal symmetry and establishes a uni-
directional energy channel in which the charger drives
the battery without any back action. Both the charger
and the battery are initially prepared in their respective
ground states: a natural choice that isolates the effect of the
engineered nonreciprocal coupling on ergotropy dynamics.
Notably, for this class of initial states, the condition J =
iul’/2 guarantees that the steady state retains full coher-
ence, independent of the amplitude of the initial charger
state, thereby demonstrating robustness within this family.
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A. Nonreciprocal charging dynamics

The charging dynamics of the QB system is determined
by solving the coupled differential equations with initial
conditions (O)|,—o = 0, where (O) denotes the expectation
values of the mode operators. In the limit of resonance fre-
quency (w, = wp = wy = w), the battery’s nonreciprocal
energy storage is given (see Appendix A for details):

g[r;r(nth’ t) = g}l}ﬂ”(o’ t) + X[rylr(nth’ t)s (13)
where
XZI)lr(nﬂD t)
2 2
_ ong |:Fb(1 ety A%, 85 Ay
Ab Atzl + AaAb AabeA“t
Aa
1—‘a + (Fa - Aab)eAabt (2Fa - Aab)eTbt
X - s
2A, 270 Ag+ Ay

(14)

quantifies the thermal contribution to the battery’s energy
capacity. The asymmetry parameter A, = A, — Ap quan-
tifies the imbalance between the total individual damping
rates of the charger and battery. Equation (13) describes
the total energy storage, &;" (ny, t), under thermal-reservoir
engineering. This expression reveals that the thermal con-
tributions to the nonreciprocal charging dynamics depend
crucially on the damping rates and the mean thermal occu-
pation of the bath. Structurally, it decomposes into two
physically distinct parts: a thermal component (the second
term) and the nonreciprocal energy &"(ngy = 0,1) stored
under an engineered vacuum reservoir, which has the form
[15,16]

ab Aa Ab

4r 1 — e Aat/2 1 — p=Abi/2 2
8,‘,“(0,t)=a)|:AA< ¢ ¢ )} .

(15)

One can straightforwardly demonstrate that Eq. (13) sim-
plifies to Eq. (15) for a vacuum-reservoir engineering, as
reported in the literature [15,16]. Under symmetric dis-
sipative coupling (I'y =T, =T, and k, = k, = k), the
nonreciprocal energy £5'(0, £) simplifies to [15,16]

. 16012 A A\ i

Our analysis, however, reveals that the analytical expres-
sion for energy dynamics under symmetric dissipative
rates [15, Eq. (6)] is mathematically ill-defined, which may
potentially leading to misinterpretation of the system’s
dynamics. To resolve this, we regularize the symmetric
limit by introducing an infinitesimal asymmetry between

the dissipative rates A, and A, by setting A, = A + o and
Ap = A. The corrected energy is then defined through the
well-defined limit:

E(np, 1) = lim & (ng, 1) . 17
o0 Ag=A+o,Ap=A

Evaluating this limit yields the physically consistent result
given by Eq. (16). Consequently, the corrected energy
expression in Eq. (16) differs fundamentally from Eq. (6)
of Ref. [15].

Under identical dissipation, the thermal component of
the total energy x (nw,?) (14) simplifies to the following
form:

F2+ 2 .
FA:‘( (1 —et )] .
(18)

wng 2t
A2eht

Xp (M, 1) = |:2K —TAt—

The total energy capacity of the battery under symmetric
dissipation, defined as lim,_, o &}" (1, f) converges to

1602 A% N ongI'(T'? + 2)

a1 = 00) = 22 =

. (19
The thermal contributions to the nonreciprocal energy of
the charger has the form

wngIy,

Eu(nim, ) = Eu(nen = 0,0 + (1 —e™™,  (20)

a

where
2
Ealny = 0,1) = w[%(l —eAa’/z)} . @D

is the nonreciprocal charger’s energy in the vacuum-
reservoir limit. Crucially, the thermal nonreciprocal
charger’s energy converges to

Ea(ng, t — 00) = 4w A*/ A% + wngTy/ Ay, (22)

in the steady-state limit. Figure 2(a) illustrates the charging
dynamics of the nonreciprocal thermal QB under symmet-
ric dissipation rates (k, = kp = k, [, = ', = I'). Notably,
the model reduces to the vacuum-reservoir case for ny, =
0, confirming its internal consistency. In this limit, the bat-
tery’s stored energy is purely coherent and, thus, entirely
extractable as ergotropy, i.e., W (ny = 0,1) = £ (ng, =
0,7). The charger’s energy (bold curve) and energy stored
in the battery (dashed curves) through interaction with a
thermal reservoir reach a significantly higher value com-
pared with the case with a vacuum reservoir. The energy
storage in the battery is enhanced through its interaction
with the thermal reservoir, which acts as a source of addi-
tional thermal energy. This influx of energy increases the
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(@) (b)
100 ——rr————rrr 4
-ny=20 — n, =10
80—7 My = 10 S e -1 —_ nlh:20 |
r - nth=0,",»” N R nlh=30
58/60_ g
Eﬁ : 2;;:
E S
= 40
= [ =
20}
o« TR

10
T (dimensionless)

T (dimensionless)

FIG. 2. (a) Energy dynamics (units of hw with A = 1) of the
charger (solid curve) and battery (dashed curve) as a function
of the scaled time, t = Jt (dimensionless), for ng = 0 (black
curves), 10 (red curves), and 20 (blue curves) in the nonrecip-
rocal regime. The parameters are set A, = A, = A, with iden-
tical dissipation rates I'; = I', = I' = 0.04w, identical coupling
losses «, = kp = 0.003w, A = 0.1w, and a nonreciprocal cou-
pling strength of |J| = I'/2. (b) (Log—log scale) Thermal effect
on the battery’s energy storage efficiency, &£ (nun, 7)/E)" (ny =
0,7), versus t for different values of the thermal occupation
number ny,.

battery’s capacity. Furthermore, the nonreciprocal nature
of the system facilitates a more efficient directional energy
transfer, preferentially channeling energy into the battery
and, thus, optimizing storage in the presence of the ther-
mal reservoir. Most importantly, in the steady-state limit
(t — ©0), the energies of the battery and charger converge
to Egs. (19) and (22), respectively. To quantify the role of
temperature on the energy storage capacity of the battery,
we evaluate the ratio, & (nym, 7)/E) (nm = 0,T), across
various thermal occupation numbers as depicted in Fig.
2(b). Our analysis reveals that the efficiency approaches
unity in the vacuum-reservoir limit ny = 0 and exceeds
one for any nonzero thermal excitation ng, > 1.

Furthermore, our analysis reveals that the thermal reser-
voir preferentially enhances the battery’s and charger’s
energy, as shown in Fig. 3(a). The energy data for both
components are well-described by linear fits, which yield
a steeper slope for the charger compared to the battery.
This differential enhancement predicts that the charger’s
energy will exceed the battery’s beyond a specific thresh-
old of thermal occupation number, inducing a crossover in
their energy dynamics, as given by

_ 2AAr? — A?)

= 23
Nth Ak ( )

Figure 3(b) asymptotic demonstrates the efficiency,
defined as the energy ratio, & (nm,t — 00)/Ey(nn, t —
o0), clearly indicating that beyond the specific thermal
threshold (23), the charger’s energy surpasses the battery’s

(@) (b)
300 e . 4
L /|
2 5
S g
& 200 _ 2
@ L =
g - 428
2 =
= S
2t / g
£ 100 / : g
> /— Charger’s energy 2
<« /S = Battery’s energy
J/ Fit: Charger’s energy -
L/ ---- Fit: Battery’s energy |
el B TR
0 100 200 300 1 10 100
ny (dimensionless) ny (dimensionless)
FIG. 3. (a) Asymptotic energy dynamics (units of hw) of the

charger and battery as a function of thermal occupation num-
ber in the nonreciprocal regime for symmetric damping rates
'=T,=T, =0.04w, k, = kp = 0.003w, and A = 0.1w with
coupling strength |J| = I'/2. Linear regression of the energies
yielded a steeper slope for the charger compared to the battery.
This indicates that the charger’s energy will exceed the bat-
tery’s energy beyond a specific threshold. (b) The asymptotic
efficiency, &' (nm, t — 00)/Eq(nm, t — 00), as a function of ny,.

energy. This threshold signifies the point where thermal
energy overwhelms the coherent work-storage mechanism.
The nonreciprocal design successfully protects the battery
from this thermal noise, but it cannot prevent the charger
from becoming thermally populated. Thus, while the bat-
tery remains a useful quantum work source, the overall
energy partitioning shifts in favor of the thermally flooded
charger.

A more stringent figures of metric is the ergotropy,
which quantifies the useful energy: the maximum work
extractable from the QB, distinguishing it from the total
stored energy which may be partially locked in inaccessi-
ble forms. By rigorously solving the coupled differential
equations (10) and (11) for the expectation values of the
mode operators, we find that (see Appendix A for the full
derivation)

(bb) = (b)?,
wl(b)]* = EF (ny = 0, 1),
W(BTBY |y = EX(nn = 0,1) + X" (n, 1).

(thermal-independent);

(thermal-independent);

24

Substituting Eq. (24) into Eq. (8) yields the energy of the
corresponding passive state,

Ey (nn, 1) = X" (nan, ). (25)

Further substituting Egs. (13) and (25) into Eq. (7) gives
the battery ergotropy,

Wyt (i, ©) = Wyl (nn = 0,1) = & (nn = 0,1).  (26)
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75— ;
50 -
— Battery’s energy (n,, = 0)
- - Ergotropy (n, 2 0)
25 -
T I TR TS T R
00 2 4 6 8 10

T (dimensionless)

FIG. 4. Dynamics of the total stored energy and ergotropy
(in units of hw, with A = 1) for the battery in the nonrecipro-
cal regime as a function of dimensionless scaled time 7. The
parameters are chosen as A, = A, = A, with identical dissipa-
tion rates I'y = I', = I' = 0.04w, identical coupling losses «, =
kp = 0.003w, a driving amplitude A = 0.1w, and a nonreciprocal
coupling strength |J| = I'/2.

This result demonstrates that the ergotropy is devoid of
any thermal contribution, as it coincides exactly with the
energy stored under an engineered vacuum reservoir. Con-
sequently, the nonreciprocal battery operates at the funda-
mental limit for work extraction in a thermal environment:
its extractable work W)'(ng, ) saturates the maximum
possible value set by the ideal zero-temperature charging
dynamics, i.e., W) (nm, 1) = )" (ng = 0, 1), as illustrated
in Fig. 4. This is achieved not by suppressing thermal
noise, but by dynamically isolating the coherent, work-
capable component of the battery’s state from the inco-
herent thermal population. This temperature independence
follows from the fact that thermal noise enters only the
occupation number (b'h), while the coherent correlators,
responsible for ergotropy, remain unchanged due to the
linear, cascaded Lindblad dynamics under the nonrecip-
rocal tuning condition. This constitutes one of the most
illuminating findings of our work. The equality between
ergotropy and the vacuum-limit stored energy is a direct
signature that the nonreciprocal QB operates at its funda-
mental quantum limit for work extraction. This reveals a
powerful principle: tailored dissipation via reservoir engi-
neering can protect quantum performance, making the
extractable work robust against thermal noise.

The temperature-dependent increase in total energy
resides entirely in the passive (nonextractable) component
of'the stored energy. Thermal fluctuations populate higher-
energy levels incoherently while preserving the passive
ordering of populations, thereby precluding the generation
of additional extractable work. Since ergotropy quantifies
the energy extractable via unitary operations, and thermal

noise neither induces population inversion nor generates
useful coherence, the ergotropy remains unchanged. In
contrast, the nonreciprocal reservoir determines the non-
passive structure of the steady state, which is essentially
insensitive to temperature, thereby explaining the robust-
ness of the extractable work against thermal noise.

B. Reciprocal charging dynamics

We now turn to the reciprocal regime (I' = 0), where the
charging dynamics exhibit characteristics distinctly differ-
ent from their nonreciprocal counterparts. By solving the
coupled differential equations (10) and (11) for the case
without a shared reservoir, we derive the exact reciprocal
energy dynamics of the battery, £5(), as given by [15,16]

4 A*C Kab! g(t)e_KaTbt
(H=——i—— |1 -Fe + + —>—
& /ca/cb(C—|-1)2|: F(e "+ + A2 ,

(27
with
At 2kgp . At
F(t) = 2cosh T + A sinh T

At
G(t) = (A — kup)? cosh 5+ 2Akpe? — dicgicy(C + 1).
(28)

Here, C = 4J?%/ik,k}, defines the coherent coupling coop-
erativity between the charger and battery, «,, = «, +
kp 18 the total local dissipation rates, and A = (|x, —
Kkp|? — |4J1%)1/2. The parameter A plays a crucial role,
as its nature delineates the dynamical regime: an imagi-
nary value (A € Im) corresponds to underdamped charg-
ing dynamics, whereas a real value (A € Re) indicates
an overdamped regime [15]. Most notably, in the crit-
ical damping case (A = 0), reciprocal QBs store more
energy than their nonreciprocal counterparts when I > «.
This highlights the apparent performance disadvantage, as
detailed in the Appendix B. Crucially, the charging dynam-
ics for the reciprocal QB are derived without shared reser-
voir engineering; consequently, the thermal bath exerts no
influence on the QB’s performance.

As is evident from Eq. (27), the characteristics of the
energy dynamics in the reciprocal system is governed by
the parameter A. To delve deeper, we begin by analyzing
the underdamped regime, where A is imaginary (A € Im).
This regime is well-established in the literature [15], where
oscillatory dynamics in the reciprocal energy were identi-
fied for the underdamped regime (4|J| > |k, — kp|) under
identical local damping rates (k, = k» = k). Our analysis,
however, demonstrates that these dynamics are governed
by the interplay between coherent coupling and intrinsic
dissipation, as illustrated in Fig. 5. Within this under-
damped regime, the battery’s reciprocal energy [Eq. (27)]
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FIG. 5. Phase diagram of the reciprocal charging dynamics
(units of hw) of the QB. The normalized reciprocal battery
energy, £/ (1)/(wA?/J?), exhibits three dynamical regimes gov-
erned by the dimensionless coupling ratio «/ I, and the rescaled
time Jt (dimensionless), where I' = 2J. For « < T', the energy
fluctuates at a consistent frequency and damping amplitude in
the rescaled time scale, eventually converging to a finite value in
the steady-state limit. Conversely, the specified oscillations fade
away forx > T.

simplifies to

2
E () =& (t > 00) [1 — e x1? (coth—I— % sith)] ,
(29)

where &J(t — 00) = 4w A’C/(k(C + 1))* is the maxi-
mum achievable energy obtained in the steady-state limit.
The dynamics of the battery’s energy are universally gov-
erned by the dimensionless ratio x / I', which delineates the
following three distinct dynamical underdamped regimes,
as summarized in Table 1.

(1) Coherent-dominated regime (I' > k,«x/ " — 0):In
this regime, one may recover an oscillating behav-
ior of the reciprocal energy, as reported in Ref.
[15]. The amplitude of oscillation decays expo-
nentially as e /2, but since I > «, the decay is

(a) Underdamped regime (b) Overdamped regime
100 ——rrrr—
[ — T'=0.003, x=0.04
[ — I'=0.04, x=0.003 - —
|l — I'=x=0.04
>
<9
=
D
S
b=
@
L 10F
E= o
S —
1%
g
>
v
<
11 10 100 1 10 100 0.01
ny, (dimensionless) Ny, (dimensionless)
FIG. 6. (Log-log scale) The asymptotic energy ratio (nonre-

ciprocal to reciprocal dimensionless quantity) versus thermal
occupation number (dimensionless parameter) for the battery
in the (a) underdamped (4|J| > |k, — kp|) and (b) overdamped
(4] < |ka — Kkp|) regimes, with a fixed coupling strength |J| =
'/2and A = 0.1w.

slow, preserving the oscillatory behavior over many
cycles.

(2) Dissipation-dominated regime (I' < «, «/I' —
o0): The energy dynamics exhibit an exponential
decay without oscillations.

(3) Identical coherent-dissipative regime I' = k: The
energy dynamics, both reciprocal and nonreciprocal
tend to converge [E}(t) ~ &) (ny, = 0,1)], reflecting
the absence of nonreciprocal advantage.

Our analysis identifies a critical limitation: under identi-
cal coherent-dissipative conditions and vacuum-reservoir
engineering, the steady-state energies of the reciprocal and
nonreciprocal configurations converge. The equivalence in
asymptotic charging performance indicates no fundamen-
tal nonreciprocal advantage. This limitation, however, is
overcome by thermal-reservoir engineering: with increas-
ing ng, the nonreciprocal energy rises and exceeds the
underdamped reciprocal energy beyond a critical ther-
mal occupation threshold, as shown in Fig. 6(a). The
ratio of nonreciprocal to reciprocal energy in the steady-
state limit remains greater than unity in both the coher-
ent and dissipation-dominated (I" 2 «) regimes, indicat-
ing a consistent nonreciprocal advantage. In the identical

TABLE 1. Reciprocal energy in three distinct underdamped regimes.
Underdamped regime Condition Reciprocal energy, & (f) Physical Behavior Nonreciprocal advantage
Coherent-dominated >« Ert — 00)(1 — e 2 cos Jt)* Oscillatory decay Present
Dissipation-dominated <k &t — 00) (1 — %te—xt/z)z Monotonic decay Present
Identical coherent-dissipative =« &t — oco)(1 — V2e " cos(Jt — /4))? Slow decay Absent
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coherent-dissipative regime (I" = k), however, the ratio
only surpasses unity for ng > 1, demonstrating a dis-
tinct, thermally activated nonreciprocal advantage. Figure
6(b) illustrates the thermal enhancement of QB efficiency
through nonreciprocal coupling in the overdamped regime.
In the overdamped regime under vacuum-reservoir engi-
neering, the reciprocal charger-battery system demon-
strates superior performance. This disadvantage, however,
can be reversed by optimizing the nonreciprocal cou-
pling through asymmetric dissipation rates (I", = ¢I" and
', =T/¢ with ¢ = \/k,/kp), which enables the non-
reciprocal mechanism to achieve more efficient energy
storage, surpassing the reciprocal case [15]. A more strik-
ing result emerges under thermal-reservoir engineering.
Even without parameter optimization, the energy ratio
lim,_, oo €)' /€ increases with the thermal occupation num-
ber ny, causing the nonreciprocal energy to surpass the
reciprocal energy beyond a critical threshold ng,.

IV. CONCLUSION

This work has demonstrated the pivotal role of reservoir
engineering in optimizing the charging and storage effi-
ciency of nonreciprocal QBs. By tailoring specific reser-
voir properties, we achieved a significant enhancement
in energy storage capacity compared with the vacuum-
reservoir counterparts. Specifically, the thermal-reservoir
engineering enhanced the battery’s energy storage by pro-
viding an external source of thermal energy. This effect
is amplified by the system’s nonreciprocity, which facili-
tates more efficient unidirectional energy transfer into the
battery. Furthermore, our analysis of the ergotropy under
a thermal reservoir reveals that nonreciprocity inherently
protects the battery’s work-extraction capability. Strik-
ingly, thermal noise contributes exclusively to the passive
component of the energy, while the nonreciprocal reservoir
fixes the nonpassive structure of the steady state, thereby
rendering the ergotropy insensitive to the bath temperature.
Consequently, the ergotropy is temperature-independent
and exactly equals the energy stored under vacuum con-
ditions, demonstrating that the maximum extractable work
is protected against thermal degradation.
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APPENDIX A: NONRECIPROCAL CHARGING
DYNAMICS

This appendix details the analytical derivation of the
charging dynamics (stored energy and ergotropy) for the
thermal-reservoir-assisted nonreciprocal QB [Eq. (15)].
Substituting the nonreciprocal condition J = —iuI"/2 into
the coupled differential equations (10) and (11) yields

(a) = — <ia) + %) (a) —iAe ™

2
(ata) = —A,(aTa) — 2Im[Ae® (a)] + naT.,

(by = — (z’w + ﬁ) (by + 1T (a),

(bth) = —Ap(b'h) + 2Im[uT (a'b)] + n T,

Aa+Ab

(atb) = — (a'b) + w*T(a'a) +iAe“(b) (A1)

— npu*T
(@) = —Qiw + A )@ — 2iAe ™ (a),
(b2) = —Qiw + Ap) () + 2u*T (ab),

(ab) = — <2ia) + #) (ab) + W' T (a'a)

+ iAe!(b).

The complex coupling breaks time-reversal symme-
try, enabling unidirectional energy transfer between the
charger and the battery. This asymmetry is manifest in
the system’s dynamics: while the expectation values of
the battery’s observables are influenced by the charger,
the charger’s observables evolve independently of the bat-
tery. Consequently, the dynamics of the charger mode, (a),
are governed by a first-order differential equation whose
solution is of the form

2iA

= @ =,
a

(a) (A2)

at resonance frequency wy = . By plugging in the value
of (a) in the first cumulant of the battery observable (b),
we obtain

1 — e*Aat/Z

o )W

4T Ap* [ 1 — e ot/?
o= (
ab€

where Ay, = A, — Ay is the difference of the total individ-
ual damping rates of the charger and battery. The energy
dynamics of the charger can be obtained by putting the
value of (a) in the second cumulant of the charger mode
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(a%a). The second cumulant of the charger mode becomes,

" nnly
(a'a) = (@ta)]ym0 + ——2(1 —

e—Aal‘/Z) .
Aq

(A4)

Here, the second term represents the thermal contribu-
tion to the charger’s excitation. The corresponding energy
stored in the reservoir-assisted charger, given by E,(f) =
w(a'a), is presented in Eq. (20).

To compute the nonreciprocal charging dynamics of the
battery, we analyze the time evolution of the operator cor-
relation (a'h). Using Egs. (A3) and (A4) in (a'h), we
obtain

2ng ' p*

————————— [k Ay — (A
Aa(Ag—Ai)[a ab ( a

(@'b) = (@"B) |0 —

Ag+A

+ ADTee ™+ T, = Ag)e™ T ], (A5)

where (a%b)|,,th:0 is the expectation value of the a'b cor-
relator in the vacuum-reservoir limit [16]. Substituting the
expression for (a'h) into the equation for (h'h) yields a
first-order linear differential equation for the battery pop-
ulation, (h'h). This equation is solved by applying the
standard method of integrating factors, with the factor e+,
leading to the solution

n 4T 8T2A
AbThy = -2 | Tyl — ey — 0 = 0
Ay As+ A Ny AabeAaf
% ( Fa + Fa - Aab _ 2Fa - Aab eAabf/2>:| )
2A, 2ApeNavt A+ Ay

(A6)

Here, A(b'h) = (bTb)|,, — (b'b)|n,—0. Substituting Eq.
(A6) into Eq. (5) yields the energy dynamics of the non-
reciprocal reservoir-assisted QBs, as given by Eq. (13).
Remarkably, in the vacuum-reservoir limit (ny, = 0), Eq.
(A0) is simplified to

ATA (1 —e a2 ] e hpt2\ 7
<bTb> |”th=0 = - >
Aab Aa Ab

= (5% (A7)
To derive an analytical expression for the ergotropy,, we
solve the differential equations governing the second-order
moments: (a®), (ab), and (b?). The dynamics of the charger
mode, in particular, (a®), are governed by a first-order
differential equation whose solution is of the form

| 2A?

<a2> — F(1 _ e—Aat/Z)Z.

(A8)

Remarkably, the second cumulant of the charger mode,
(a®), is temperature-independent and factorizes exactly

into (a)?. By plugging in the value of (a?) and (b) in the
time evolution of the operator correlation (ab), we obtain

(ab)

AaAabeZiw[ Aa Ab
(A9)

a a A
BT A1 — e H) [1 e 1—52”}

Notably, the second cumulant {(ab) exhibits exact factoriza-
tion into (a)(b) and is entirely independent of temperature,
as confirmed by the solutions for the mode operators in
Egs. (A2) and (A3). Substituting the value of (ab) into the
equation for the second cumulant of the battery mode, (b?),
yields a solution of the form

o AT Au* (1 — e~ Dot/ 1= e—Nat/2\ 7%
L Awe Ay Aq '
(A10)

The second cumulant of the battery mode, (b?), is
temperature-independent and factorizes exactly into (b)?
[cf. Eq. (A3)].

It is crucial to emphasize that the second cumulant (b'5)
is temperature-dependent and does not generally factor-
ize into (b')(b). However, under vacuum-reservoir condi-
tions, this cumulant exhibits perfect factorization, yielding
(bTh) = |(b)|? and (bb) = (b)?. This leads directly to a unit
dimensionless parameter D = | and a zero passive state
energy (£;" = 0). Consequently, the battery maintains an
equal amount of stored energy and ergotropy, such that

Wy (ng = 0,0) = £ (ng, = 0, 7). (A11)
In contrast, under a nonzero incoherent driving, the fac-
torization of the battery’s second cumulant is violated
((bTb) # |(b)|?), fundamentally altering the relationship
between ergotropy and total stored energy [61].

APPENDIX B: CRITICALLY DAMPED
CHARGING DYNAMICS (A =0)

The critical damping regime corresponds to A =0,
which occurs when the dissipative asymmetry balances
the coherent coupling, |«, — xp| = |4J| with J =T/2.
Assuming k, > «p and J > 0 and identical local dissipa-
tion rates [', = ', = I, the reciprocal battery energy [Eq.
(27)] simplifies to

4ol A? At _nin ]’
r _ — /2
cf'b(O,t)——A2 |:1—<1—|——2 )e b ] , (B1)
where A, =TI' 4+ «;, is the total dissipation rate of the

battery. The steady-state energy, reached as ¢t — oo, is

42 A2

E0,t— o0) =

(B2)
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FIG. 7. (Log-log scale) Asymptotic efficiency 7n(0,t — o00)

(nonreciprocal-to-reciprocal energy ratio) versus the local dis-
sipation rate I for the critical damping condition «, = k; +
4J with «, = 0.003w and J = I'/2. The red circle marks the
crossover point I' = «;, where the charging dynamics shifts from
a coherent-dominant regime (I < «}) to a dissipation-dominant
regime (I" > «3).

In this critically damped limit, the system exhibits the
fastest possible monotonic relaxation without oscillations,
optimizing the charging time by avoiding both under-
damped coherent back action. This inverse quartic scaling
&7(0,1) A;4, highlights a strong dependence of the bat-
tery’s storage capacity on dissipation: minimizing Ay (the
total battery damping) dramatically enhances the maxi-
mum storable energy.

The performance of the nonreciprocal charging protocol
can be quantified by comparing the battery’s stored energy
with that achieved in a conventional reciprocal charger-
battery system under identical conditions. For the critically
damped nonreciprocal case (A = 0), the battery energy
dynamics simplify to

4o A?
EM(0,1) = 2“’—2 [2I — 2T
AT + Ap)
+ Ape M2 4 Npe CTHMI2]E (B3
The steady-state energy, reached as t — o0, is
16wI2 A
EM0, 1 — 00) = —m (B4)

AZQT + Ap)?

To benchmark the nonreciprocal advantage, we compare
the steady-state battery’s stored energy &;'(0,f — 00)
against the energy &£;(0,7 — oo) of a reciprocal charger-
battery system operating under the same physical con-
straints. The steady-state charging efficiency, defined as
the ratio of the nonreciprocal to reciprocal energies, is

therefore

4T + «p)?

0,1 s L/
n(0.1 = 00) = FE

(B5)

This efficiency quantifies the energy-storage advantage
provided by the nonreciprocal coupling. Notably, n(0, —
oo) > 1 for all finite x5, indicating that the nonrecipro-
cal protocol outperforms the reciprocal benchmark in the
steady-state energy stored, as depicted in Fig. 7. Notably,
a significant nonreciprocal advantage ((0,7 — o0) > 1)
is observed primarily in the coherent-dominant regime. In
the dissipation-dominant regime, the efficiency decreases
with I, eventually falling below unity. This crossover indi-
cates that the nonreciprocal protocol becomes less efficient
than the reciprocal benchmark when dissipative losses
overwhelm coherent coupling.

[1] R. Alicki and M. Fannes, Entanglement boost for
extractable work from ensembles of quantum batteries,
Phys. Rev. E 87, 042123 (2013).

[2] G. M. Andolina, V. Stanzione, V. Giovannetti, and M.
Polini, Genuine quantum advantage in anharmonic Bosonic
quantum batteries, Phys. Rev. Lett. 134, 240403 (2025).

[3] J. Q. Quach, K. E. McGhee, L. Ganzer, D. M. Rouse, B. W.
Lovett, E. M. Gauger, J. Keeling, G. Cerullo, D. G. Lidzey,
and T. Virgili, Superabsorption in an organic microcavity:
Toward a quantum battery, Sci. Adv. 8, eabk3160 (2022).

[4] H.-Y. Yang, H.-L. Shi, Q.-K. Wan, K. Zhang, X.-H. Wang,
and W.-L. Yang, Optimal energy storage in the Tavis-
Cummings quantum battery, Phys. Rev. A 109, 012204
(2024).

[5] G. Francica, Quantum advantage in batteries for Sachdev-
Ye-Kitaev interactions, Phys. Rev. A 110, 062209 (2024).

[6] F. Barra, Dissipative charging of a quantum battery, Phys.
Rev. Lett. 122, 210601 (2019).

[7] F. Campaioli, S. Gherardini, J. Q. Quach, M. Polini, and G.
M. Andolina, Colloquium: Quantum batteries, Rev. Mod.
Phys. 96, 031001 (2024).

[8] Z.-G. Lu, G. Tian, X.-Y. Lii, and C. Shang, Topological
quantum batteries, Phys. Rev. Lett. 134, 180401 (2025).

[9] M. B. Arjmandi, H. Mohammadi, A. Saguia, M. S. Sarandy,
and A. C. Santos, Localization effects in disordered quan-
tum batteries, Phys. Rev. E 108, 064106 (2023).

[10] M. S. Ukhtary, A. R. T. Nugraha, A. B. Cahaya, A. Rusydi,
and M. A. Majidi, High-performance Kerr quantum battery,
Appl. Phys. Lett. 123, 034001 (2023).

[11] C. A. Downing and M. S. Ukhtary, A quantum battery with
quadratic driving, Commun. Phys. 6, 322 (2023).

[12] C. A. Downing and M. S. Ukhtary, Hyperbolic enhance-
ment of a quantum battery, Phys. Rev. A 109, 052206
(2024).

[13] C. A. Downing and M. S. Ukhtary, Energetics of a pulsed
quantum battery, Europhys. Lett. 146, 10001 (2024).

[14] W.-L. Song, H.-B. Liu, B. Zhou, W.-L. Yang, and J.-H.
An, Remote charging and degradation suppression for the
quantum battery, Phys. Rev. Lett. 132, 090401 (2024).

023003-11


https://doi.org/10.1103/PhysRevE.87.042123
https://doi.org/10.1103/kzvn-dj7v
https://doi.org/10.1126/sciadv.abk3160
https://doi.org/10.1103/PhysRevA.109.012204
https://doi.org/10.1103/PhysRevA.110.062209
https://doi.org/10.1103/PhysRevLett.122.210601
https://doi.org/10.1103/RevModPhys.96.031001
https://doi.org/10.1103/PhysRevLett.134.180401
https://doi.org/10.1103/PhysRevE.108.064106
https://doi.org/10.1063/5.0156618
https://doi.org/10.1038/s42005-023-01439-y
https://doi.org/10.1103/physreva.109.052206
https://doi.org/10.1209/0295-5075/ad2e79
https://doi.org/10.1103/PhysRevLett.132.090401

NIAZ ALI KHAN and DAHAI HE

PRX ENERGY 8§, 023003 (2026)

[15] B. Ahmadi, P. Mazurek, P. Horodecki, and S. Barzan-
jeh, Nonreciprocal quantum batteries, Phys. Rev. Lett. 132,
210402 (2024).

[16] N. A. Khan, X. Zhang, C. Huang, Y. Liu, and D. He, Col-
lective enhancement in nonreciprocal multimode quantum
batteries, Phys. Rev. B 112, 104318 (2025).

[17] M. Hadipour, N. N. Yousefi, A. Mortezapour, A. S. Miav-
aghi, and S. Haseli, Amplified quantum battery via dynam-
ical modulation, Sci. Rep. 15, 14578 (2025).

[18] S.-C.Zhao, Z.-R. Zhao, and N.-Y. Zhuang, Non-Markovian
N-spin chain quantum battery in thermal charging process,
Phys. Rev. E 112, 024129 (2025).

[19] A. Camposeo, T. Virgili, F. Lombardi, G. Cerullo, D.
Pisignano, and M. Polini, Quantum batteries: A materials
science perspective, Adv. Mater. 37, 2415073 (2025).

[20] D. Ferraro, F. Cavaliere, M. G. Genoni, G. Benenti, and M.
Sassetti, Opportunities and challenges of quantum batteries,
Nat. Rev. Phys. 8, 115 (2026).

[21] M. Z. Zafar and M. Irfan, Loss-induced nonreciprocal
quantum battery, Adv. Quantum Technol. 9, e00845 (2026).

[22] P-R. Lai, J.-D. Lin, Y.-T. Huang, H.-C. Jan, and Y.-N.
Chen, Quick charging of a quantum battery with super-
posed trajectories, Phys. Rev. Res. 6, 023136 (2024).

[23] R. P. A. Simon, J. Anders, and K. V. Hovhannisyan, Corre-
lations enable lossless ergotropy transport, Phys. Rev. Lett.
134, 010408 (2025).

[24] D. Zhang, S. Ma, Y. Jiang, Y. Yu, G. Jin, and A. Chen,
Quantum battery with interactive atomic collective charg-
ing, Phys. Rev. A 110, 032211 (2024).

[25] R. Shastri, C. Jiang, G.-H. Xu, B. P. Venkatesh, and G.
Watanabe, Dephasing enabled fast charging of quantum
batteries, npj Quantum Inf. 11, 9 (2025).

[26] T.P.Le,J. Levinsen, K. Modi, M. M. Parish, and F. A. Pol-
lock, Spin-chain model of a many-body quantum battery,
Phys. Rev. A 97, 022106 (2018).

[27] D. Ferraro, M. Campisi, G. M. Andolina, V. Pellegrini, and
M. Polini, High-power collective charging of a solid-state
quantum battery, Phys. Rev. Lett. 120, 117702 (2018).

[28] P. A. Erdman, G. M. Andolina, V. Giovannetti, and F.
Noé, Reinforcement learning optimization of the charging
of a Dicke quantum battery, Phys. Rev. Lett. 133, 243602
(2024).

[29] A.Rojo-Francas, F. Isaule, A. C. Santos, B. Julid-Diaz, and
N. T. Zinner, Stable collective charging of ultracold-atom
quantum batteries, Phys. Rev. A 110, 032205 (2024).

[30] D. Rossini, G. M. Andolina, D. Rosa, M. Carrega, and
M. Polini, Quantum advantage in the charging process of
Sachdev-Ye-Kitaev batteries, Phys. Rev. Lett. 125, 236402
(2020).

[31] C.-K. Hu, J. Qiu, P. J. Souza, J. Yuan, Y. Zhou, L. Zhang,
J. Chu, X. Pan, L. Hu, J. Li, et al., Optimal charging of a
superconducting quantum battery, Quantum Sci. Technol.
7, 045018 (2022).

[32] F. Mazzoncini, V. Cavina, G. M. Andolina, P. A. Erdman,
and V. Giovannetti, Optimal control methods for quantum
batteries, Phys. Rev. A 107, 032218 (2023).

[33] F. H. Kamin, F. T. Tabesh, S. Salimi, F. Kheirandish, and
A. C. Santos, Non-Markovian effects on charging and self-
discharging process of quantum batteries, New J. Phys. 22,
083007 (2020).

[34] A. H. Malavazi, R. Sagar, B. Ahmadi, and P. R. Dieguez,
Two-time weak-measurement protocol for ergotropy pro-
tection in open quantum batteries, PRX Energy 4, 023011
(2025).

[35] J. Carrasco, J. R. Maze, C. Hermann-Avigliano, and F.
Barra, Collective enhancement in dissipative quantum bat-
teries, Phys. Rev. E 105, 064119 (2022).

[36] S. Elghaayda, A. Ali, S. Al-Kuwari, A. Czerwinski, M.
Mansour, and S. Haddadi, Performance of a superconduct-
ing quantum battery, Adv. Quantum Technol. 8, 2400651
(2025).

[37] F.-Q. Dou, Y.-Q. Lu, Y.-J. Wang, and J.-A. Sun, Extended
Dicke quantum battery with interatomic interactions and
driving field, Phys. Rev. B 105, 115405 (2022).

[38] A. Kamal, J. Clarke, and M. H. Devoret, Noiseless non-
reciprocity in a parametric active device, Nat. Phys. 7, 311
(2011).

[39] L. Feng, M. Ayache, J. Huang, Y.-L. Xu, M.-H. Lu, Y.-
F. Chen, Y. Fainman, and A. Scherer, Nonreciprocal light
propagation in a silicon photonic circuit, Science 333, 729
(2011).

[40] D. Jalas, A. Petrov, M. Eich, W. Freude, S. Fan, Z. Yu,
R. Baets, M. Popovi¢, A. Melloni, J. D. Joannopoulos, M.
Vanwolleghem, C. R. Doerr, and H. Renner, What is — and
what is not — an optical isolator, Nat. Photon. 7, 579 (2013).

[41] D. L. Sounas and A. Alu, Non-reciprocal photonics based
on time modulation, Nat. Photon. 11, 774 (2017).

[42] C. Liang, B. Liu, A.-N. Xu, X. Wen, C. Lu, K. Xia, M. K.
Tey, Y.-C. Liu, and L. You, Collision-induced broadband
optical nonreciprocity, Phys. Rev. Lett. 125, 123901 (2020).

[43] X. Huang, C. Lu, C. Liang, H. Tao, and Y.-C. Liu, Loss-
induced nonreciprocity, Light: Sci. Appl. 10, 30 (2021).

[44] B. Li, Y. Zuo, L.-M. Kuang, H. Jing, and C. Lee, Loss-
induced quantum nonreciprocity, npj Quantum Inf. 10, 75
(2024).

[45] Y. Zhan, S. Zhang, S. Gong, and Y. Niu, Optical non-
reciprocity using light shifts, Phys. Rev. A 111, 023510
(2025).

[46] M. Wang, R.-Y. Zhang, C. Zhang, H. Xue, H. Jia, J. Hu, D.
Wang, T. Jiang, and C. T. Chan, Three-dimensional nonre-
ciprocal transport in photonic topological heterostructure of
arbitrary shape, Sci. Adv. 11, eadq9285 (2025).

[47] E. K. Berinyuy, J.-X. Peng, P. Djorwé, Abdourahimi, A.-H.
Abdel-Aty, K. S. Nisar, and S. G. N. Engo, Nonreciprocal
transmission in hybrid atomic ensemble-optomechanical
systems, Quantum Inf. Process 24, 160 (2025).

[48] A. Metelmann and A. A. Clerk, Nonreciprocal photon
transmission and amplification via reservoir engineering,
Phys. Rev. X 5, 021025 (2015).

[49] A. Metelmann and A. A. Clerk, Nonreciprocal quan-
tum interactions and devices via autonomous feedforward,
Phys. Rev. A 95, 013837 (2017).

[50] K. Fang, J. Luo, A. Metelmann, M. H. Matheny, F. Mar-
quardt, A. A. Clerk, and O. Painter, Generalized non-
reciprocity in an optomechanical circuit via synthetic mag-
netism and reservoir engineering, Nat. Phys. 13, 465
(2017).

[51] Z.Zhang, P. Delplace, and R. Fleury, Superior robustness of
anomalous non-reciprocal topological edge states, Nature
598, 293 (2021).

023003-12


https://doi.org/10.1103/physrevlett.132.210402
https://doi.org/10.1103/67wh-1fxv
https://doi.org/10.1038/s41598-025-99291-3
https://doi.org/10.1103/xqtv-qbyk
https://doi.org/10.1002/adma.202415073
https://doi.org/10.1038/s42254-025-00906-5
https://doi.org/10.1002/qute.202500845
https://doi.org/10.1103/PhysRevResearch.6.023136
https://doi.org/10.1103/PhysRevLett.134.010408
https://doi.org/10.1103/physreva.110.032211
https://doi.org/10.1038/s41534-025-00959-5
https://doi.org/10.1103/PhysRevA.97.022106
https://doi.org/10.1103/physrevlett.120.117702
https://doi.org/10.1103/PhysRevLett.133.243602
https://doi.org/10.1103/physreva.110.032205
https://doi.org/10.1103/PhysRevLett.125.236402
https://doi.org/10.1088/2058-9565/ac8444
https://doi.org/10.1103/PhysRevA.107.032218
https://doi.org/10.1088/1367-2630/ab9ee2
https://doi.org/10.1103/bv4w-jr6q
https://doi.org/10.1103/PhysRevE.105.064119
https://doi.org/10.1002/qute.202400651
https://doi.org/10.1103/PhysRevB.105.115405
https://doi.org/10.1038/nphys1893
https://doi.org/10.1126/science.1206038
https://doi.org/10.1038/nphoton.2013.185
https://doi.org/10.1038/s41566-017-0051-x
https://doi.org/10.1103/PhysRevLett.125.123901
https://doi.org/10.1038/s41377-021-00464-2
https://doi.org/10.1038/s41534-024-00870-5
https://doi.org/10.1103/PhysRevA.111.023510
https://doi.org/10.1126/sciadv.adq9285
https://doi.org/10.1007/s11128-025-04774-x
https://doi.org/10.1103/physrevx.5.021025
https://doi.org/10.1103/physreva.95.013837
https://doi.org/10.1038/nphys4009
https://doi.org/10.1038/s41586-021-03868-7

QUANTUM BATTERIES: A NONRECIPROCAL THERMAL...

PRX ENERGY 5, 023003 (2026)

[52] I. F. Poyatos, J. I. Cirac, and P. Zoller, Quantum reservoir
engineering with laser cooled trapped ions, Phys. Rev. Lett.
77,4728 (1996).

[53] S.E.Begg and R. Hanai, Quantum criticality in open quan-
tum spin chains with nonreciprocity, Phys. Rev. Lett. 132,
120401 (2024).

[54] L. Bi, J. Hu, P. Jiang, D. H. Kim, G. F. Dionne, L. C.
Kimerling, and C. A. Ross, On-chip optical isolation in
monolithically integrated non-reciprocal optical resonators,
Nat. Photon. 5, 758 (2011).

[55] A. B. Khanikaev and A. Alu, Nonlinear dynamic reci-
procity, Nat. Photon. 9, 359 (2015).

[56] L. Tang, J. Tang, M. Chen, F. Nori, M. Xiao, and K. Xia,
Quantum squeezing induced optical nonreciprocity, Phys.
Rev. Lett. 128, 083604 (2022).

[57] T. T. Koutserimpas and R. Fleury, Nonreciprocal gain in
non-Hermitian time-Floquet systems, Phys. Rev. Lett. 120,
087401 (2018).

[58] S. Li, K. L. Tsakmakidis, T. Jiang, Q. Shen, H. Zhang,
J. Yan, S. Sun, and L. Shen, Unidirectional guided-wave-
driven metasurfaces for arbitrary wavefront control, Nat.
Commun. 15, 5992 (2024).

[59] D. Malz, L. D. Téth, N. R. Bernier, A. K. Feofanov, T. J.
Kippenberg, and A. Nunnenkamp, Quantum-limited direc-
tional amplifiers with optomechanics, Phys. Rev. Lett. 120,
023601 (2018).

[60] E. I. R. Chiacchio, A. Nunnenkamp, and M. Brunelli,
Nonreciprocal Dicke model, Phys. Rev. Lett. 131, 113602
(2023).

[61] D. Farina, G. M. Andolina, A. Mari, M. Polini, and V.
Giovannetti, Charger-mediated energy transfer for quan-
tum batteries: An open-system approach, Phys. Rev. B 99,
035421 (2019).

[62] A. Ali, S. Al-Kuwari, M. 1. Hussain, T. Byrnes, M.
T. Rahim, J. Q. Quach, M. Ghominejad, and S. Had-
dadi, Ergotropy and capacity optimization in Heisenberg
spin-chain quantum batteries, Phys. Rev. A 110, 052404
(2024).

[63] Y. Yao and X. Q. Shao, Reservoir-assisted quantum battery
charging at finite temperatures, Phys. Rev. A 111, 062616
(2025).

[64] H. J. Carmichael, Quantum trajectory theory for cascaded
open systems, Phys. Rev. Lett. 70, 2273
(1993).

[65] C. W. Gardiner, Driving a quantum system with the output
field from another driven quantum system, Phys. Rev. Lett.
70, 2269 (1993).

[66] Crispin W. Gardiner and Peter Zoller, Quantum Noise, 3rd
ed. (Springer, Berlin, Heidelberg, 2004) Vol. 56, pp. 1-449.

[67] F. Caravelli, G. Coulter-De Wit, L. P. Garcia-Pintos, and
A. Hamma, Random quantum batteries, Phys. Rev. Res. 2,
023095 (2020).

[68] A. C. Santos, B. Cakmak, S. Campbell, and N. T. Zin-
ner, Stable adiabatic quantum batteries, Phys. Rev. E 100,
032107 (2019).

[69] T. Zhang, H. Yang, and S.-M. Fei, Local-projective-
measurement-enhanced quantum battery capacity, Phys.
Rev. A 109, 042424 (2024).

[70] M. T. Mitchison, J. Goold, and J. Prior, Charging a quan-
tum battery with linear feedback control, Quantum 5, 500
(2021).

[71] S.-Y. Bai and J.-H. An, Floquet engineering to reactivate a
dissipative quantum battery, Phys. Rev. A 102, 060201(R)
(2020).

[72] M.-L. Song, X.-K. Song, L. Ye, and D. Wang, Evalu-
ating extractable work of quantum batteries via entropic
uncertainty relations, Phys. Rev. E 109, 064103 (2024).

[73] P. Sathe and F. Caravelli, Universally charging protocols for
quantum batteries: A no-go theorem, Europhys. Lett. 150,
48001 (2025).

[74] A. Canzio, V. Cavina, M. Polini, and V. Giovannetti,
Single-atom dissipation and dephasing in Dicke and Tavis-
Cummings quantum batteries, Phys. Rev. A 111, 022222
(2025).

[75] G. A. Peterson, F. Lecocq, K. Cicak, R. W. Simmonds, J.
Aumentado, and J. D. Teufel, Demonstration of efficient
nonreciprocity in a microwave optomechanical circuit,
Phys. Rev. X 7, 031001 (2017).

[76] M. Hafezi and P. Rabl, Optomechanically induced non-
reciprocity in microring resonators, Opt. Express 20, 7672
(2012).

[77] Z.Shen, Y.-L. Zhang, Y. Chen, C.-L. Zou, Y.-F. Xiao, X.-B.
Zou, F.-W. Sun, G.-C. Guo, and C.-H. Dong, Experimen-
tal realization of optomechanically induced non-reciprocity,
Nat. Photon. 10, 657 (2016).

[78] F. Ruesink, M. A. Miri, A. Alu, and E. Verhagen, Nonre-
ciprocity and magnetic-free isolation based on optomechan-
ical interactions, Nat. Commun. 7, 13662 (2016).

[79] R.Dum, A. S. Parkins, P. Zoller, and C. W. Gardiner, Monte
Carlo simulation of master equations in quantum optics for
vacuum, thermal, and squeezed reservoirs, Phys. Rev. A 46,
4382 (1992).

[80] H.-P. Breuer and F. Petruccione, The Theory of Open Quan-
tum Systems (Oxford University Press, Oxford, New York,
2007).

[81] J. A. Gross, B. Q. Baragiola, T. M. Stace, and J. Combes,
Master equations and quantum trajectories for squeezed
wave packets, Phys. Rev. A 105, 023721 (2022).

[82] I. Medina, O. Culhane, F. C. Binder, G. T. Landi, and J.
Goold, Anomalous discharging of quantum batteries: The
ergotropic Mpemba effect, Phys. Rev. Lett. 134, 220402
(2025).

[83] A. Khoudiri, A. El Allati, O. Miistecaplglu, and K. El
Anouz, Non-Markovianity and a generalized Landauer
bound for a minimal quantum autonomous thermal machine
with a work qubit, Phys. Rev. E 111, 044124 (2025).

[84] C. W. Gardiner and M. J. Collett, Input and output in
damped quantum systems: Quantum stochastic differential
equations and the master equation, Phys. Rev. A 31, 3761
(1985).

023003-13


https://doi.org/10.1103/PhysRevLett.77.4728
https://doi.org/10.1103/PhysRevLett.132.120401
https://doi.org/10.1038/nphoton.2011.270
https://doi.org/10.1038/nphoton.2015.86
https://doi.org/10.1103/physrevlett.128.083604
https://doi.org/10.1103/physrevlett.120.087401
https://doi.org/10.1038/s41467-024-50287-z
https://doi.org/10.1103/physrevlett.120.023601
https://doi.org/10.1103/physrevlett.131.113602
https://doi.org/10.1103/physrevb.99.035421
https://doi.org/10.1103/PhysRevA.110.052404
https://doi.org/10.1103/vqnk-kzqg
https://doi.org/10.1103/PhysRevLett.70.2273
https://doi.org/10.1103/PhysRevLett.70.2269
https://doi.org/10.1103/PhysRevResearch.2.023095
https://doi.org/10.1103/PhysRevE.100.032107
https://doi.org/10.1103/PhysRevA.109.042424
https://doi.org/10.22331/q-2021-07-13-500
https://doi.org/10.1103/PhysRevA.102.060201
https://doi.org/10.1103/PhysRevE.109.064103
https://doi.org/10.1209/0295-5075/add17f
https://doi.org/10.1103/PhysRevA.111.022222
https://doi.org/10.1103/PhysRevX.7.031001
https://doi.org/10.1364/OE.20.007672
https://doi.org/10.1038/nphoton.2016.161
https://doi.org/10.1038/ncomms13662
https://doi.org/10.1103/PhysRevA.46.4382
https://doi.org/10.1093/acprof:oso/9780199213900.001.0001
https://doi.org/10.1103/PhysRevA.105.023721
https://doi.org/10.1103/PhysRevLett.134.220402
https://doi.org/10.1103/PhysRevE.111.044124
https://doi.org/10.1103/PhysRevA.31.3761

	I.. INTRODUCTION
	II.. QUANTUM BATTERY MODEL AND FIGURES OF MERIT
	III.. CHARGING DYNAMICS
	A.. Nonreciprocal charging dynamics
	B.. Reciprocal charging dynamics

	IV.. CONCLUSION
	. ACKNOWLEDGMENTS
	. DATA AVAILABILITY
	. APPENDIX A: NONRECIPROCAL CHARGING DYNAMICS
	. APPENDIX B: CRITICALLY DAMPED CHARGING DYNAMICS (=0)
	. REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


