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Quantum batteries (QBs) exploit collective quantum resources to surpass the limits of classical energy
storage and power delivery. We analyze N-qubit cavity-coupled QBs governed by Dicke and Tavis-Cummings
models under Gaussian driving and open-system dynamics. Finite-size scaling laws O(N)~N® demonstrate

an optimal region of relaxation and dephasing where coherent driving stabilizes entanglement entropy growth
for thermodynamic observables (maximum energy Ep.x, charging time 7, and maximum power Py,,) and for
qubit and cavity entanglement entropies. The Dicke model exhibits entropy-suppressed extensive behavior,
while the Tavis-Cummings model achieves superextensive scaling with o, €[1.08, 1.26], o, ~—0.49, and

ap,. €[1.57,1.73], supported by qubit-cavity entanglement. We demonstrate that dissipation can act as a
stabilizer source, yielding scaling benchmarks that are relevant to several experimental platforms. Our findings
connect entanglement, dissipation-enhanced scaling laws, and superabsorption, outlining a pathway toward
scalable quantum batteries offering practical quantum advantage.

DOI: 10.1103/jtgg-tbnw

I. INTRODUCTION

Superabsorption is the cooperative enhancement of light
absorption in an ensemble of quantum emitters, arising from
the same collective coherence that gives rise to superradiance,
but operating in reverse. In a superabsorbing system, the rate
at which excitations are absorbed increases faster than linearly
with the number of emitters, leading to faster energy trans-
fer than any incoherent sum of independent units [1]. This
phenomenon was theoretically predicted as the time-reversed
analog of Dicke’s superradiance [2], in which a collection of
emitters coupled to a common electromagnetic mode under-
goes collectively enhanced spontaneous emission, releasing
radiation with an intensity that scales as N2. Both effects
originate from the formation of collectively coupled Dicke
states, whose shared coherence gives rise to nonclassical scal-
ing in the emission and absorption rates. Understanding how
such cooperative effects persist or degrade in open quantum
environments is a central question for quantum technology.

Quantum batteries (QBs) are quantum devices designed
to store and deliver energy by exploiting resources such as
coherence and entanglement [3]. These uniquely quantum fea-
tures raise the prospect of outperforming classical batteries in
charging and power delivery. While classical thermodynamics
establishes strict limits on extractable work from any system

“Contact author: j.d.a.cuartas @fys.uio.no
TContact author: john.reina@correounivalle.edu.co

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2026/8(3)/033035(22)

033035-1

[4-6], it does not constrain the timescales over which energy
transfer occurs. This distinction has motivated intense interest
in seeking a quantum advantage in out-of-equilibrium pro-
cesses [7-9]. Although entanglement is not strictly necessary
for optimal work extraction [10,11], it can significantly impact
the rate and efficiency of charging, making it a key resource
in quantum superabsorption technology [12,13].

Like conventional batteries, QBs are temporary storage
units subject to physical constraints such as finite energy stor-
age capacity and bounds on power density [14,15]. Strategies
to enhance their performance have therefore been explored,
including collective charging schemes that boost capacity
[12,16], stabilization mechanisms that mitigate losses to the
environment [17-19], and the use of decoherence-free sub-
spaces [20-22]. Since the concept of a QB was introduced
[23], several key theoretical advances have followed. In par-
ticular, Campaioli et al. showed that the choice of charging
protocol can lead to superextensive behavior: When N iden-
tical qubits are charged collectively, the total charging power
can scale faster than N, resulting in a +/N speedup compared
to parallel charging [11]. Further progress came with the re-
alization that the Dicke QB model could be implemented in
solid-state architectures [12,24]. Quach et al. [25] achieved
superabsorption at room temperature in a molecular QB and
compared their measurements with results from the Tavis-
Cummings (TC) model, demonstrating a quantum charging
advantage in a physical system.

These findings highlight a key point: Quantum batteries are
inherently open systems. They interact with their environment
through processes such as spontaneous emission, dephasing,
and photon leakage, which weaken quantum correlations and
reduce stored energy. Improved energy retention and faster
charging have also been reported under non-Markovian dy-
namics, where system-environment correlations persist over
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time [26,27]. However, in this work, we focus our attention
on the Markovian regime, as discussed below.

A second subtle yet significant aspect relates to the nature
of light-matter interactions in quantum batteries. Many studies
use the rotating-wave approximation (RWA)—which neglects
counterrotating (CR) terms—Ileading to the Tavis-Cummings
model [28-30]. While this approximation remains valid in the
weak-coupling regime (g < wy, w., where g is the coupling
strength and w, and w, are the qubit and the cavity transition
frequencies, respectively), it breaks down in the ultrastrong
regime [31]. The full Dicke model, which includes counter-
rotating terms, predicts phenomena such as vacuum-induced
excitations, entangled ground states, and superradiant phase
transitions [32]. However, the implications for charging dy-
namics in quantum batteries are not fully understood.

In this work, we present a comprehensive analysis of a
QB comprising N identical two-level systems (TLSs), which
we refer to as “qubits,” that are collectively coupled to a
single-mode cavity and driven by a Gaussian pulse. We com-
pare two interaction regimes: the Tavis-Cummings model and
the Dicke model, which includes counterrotating processes.
Dissipation is incorporated via three channels: (1) TLS relax-
ation through spontaneous emission, (2) TLS pure dephasing,
and (3) cavity photon loss. Through a systematic analysis of
these models, we quantify how the energy storage capacity,
charging power, charging time, and entanglement entropy
scale with the size of the system. This clarifies the role of
dissipation in the thermodynamic performance of quantum
batteries and the corresponding scaling laws.

The remainder of this paper is organized as follows.
Section II introduces the QB models, the Tavis-Cummings
and Dicke Hamiltonians, the Gaussian driving protocol, and
the Lindblad dissipation channels. Section III describes the
numerical implementation, which exploits permutation sym-
metry to access system sizes up to N ~ 50. Section IV
presents the results: quasi-ideal dynamics, open-system be-
havior under cavity loss, relaxation and dephasing, and
finite-size scaling laws O(N)~N* for the thermodynamic
observables. Section V maps the operating regimes onto
experimentally realistic parameters in leading platforms. Sec-
tion VI provides a unified discussion and outlook, highlighting
the microscopic mechanism of dissipation-enhanced super-
absorption, the stabilizing role of coherent driving, and
perspectives for optimized control and scalable implementa-
tions. Finally, Sec. VII summarizes the main findings of this
work.

II. THEORETICAL FRAMEWORK

A primary goal of QB research is to identify the mi-
croscopic mechanisms that enable efficient energy storage
and to understand how collective quantum phenomena en-
hance performance. One widely studied architecture is the
cavity-mediated battery [24,25,33,34], where an ensemble of
qubits interacts with a single electromagnetic mode. This
setup incorporates both collective effects, which can en-
hance charging performance, and unavoidable sources of
irreversibility, such as dissipation channels and entangle-
ment with the cavity. To study these competing effects, we
compare two complementary light-matter models: the Dicke

Hamiltonian (non-RWA), commonly adopted in theoretical
analyses [2,31,35-37], and the Tavis-Cummings Hamiltonian
(RWA), often employed to benchmark experimental results
[28,29].

As illustrated in Fig. 1, the quantum battery consists of
an ensemble of N qubits, which are collectively coupled to
a single mode of a cavity. The qubits act as storage units,
while the cavity mediates the transfer of collective excitation
and serves as an intermediary charger. Charging can occur by
initializing the qubits in their excited state or by applying a
resonant Gaussian pulse to inject energy into the cavity. Dis-
sipation is included through photon leakage from the cavity
at rate k., as well as through qubit dephasing and relaxation at
rates y* and y ~, respectively. Together, these processes define
the open-system dynamics analyzed in this work.

Each qubit has transition frequency w, between ground |g)
and excited |e) states, and the cavity has frequency w,., with
qubit-cavity detuning A, = w, — .. All qubits couple identi-
cally to the cavity mode with strength g. The full Hamiltonian
of the driven system reads

H(t) = Heay + Hquo + Hine + Harive (1), (1)
where
Hey = hocd'a, 2
R -
Hyu = quz 55, 3
j=1

with a” (a) the photon creation (annihilation) operators, and
0]‘?‘ the a-Pauli operator of the jth qubit, with o = x, y, z.

To charge the system, an external Gaussian pulse is ap-
plied to the cavity mode. The corresponding external driving
Hamiltonian is given by

Huive(t) = hin(t) @ + a), )
a2
n(®) = 1o exp(—%), 5)

where 7 is the drive amplitude, o its width, and #y the pulse
center. In the laboratory frame, the full expression for the drive
usually includes a carrier oscillation of the type cos(wgt); i.e.,
Eq. (5) takes the form 7n(¢) cos(wgt), where w, is the drive
frequency. However, since our simulations are performed in
the rotating frame of the cavity mode and the drive is reso-
nant (Ay = wyg — w, = 0), only the Gaussian envelope 1(t)
remains in Eq. (4).

A. Light-matter interaction models

Taking into account all light-matter interaction terms leads
to the Dicke Hamiltonian (non-RWA), given by

N
BY =hg) (a'6; +a6) +a's) +as;), (6)
j=1

where 6;’ = |e);{gl and 617 = |g)j(e|. Counterrotating terms

Eff&;r and a6 simultaneously create or annihilate an exci-
tation in both the qubit and the cavity. While these terms
are negligible in weak coupling, they become relevant in
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FIG. 1. Scheme of the cavity-driven QB and dissipation channels. (a) An ensemble of N identical qubits, each with a transition frequency
wy, is (b) collectively coupled to a single cavity mode of frequency w. with a coupling strength g. (c) The battery is charged by a resonant
Gaussian drive 7(z) that excites the cavity (see below). (d) The cavity mode loses photons through leakage at a rate x. (¢) Each qubit
undergoes pure dephasing at rate y*, which randomizes the relative phases without exchanging energy; (f) qubit relaxation occurs at arate y —,
corresponding to spontaneous decay from the excited state to the ground state.

the ultrastrong coupling regime, roughly characterized by
g/ min(w,, w.)~1 [31,37]. This leads to effects such as vir-
tual excitations and Bloch-Siegert shifts [35,36]. Retaining
these terms allows us to investigate the effect of light-matter
correlations during the charging dynamics [31,38].

In the weak-coupling regime, the counterrotating terms os-
cillate rapidly and can be neglected under the RWA, yielding
the Tavis-Cummings Hamiltonian,

A0

nt

N
=hg)y (a'6; +as)).
j=1

(N

This Hamiltonian conserves the total number of excitations,
making the dynamics integrable and supporting the emer-
gence of coherent Rabi oscillations [28-30].

B. Thermodynamic observables and entanglement

To characterize the charging dynamics, we compute a set
of observables that capture both thermodynamic behavior and
quantum correlations.

The maximum energy stored in the N-qubit ensemble,

Enox = max[{H (1)) — (H(©O)] ®)
measures the largest energy that is stored in the battery dur-
ing the charging procedure (¢t = #), referenced to the initial
ground state (H (0)). It coincides with the maximum increase
of the internal energy of the qubit subsystem, a standard
definition adopted in QB analyses [24,33,34].

The charging time t is the first time at which Eg(t)
reaches En.x, setting a characteristic speed for the process
[24,34],

t=inf{r >0 : E(t) = Enax }- ©)]

The average maximum charging power, or maximum power
for short, Ppax 1s obtained from the ratio

(10)

balancing the energy storage capacity against the time needed
to reach it. This definition is now widely used in quantum
battery studies to assess quantum advantage in collective
charging [24,34].

The entanglement entropy provides a quantitative measure
of correlations within the composite system through the von
Neumann entropy of the reduced subsystems [39,40]. We
denote S,(¢) and S.(¢) as the entanglement entropies of the
N-qubit ensemble and the cavity, respectively, defined as

Sq(t) = =Tr[Pquv(t) In Pgup (1)1, D

Sc(t) = _Tl[f)cav(t) In f)cav(t)]» (12)

where the reduced density matrices are obtained from the total
state pPpo(?) as

Pqub(t) = Treal Dot (1)), (13)

Ibcav(t) = Trqub(ﬁtot(t))-

For closed dynamics, the global state remains pure; hence,
S, = Sc, and the entropy directly measures qubit-cavity en-
tanglement [39]. Under dissipation, however, both S, and S,
capture the combined effects of coherent qubit-cavity corre-
lations and incoherent mixing induced by the environment,
thereby providing a unified measure of entanglement and
noise [7,41-43].

We characterize the information content during the charg-
ing protocol by means of two complementary entropy
observables. The first is the maximum entanglement entropy,

s)

(14)

S, = max S,@), S.= max Se(1),
which quantifies the largest buildup of correlations during
the charging process. The behavior of S, with respect to the
system parameters allows us to identify the regimes in which
strong collective effects and superabsorption emerge, thereby
serving as a witness of quantum advantage.

The second observable is the final entanglement entropy,

SI=58,tp). S =S.ap). (16)
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evaluated at a time 77 > © well after the charging peak, once
nonstationary processes have passed. These final entropies
capture the residual quantum correlations and classical mixed-
ness remaining in the battery and cavity after the protocol has
been carried out. This allows us to probe the stability and
resistance to decoherence of the stored energy.

C. Dissipation channels and master equation

The qubit-cavity system is typically not isolated, but rather
interacts with the external environment, inducing irreversible
processes that degrade coherence and reduce charging effi-
ciency. When modeling the dissipative quantum dynamics
of the QB, we consider the following primary dissipation
channels:

Cavity leakage. Photons escape into external modes at
a rate «, representing energy loss from the cavity. This is
modeled by the collapse operator

CA‘cav = \/E& (17

TLS relaxation. Describes the spontaneous decay of a qubit
from |e) to |g), releasing energy into the environment at a rate
y ~. This process discharges the battery by removing stored
energy [44,45]. It is modeled by

¢ =y 67,

TLS dephasing. Random environmental fluctuations ran-
domize the phase between |g) and |e) without energy
exchange. This suppresses coherence and qubit-cavity (bipar-

tite) entanglement, reducing collective charging efficiency. It
occurs at rate y* and is described by

The dynamics of the driven qubit-cavity system under dis-
sipation can be modeled using the Lindblad master equation in
the Born-Markov approximation [40,46—48]:

j=1,...,N. (18)

dp i . N .
= 1A ). p1+ LI + 1213 (L[5 ]+ £les)),

(20
where p = p(t) is the density operator of the full system,
H(z) is given in Eq. (1), and the Lindblad terms are given
by L[C]=C pCT — HCT C, p}, where the C operators are as
defined in Eqgs. (17)—(19). For the rest of the paper, we adopt
natural units, setting /i = 1.

The Lindblad equation provides a rigorous Markovian de-
scription of open-system dynamics, ensuring the positivity
and trace preservation of the density operator p(t) [40,46—48].
This framework enables a consistent comparison of RWA and
non-RWA dynamics under Markovian dissipation.

III. NUMERICAL IMPLEMENTATION

Simulating the Lindblad master equation for an open
system comprising many qubits is computationally pro-
hibitive due to the exponential growth of the state space.
Evolving a density matrix of size 2V x 2¥ becomes numer-
ically intractable for N 2 10 [40]. This challenge has also
been recognized in QB studies, where exact diagonalization
has been limited to small N [24,33]. More generally, as

the Hilbert space dimension grows as 2V, the Liouvillian
space has a dimension 4V, rendering brute-force integra-
tion infeasible. Approximate approaches have therefore been
explored to address this issue. Cumulant expansions (mean-
field truncations) can capture low-order correlations, but
miss finer quantum details [49]. Quantum trajectory methods
(Monte Carlo wavefunctions) unravel the master equation into
stochastic pure-state evolutions, reducing the complexity by
averaging over many realizations [50,51].

In this work, we use the open-source Permutational In-
variant Quantum Solver (PIQS) library [49], integrated into
QuTiP [52-54], which is designed for ensembles of indis-
tinguishable TLSs. The key idea is that, when all qubits
are identical and couple symmetrically to the environment,
the dynamics are confined to the symmetric Dicke manifold.
Rather than having a dimension 2V, this subspace has di-
mension N + 1 (spanned by Dicke states |J = N/2, m) with
m=—J, ..., +J), providing a dramatic reduction in com-
plexity [28]. By exploiting this symmetry, PIQS constructs
the Liouvillian directly in the Dicke basis, yielding polyno-
mial scaling in N rather than exponential scaling [49]. The
qubit ensemble is represented via the collective spin opera-
tors .]A,C,y,Z and J.. The qubit Hamiltonian is proportional to
J., the qubit-cavity interactions couple J1 to a and a', and
dissipation channels are reformulated consistently: Collective
relaxation (y ~) and dephasing (y*) rates are proportional to
Lindblad collapse operators, J_ and J., respectively, while
cavity leakage remains a local channel proportional to a (o
a). This representation enables the efficient construction and
integration of the Liouvillian while preserving full quantum
correlations.

For the bosonic mode, we truncate the cavity Hilbert space
to the Fock basis {|n)}/™ with nm. = 10. An analytical
bound and an explicit convergence test are provided in Ap-
pendix A.

We simulated QBs with qubit numbers ranging from N =
5 to N =50 in steps of five, and coupling strengths 0 <
g/wy < 1. The parallel charging protocol [11] was imple-
mented, and dissipation was included through cavity leakage
(k/wy € [1073, 1)), qubit relaxation (y ~ /o, € [1073,1]), and
qubit pure dephasing (y*/w, € [1072, 1]).

We performed two complementary sets of simulations un-
der the parallel charging protocol, where all the qubits are
coupled to a single cavity mode within the same cavity, for
both driven and undriven scenarios. The first set focused on
quasi-ideal dynamics, where all dissipation channels were
fixed at their minimum values. This enabled us to isolate
the impact of coherent qubit-cavity interactions by examining
how energy and entropy scaled with the coupling strength g
and system size N. The second set incorporates open-system
dynamics with fixed g/w, = 0.1. Here, we distinguish two
regimes: (1) cavity effects, in which we analyze the interplay
between cavity loss « and system size N, while keeping qubit
relaxation and dephasing to a minimum; and (2) decoherence
effects, in which we explore the combined impact of qubit
relaxation ¥~ and pure dephasing y* across all system sizes,
while fixing cavity loss to its minimum value.

In the wundriven scenario, the N-qubit ensemble is
initialized in its ground state, while the cavity mode is
prepared in an excited Fock state. In the driven setup, both the
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FIG. 2. Maximum stored energy En.x as a function of qubit number N and coupling strength g/w,; k/w, = y*/w, =y~ /o, = 107°.
Results are shown for Dicke (left) and Tavis-Cummings (right) Hamiltonians in the undriven (top) and driven (bottom) setups. Color scales are
row normalized: For each setup (driven or undriven), we divide by the maximum Ei,,, across both scenarios and for all (N, g/w,) conditions.

qubits and the cavity start in their ground states. A resonant
Gaussian pulse (Ag = 0), with amplitude 19 = w,, width
0 =2.0/w,;, and center fo =5.0/w,, then injects energy
into the system through the cavity. These pulse parameters
ensure a controlled, resonant charging process: The amplitude
is comparable to the light-matter coupling for efficient,
balanced excitation; the width provides a smooth, broadband
drive faster than the dissipative timescales (w,/y ¥~ ~10%);
and the early pulse timing leaves an ample evolution window.
This guarantees stability and highlights intrinsic differences
between Dicke and Tavis-Cummings batteries rather than
artifacts of the drive.

For each parameter configuration, the time evolution of
the thermodynamic observables introduced in Sec. IIB is
computed. From these data, we extract the maximum stored
energy, Ep.x, the charging time, 7, the maximum power, Py,
and the maximum (final) entanglement entropies, S, (S{; ) and

S. (S1). Heatmaps are then generated over the dissipation
parameter space and scaling exponents « are obtained from
log-log fits of observables versus system size.

IV. RESULTS

We analyze the dynamics of the QB across different
regimes. First, we characterize the dynamics in a scenario
where the dissipation channels are included but remain very
weak compared to the system frequencies, i.e., k, y~, y°* <K
wy, such that coherence is long lived. For this reason, we
refer to this as a quasi-ideal cavity. This regime effectively
captures near-coherent evolution while allowing a realistic
description of residual losses and serves as a benchmark

for optimal performance. Next, we incorporate open-system
dynamics and analyze the effects of cavity photon leakage
and environmental decoherence via dephasing and relaxation.
This analysis demonstrates how specific dissipation channels
impact the scaling and stability of energy storage. Finally,
we provide a detailed examination of the scaling laws of
thermodynamic observables, extracting the scaling exponents
of Enax, T, and P... We also identify regimes of enhanced
performance and entanglement entropy suppression.

A. Quasi-ideal cavity dynamics

In the undriven scenario, the Tavis-Cummings model ex-
hibits full energy revivals with Rabi oscillations at frequency
o o +/N g [28], where the entanglement entropy oscillates
periodically and nearly synchronously with the stored energy,
reflecting coherent and reversible exchange. The Dicke
model only reproduces this behavior for small g and N. At
stronger coupling (g ~ w,), energy transfer becomes faster
but less reversible, with delayed and broadened entropy
peaks that remain large even as energy decays, evidencing
persistent entanglement between the qubits and the cavity
field. These observations are based on the real-time evolution
of energy and entanglement entropy, not shown here for
brevity. However, it reproduces the standard revival dynamics
that are well established in the literature [55-59].

In the Dicke model, the stored energy (see Fig. 2) ex-
hibits growth with N when g/w, 2 0.5, highlighting the
role of counterrotating processes in enhancing capacity. In
contrast, the Tavis-Cummings model displays nearly ver-
tical contours, indicating that energy absorption remains
approximately constant across different coupling strengths
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FIG. 3. Entanglement entropy S, as a function of qubit number N and coupling strength g/w,, with the same parameters as in Fig. 2. The
panels compare the Dicke (left) and Tavis-Cummings (right) Hamiltonians for the undriven (top) and driven (bottom) setups. The color scales

are row normalized as in Fig. 2, but using the maximum value of S,,.

and depends primarily on the system size N. When driven,
the Dicke model retains its advantage, reaching maximum
energy value at g ~ w,. In contrast, the Tavis-Cummings
model only shows localized enhancement around g/w, ~
0.1-0.4 for large N, where the coupling strength and driving
frequency are optimally matched.

Figure 3 plots the qubit entanglement entropy as a function
of the coupling strength and the system size. The Dicke model
exhibits strong and structured qubit-cavity correlations for
g/wg 2 0.5, which persist as N increases. When driving is
introduced, the dynamics of the Dicke model remain largely
unchanged; in the Tavis-Cummings model, however, laser
pumping dramatically enhances correlations within a narrow
resonance band [60], where the Gaussian pulse bandwidth
Aw ~ 1/0 = wy/2 matches the collective Rabi frequency
gv/N, producing the localized entanglement enhancement
observed in Fig. 3.

Thus, coherent driving introduces controlled energy in-
jection without altering the Dicke dynamics qualitatively,
whereas in the Tavis-Cummings model, it selectively am-
plifies correlations near resonance. This establishes coherent
driving as an effective mechanism for initiating collective
charging and entanglement.

B. Open-system dynamics

First, we examine the effect of cavity leakage, which
accounts for photon losses from the bosonic mode, reflect-
ing the cavity’s level of nonideality. Second, we examine
the impact of dephasing and energy relaxation on the N-
qubit ensemble. By independently varying their strengths, we
can identify regimes in which moderate dissipation improves

performance, stabilizes entanglement entropy production, and
enhances scalability.

1. Cavity leakage effects

We begin the analysis by setting the coupling strength to
g/w, = 0.1 and fixing the dephasing and relaxation rates to
vijwg =y o, = 1073, As the dominant channel of energy
loss in cavity-mediated QBs, leakage competes directly with
the charging dynamics by enabling excitations to escape into
external modes. By varying « over a broad range, we can
determine the effect of cavity imperfections on energy storage
capacity and qubit-cavity correlations. Figure 4 shows that
the Tavis-Cummings Hamiltonian maintains its characteristic
linear scaling with N for the maximum stored energy, across
all values of cavity leakage «, with nearly linear growth even
at large dissipation rates. In contrast, the Dicke model quickly
saturates; energy increases with N only for very small «, and
decreases as leakage increases, indicating strong susceptibil-
ity to photon loss. Under driving, this asymmetry becomes
more pronounced. The Tavis-Cummings model retains its
linear scaling, while the Dicke model essentially flattens at
low energy once appreciable cavity leakage occurs. These
results demonstrate that counterrotating processes, which in
the quasi-ideal limit enhanced capacity, here accelerate the
degradation of energy storage under cavity losses.

In the Dicke model, the maximum entanglement entropy
(see Fig. 5) displays a pronounced minimum in the region
k/wg ~ 0.2-0.4, in both undriven and driven scenarios. For
leakage rates that are smaller or larger, the entropy rises
again. This shows that moderate photon losses briefly sup-
press qubit-cavity correlations before stronger dissipation
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Dicke Hamiltonian Tavis-Cummings Hamiltonian
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FIG. 4. Maximum stored energy Em.x as a function of x and qubit number N. g/w, = 0.1 and y*/w, = y~/w, = 107>. The color
scale is row normalized, as in Fig. 2, using the maximum value of E.. The « rates are varied over the discrete set of values
{1073, 1072, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0}.

reinduces mixedness through residual cavity coupling. The slightly enhances correlations at larger N. In contrast, in the

trend is more evident in the undriven scenario, where the Tavis-Cummings model, the entropy is almost zero for most
entropy peaks at low «, while driving smooths the contrastand ~ parameters, with small oscillatory bands near « /w, ~ 0.1-0.2

Dicke Hamiltonian Tavis-Cummings Hamiltonian

Zm<-—-—XO0OZC

Zm<—X0

5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
N N

FIG. 5. Maximum entanglement entropy S, as a function of x and qubit number N, with same parameters and « values as in Fig. 4. Results
are shown for Dicke (left) and Tavis-Cummings (right) Hamiltonians under undriven (top) and driven (bottom) conditions. Color scale is row
normalized, as in Fig. 2, using the maximum value of S,.
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FIG. 6. Heatmaps of the maximum stored energy E,.x as a function of y~ and y?, for different qubit number N; Dicke (top panels) and
Tavis-Cummings (bottom panels) models. g/w, = 0.1 and k /w, = 107>. Both the relaxation and dephasing rates, y ~ /o, and y*/w,, are varied
over the same discrete set of values {1073, 1072, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0}. Color scale is model normalized, using the

maximum £, within the corresponding panel set.

that disappear under driving. The applied drive then produces
a monotonic increase in S, with system size for decreasing «,
resulting in maximal correlations at large N and low leakage.

2. Dephasing and relaxation interplay

We now turn to the combined influence of qubit dephas-
ing and relaxation. For this analysis, we set the coupling
strength to g/w, = 0.1 and fix the cavity leakage rate
0 K/wg = 1073, allowing us to isolate the interplay be-
tween y~ and y°. Both the relaxation and dephasing rates,
vy~ /wg and y*/w,, are varied over the same discrete set
of values {1073, 1072, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, 1.0}.

For maximum stored energy [see Fig. 6 (upper panels)], the
Dicke model shows a clear region of enhanced energy storage
extending up to approximately y = /w,, y*/w,; ~ 0.4 as sys-
tem size increases, showing that collective coupling amplifies
the tolerance to moderate noise. Within this range, both dis-
sipation channels contribute constructively without strongly

degrading energy storage capacity. Beyond this threshold, en-
ergy storage rapidly decays as losses dominate.

In contrast, the Tavis-Cummings model (Fig. 6, lower
panels) shows a broader stability domain, with significant
energy retention persisting up to ¥y~ /w,, y*/w, ~ 0.8, also
depending on system size. Although the overall dependence
is smoother and less sharply peaked than in the Dicke case,
the RWA dynamics exhibit greater tolerance to dissipation,
maintaining substantial energy storage even under relatively
strong dephasing and relaxation.

Figure 7 plots the cavity entanglement entropy; this ex-
hibits markedly different behavior for the two models. In the
Dicke model (top panels), S. exhibits a broad diagonal gradi-
ent: Entropy remains low when either relaxation or dephasing
is small, but increases significantly once both channels act
together, roughly along the diagonal ¥y~ ~ y*; a banded pat-
tern emerges, with S, oscillating between a suppression band
vy~ [wg, v*/w, ~ 0.2-0.6 and growth as the dissipation rates
increase. This nonmonotonic behavior reflects the competition
between the collective coherent exchange frequency /N g
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FIG. 7. Heatmaps of the cavity entanglement entropy S, as a function of y ~ and y*, for different qubit number N. g/w, = 0.1 and k /w, =
1073, The Dicke model (top) exhibits broad regions of finite entropy, while the Tavis-Cummings model (bottom) strongly suppresses entropy
generation. Color scale is model normalized, as in Fig. 6, using the maximum value of S. or S*"A, with the relaxation and dephasing rates

varied over the same range as in that figure.

(amplified by counterrotating processes) and the dissipation
rates y —, y*°.

In the Tavis-Cummings model [see Fig. 7 (lower panels)],
the cavity entanglement entropy remains strongly suppressed
across most of the dissipation plane, with nontrivial values
confined to a narrow horizontal band for y~/w, < 0.2 and
y*/wgs S 1.0. As the system size increases, small localized hot
spots emerge within this band around y~/w,, y*/w, S 0.2,
showing strong cavity mixedness. Here, dephasing acts as a
tunable channel that modulates entropy generation within the
cavity.

In the Dicke model, the nontrivial values of the qubit en-
tanglement entropy are confined to a narrow band extending
uptoy~/w,; $0.2and y*/w, S 1.0 (see Fig. 8). Within this
sector, a crossover region for y ~ /w,, y*/w, < 0.2, indicating
the coexistence of low and moderate entanglement entropy
production when both decay channels are comparable. Along
the dephasing-dominated axis (0.2 < y*/w, < 1.0), the hot
ridge observed at small system sizes progressively cools down
as N increases, showing that collective coupling suppresses
excessive mixing. Moreover, for y~ /w,, y*/w, € [0.2, 0.6],

a distinct colder stripe emerges as system size increases, in-
dicating the formation of a regime of moderate and stabilized
entanglement entropy production. This behavior suggests that
increasing the number of qubits enhances the resistance of
the ensemble to both relaxation and dephasing, leading to
controlled entanglement production.

In the Tavis-Cummings model (see Fig. 8), the over-
all trend is similar: Entropy values remain low across
most of the dissipation plane and are confined to a nar-
row horizontal band for y~/w, < 0.2. As with the Dicke
model, dependence on system size is less pronounced,
confirming that, even in the presence of dephasing, excitation-
number conservation within the RWA limits entanglement
generation.

As shown in Fig. 9, charging time shows a homogeneous
behavior in the Dicke model (upper panels), remaining small
and nearly independent of the dissipation rates. This implies
that the battery charges efficiently, even in the presence of de-
coherence channels. In contrast, the Tavis-Cummings (lower
panels) model predicts significant delays: For y~/w, < 0.2
and 0.6 < y?/w,, the charging time increases noticeably, for
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FIG. 8. Heatmaps of the qubit entanglement entropy S, as a function of ¥~ and y?, for different qubit number N. Parameters used are as
in Fig. 6. In the Dicke model (top), entropy is sustained under low relaxation and moderate dephasing, whereas the Tavis-Cummings model
(bottom) predicts negligible entropy across almost all regimes. Color scale is model normalized, using the maximum value of S, or SqRWA, with
the relaxation and dephasing rates varied over the same range as in that figure.

relatively small number of qubits (N < 25), suggesting that
dissipation slows down the charging process. However, as
system size increases (N 2 30), this dissipation-induced delay
tends to disappear.

Figure 10 shows that the maximum power closely fol-
lows the trends in stored energy because t is nearly
homogeneous in the Dicke case (see Fig. 9). In the Dicke
model (upper panels), Py, is only appreciable within a narrow
window of relaxation and dephasing (y ~/wg,, y*/w, S0.2);
outside this region, power is strongly suppressed as dissipa-
tion reduces En.. In contrast, the Tavis-Cummings model
(lower panels) exhibits good performance over a broader do-
main as the system size increases (N 2 30), extending up to
vy~ /wy, v¥/wy~0.8. RWA dynamics maintain scalable per-
formance under dephasing and relaxation. Therefore, achiev-
ing high power in the non-RWA regime requires minimizing
relaxation while operating at moderate dephasing. In the
RWA regime, however, a broader sector yields better overall
performance.

The results presented in Figs. 6-10 demonstrate that
better overall performance is associated with a moderate
buildup of qubit entanglement entropy, which is degraded
by cavity mixedness: Enax and P,y are optimized when the
qubit ensemble yields an intermediate value of S, within a
dephasing-dominated corridor. However, a large value of S,y
consistently anticorrelates with energy retention, power, and
charging speed.

In the Dicke case, this favorable window is narrow and
sensitive, approximately y~/w,, y*/w, <0.2, and power
mirrors E.,« because T remains nearly constant. With in-
creasing N, the hot band in S, cools, indicating stabilized,
controlled qubit entanglement. In contrast, under the Tavis-
Cummings dynamics, the optimal sector is broader, extending
up to ¥~ /wy, y*/w,~0.8, and the weak delay band in 7 only
mildly degrades the power maps, yielding more size-resilient
performance.

From a practical point of view, optimal operation requires
keeping the cavity at low Sc,,, minimizing relaxation, and
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FIG. 9. Heatmaps of the charging time 7 as a function of ¥y~ and y¢, for different qubit number N. The Dicke model (top) shows nearly
constant and short charging times, while the Tavis-Cummings model (bottom) overestimates dissipation-induced delays. Color scale is model
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tuning dephasing to regulate S,. This strategy enables collec-
tive absorption while avoiding excessive mixing. This leaves
us with an optimal operating window of y~/w, <0.20 and

y?/wy S0.50. The coherent drive enlarges these favorable
regions without altering this hierarchy, primarily acting as a
stabilizer of entanglement entropy growth rather than a source
of additional scaling advantage.

C. Dynamical scaling laws of entanglement
and thermodynamic observables

To systematically determine whether cavity-coupled QBs
provide a collective advantage, it is also important to compare
performance scales as the number of qubits increases. Finite-
size scaling laws show whether collective effects, such as
superextensivity, persist under dissipation. In this context, we
model the dependence of an observable, O(N), on the system
size by a power law

O(N) ~ N*¢, 21

and extract the exponent « from log-log fits. Throughout,
g is kept fixed as N increases; therefore, o characterizes

, with the relaxation and dephasing rates varied over the same range as in that figure.

dynamical scaling laws, while quantum collective effects
manifest as deviations from linearity [24,34]. Hence, « serves
as a compact figure of merit: o > 1 signals superextensive
enhancement (quantum advantage), a ~ 1 corresponds to
classical extensivity, and « < 1 indicates degraded scaling.
The following analysis focuses on the optimal regime of
low relaxation y ~ /w, € [10~3, 0.10] and moderate dephasing
y*/w, € [1073,0.50]. The fitted values of the scaling expo-
nents can be found in Appendix B.

Three characteristic domains emerge: (1) tuned-decay re-
laxation and dephasing (v~ /w,, y*/w, € [1073,1072]), (2)
intermediate regime (y~/w, = {1072} and y*/w, € [0.10 —
0.50]), and (3) dephasing-dominated regime (¥~ /w, =
{1073} and y*/w, € [0.10, 0.50]).

Figure 11 summarizes the scaling of the final subsys-
tem entropies, Sf; and S[ , across dissipation regimes for
both interaction models. These residual entropies quantify
the correlations and mixedness that remain once the charg-
ing dynamics have settled (around ¢y ~ 50/w,). The scaling
exponent « indicates whether larger devices end up more
correlated (« > 0) or increasingly purified (¢ < 0) at the end
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FIG. 10. Heatmaps of the maximum power Py, as a function of y~

and y?, for different qubit number N. The Dicke model (top) shows

enhancement only in very restricted regions, while the Tavis-Cummings model (bottom) predicts more robust and broadly distributed power

scaling. Color scale is model normalized, using the maximum value of Py, or

same range as in that figure.

of the protocol. The chosen dissipation parameters target low
cavity mixedness while allowing for moderate qubit entangle-
ment growth. For completeness, supplementary fitted plots of
ags and ags are provided in Figs. 14-16.

For the Dicke model, under both driven and undriven
protocols, the entropy curves in Fig. 11 display nearly
flat log-log slopes (O‘s§’ agr ~0), showing that long-time
correlations saturate rather than scale with N. As the dephas-
ing starts dominating over relaxation both entropies exhibit
negative exponents—og/ € [—0.20, —0.31] for the qubit en-
semble and oy € [—0. 39 —0.57] for the cavity—indicating
a partial purlﬁcatlon of the steady state as the system size
increases. This suppression of entanglement confirms that, in
the Dicke model, dephasing stabilizes the long-time dynam-
ics: Entanglement generation remains bounded, leading to
entanglement-clean operation that preserves coherence while
preventing uncontrolled mixing. The drive does not quali-
tatively modify this behavior, reinforcing the interpretation

PRWA

max

with the relaxation and dephasing rates varied over the

that counterrotating processes act as internal stabilizers of
coherence in the presence of moderate noise.

In contrast, the Tavis-Cummings model shows a more
intricate dependence on dissipation. At low dephasing
(tuned-decay regime), the cavity entropy presents weak
positive slopes (anNOZ 0.4) while the qubit entangle-
ment entropy remains almost size independent (ochNO)
As dephasing increases, these trends invert: Both entropies
develop bounded negative exponents—agr € [— 0.39, —0.68]
and g € [—0.24, —0.43]—showing that decoherence ulti-
mately limits entanglement growth. This transition from
positive to negative scaling marks the point where dephasing
ceases to act as a destructive mechanism and instead regu-
lates the entanglement buildup. Hence, moderate noise proves
beneficial: It allows correlations to emerge sufficiently to en-
hance collective response, but then constrains them, yielding
a steady operating regime in which coherence and stability
coexist.
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FIG. 11. Scaling behavior of final entropies across dissipation
regimes. The vertical panels indicate the different dissipation regimes
(see the legend), and each graph compares the two interaction mod-
els: the Tavis-Cummings model (dashed, RWA) and the Dicke model
(solid, non-RWA). The curves show the log-log scaling of the final
qubit and cavity entropies, S-qf and S/, from which the exponents orgs
and g are extracted: & > 0 denotes growth of residual correlations
with N, a = 0 saturation, and o < O suppression.

Building on these entropy results, Fig. 12 presents the
scaling of thermodynamic observables—maximum stored en-
ergy Epax, charging time 7, and maximum power P.,—as
functions of N and noise regimes.

In the tuned-decay regime (y./y ~ ~ 10°), the Dicke model
exhibits purely extensive thermodynamic behavior, with linear
energy scaling (ag,,, = 1.00), negligible dependence of the
charging time on system size (¢, = 0), and correspondingly
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FIG. 12. Dynamical scaling behavior of thermodynamic observ-
ables across dissipation regimes. The vertical panels indicate the
different dissipation regimes and interaction models, as in Fig. 11.
The curves show the log-log scaling of the maximum stored energy
Enax, charging time 7, and maximum power P,,,, with qubit number
N, from which the exponents o, , o, and ap,_ are obtained. Val-
ues o > 1 signal superextensive (quantum-enhanced) scaling, o ~ 1
classical extensivity, and o < 1 degraded performance.

linear power growth (ap = 1.00). In contrast, the Tavis-
Cummings model already shows a collective enhance-
ment: the power scales superextensively (¢p ~1.50) as a
consequence of faster charging times (o, &~ —0.50), while en-
ergy storage remains approximately linear (ag,, ~1). These
results highlight the emergence of a weak quantum advantage
in the RWA dynamics, which correlates with the moderate
growth of entanglement entropy observed in the same regime.

As dephasing begins to dominate (y./y~~10"), the
Dicke model remains close to extensive scaling, with ag, €
[0.80,0.96], o, e [-0.02,—-0.20], and ap < [0.96, 1.00].
The slight improvement in t partially compensates for the
small reduction in energy scaling, resulting in stable yet
only mildly accelerated charging. In the same regime, the
Tavis-Cummings model consolidates its advantage: The en-
ergy scaling becomes superextensive (og,, € [1.08, 1.26]),
the power exponent increases up to ap € [1.57,1.73], and
the charging time keeps its favorable contribution to the ther-
modynamic performance enhancement (o, & —0.48). These
trends demonstrate that the emergence of entanglement, as
quantified by the fitted scaling exponents of the final entropies
(see Fig. 11), directly supports the observed enhancement in
collective performance.

In the dephasing-dominated regime (y./y~~10?), the
Dicke model sustains nearly extensive dynamical scal-
ing, with ag, €1[0.79,0.96], ap € [0.96,1.02], and o €
[—0.02, —0.23]. Conversely, the Tavis-Cummings model
reaches its strongest quantum advantage: Both energy and
power scale superextensively (og,,, € [1.07, 1.25], ap €
[1.56, 1.73]), with accelerated charging times («, ~ —0.49).
The concurrent bounded suppression of entanglement en-
tropies (ozsqf, agr < 0) confirms that moderate dephasing

enhances performance by stabilizing coherence while main-
taining cooperative energy transfer. Overall, dephasing plays
a dual role: It mitigates uncontrolled entanglement entropy
growth and simultaneously reinforces superextensive dynami-
cal scaling, enabling a steady and scalable quantum advantage
in the open Tavis-Cummings battery.

Together, Figs. 11 and 12 demonstrate the intrinsic connec-
tion between entanglement scaling and thermodynamic en-
hancement in cavity-driven QBs. The Tavis-Cummings model
achieves genuine quantum advantage in energy and power
scaling, but only in regimes where qubit and cavity entan-
glement entropies increase with N, indicating the buildup of
entanglement. Conversely, the Dicke model achieves cleaner,
entropy-suppressed charging at the expense of reduced col-
lective scaling. The coherent drive stabilizes entanglement
entropy production within the optimal window, maintaining
a balance in which controlled entanglement supports super-
extensive performance without excessive noise. This interplay
links the observed scaling laws directly to the phenomenon of
superabsorption, in which cooperative quantum correlations
accelerate energy transfer. Bipartite entanglement, there-
fore, emerges as the key resource underlying the collective
enhancement of quantum battery performance.

V. QUANTUM HARDWARE IMPLEMENTATION

In solid-state and circuit-QED platforms, the coherence
and relaxation properties are typically characterized by the
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longitudinal relaxation time 77 and the transverse coherence
time 7,. The relaxation rate y~ = 2n /7| quantifies energy
loss through spontaneous decay, whereas the dephasing rate
arises from fluctuations in the qubit transition frequency
that randomize phase coherence without exchanging energy.
These quantities are related through the standard expression

L1 + 1 (22)
T 2Ty Ty

where Tj is the pure-dephasing time associated exclusively
with phase noise. Therefore, y* = 27 /Ty, and the ratio y*/y ~
provides a convenient metric for identifying the dominant
decoherence mechanism across different experimental plat-
forms. We identify three main regimes:

(1) Dephasing dominated: y*/y~ ~ 107,

(2) Intermediate: y</y~ ~ 10

(3) Tuned-decay channels: y%/y~ ~ 10°.

In the optimal operating window that yields the best perfor-
mance, ¥~ /w, € [1073, 2 x 107'] and y%/w, € [0.1, 0.4],
i.e., y/y~ ~ 10°-10%. There are several experimentally rel-
evant platforms that naturally realize the required balance
of relaxation and dephasing, and that are compatible with
Dicke/Tavis-Cummings QBs.

We have made the following hardware-matching identifi-
cation, although this is not exhaustive.

Dephasing-dominated regime. Solid-state defect ensem-
bles, such as NV centers in diamond [61,62], SiC divacancies
[63], and rare-earth ions in crystals [64], typically exhibit
very long 7} (milliseconds to seconds) but shorter coherence
due to dephasing (microseconds to milliseconds). Trapped-ion
qubits [65] likewise feature negligible relaxation (77 ~ 10%s)
with coherence limited by technical dephasing (7, ~ 105).
Organic microcavities with molecular dyes [25] have demon-
strated QB-like superabsorption at room temperature, with
typical 7; ~ 1ns and 7, ~ 100 fs.

Intermediate regime. Self-assembled In(Ga)As quantum-
dot excitons in microcavities [66,67] commonly exhibit
picosecond-to-hundreds-of-picoseconds pure dephasing with
nanosecond radiative lifetimes, providing a standard Tavis-
Cummings platform with tunable dissipation. Electrons
trapped on superfluid helium surfaces and coupled to high-
impedance superconducting resonators (y*/y~ ~ 10') have
recently reached the strong-coupling regime, achieving vac-
uum Rabi splittings by combining long electron coherence
times with large dipole moments [68], offering a promis-
ing platform for implementing collectively coupled quantum
batteries within the optimal relaxation-dephasing window
identified in this work.

Tuned-decay channels regime. Superconducting transmons
in circuit QED typically have comparable 7T} ~ T, ~ tens to
hundreds of microseconds and already host multiqubit QB
protocols and demonstrations [69,70].

Collectively, these systems span the entire ratio range that
we probe, and each one meets the key requirement identi-
fied by our maps—Ilow S. with moderate S;—either natively
(NV/SiC/REl/ions and organic materials) or with standard
engineering (quantum dots and transmons) to tune toward the
desired (y ™ /wy, y*/w,) sector.

Quantum

Superabsorption

)

Quantum Battery
Coherent Control

o4

Noise Regimes

= < (=2

Entanglement

FIG. 13. Mechanism of dissipation-enhanced quantum superab-
sorption. Qubit-cavity entanglement generates the cooperative cor-
relations necessary for collective energy superabsorption, resulting
in superextensive thermodynamic performance. A noise-enhanced
regime forms the basis of dissipation-assisted superabsorption,
where scaling remains favorable. Coherent driving acts as a stabilizer
of entanglement entropy growth. The trade-off between quantum
advantage and controlled noise enables stable superabsorption.

VI. DISCUSSION AND OUTLOOK

Our study shows a fundamental mechanism for under-
standing quantum superabsorption in open, cavity-coupled
QBs. While previous studies have identified superabsorp-
tion [1,21] and suggested a link to qubit-cavity entanglement
[11,18,21,24], they have not provided a quantitative descrip-
tion of how correlations scale with system size or persist under
noise. In this work, we explicitly quantify these correlations
through the scaling laws of subsystem entropies, demonstrat-
ing that bipartite entanglement partly underlies the observed
superextensive energy and power scaling. We demonstrate a
distinct noise-enhanced regime in which moderate dephas-
ing and low relaxation stabilize cooperative faster charging,
leading to dissipation-enhanced superabsorption. Within this
window, we also show that external coherent driving can act
as an entanglement entropy growth stabilizer, maintaining
favorable scaling and enabling stable quantum advantage.

The interplay between these processes is summarized
schematically in Fig. 13, which highlights the self-consistent
cycle connecting qubit-cavity entanglement, thermodynamic
enhancement, and noise-assisted scaling. These processes are
balanced by a fundamental trade-off between performance
and entanglement entropy generation.

To our knowledge, this work provides the first quantita-
tive framework that (1) extracts finite-size scaling exponents
for qubit and cavity entropies under Markovian dynamics,
(2) correlates those exponents with superextensive finite-size
scaling in order to diagnose superabsorption, and (3) identifies
a low-relaxation, moderate-dephasing window in which co-
herent driving stabilizes entanglement entropy growth while
sustaining collective enhancement.

Even though systems with tens of qubits already demon-
strate remarkable collective effects and performance enhance-
ments, increasing the number of qubits to larger ensembles
is expected to improve charging efficiency further and yield
more favorable scaling laws. Recent experimental detection of
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superabsorption in organic microcavities [25] has shown that
collective coupling can enhance energy uptake even for mod-
est ensemble sizes. This study, however, did not quantify the
entanglement responsible for the cooperative behavior. Our
results indicate that collective effects, including superexten-
sive power and enhanced energy scaling, become increasingly
pronounced with system size. We show that these advan-
tages originate from bipartite entanglement between the qubit
ensemble and the cavity mode. By deriving and quantify-
ing the corresponding scaling laws, our work clarifies the
microscopic mechanism behind the emergent collective ad-
vantage observed in both theoretical and experimental QBs.
Improving QBs’ performance lies in optimizing the coherent
drive used for charging. In our model, we considered Gaus-
sian pulses mimicking ultrafast laser control as a minimal
protocol; however, more refined control of the driving field
could enhance both efficiency and stability. Tailored pulse
shaping and optimal control techniques could be employed to
maximize energy transfer while minimizing entanglement en-
tropy growth. Such coherent control strategies are particularly
relevant for laser-driven or circuit-based implementations
[60,71-73], where the drive determines how excitations are
distributed. Recent theoretical studies have shown that prop-
erly designed driving fields can accelerate charging, suppress
decoherence, and maintain quantum correlations during the
process [72,74,75]. Thus, engineered dissipation provides a
means for stabilizing many-body states and dynamics in
platforms ranging from atoms and ions to superconduct-
ing circuits [76-78]. Developing laser control protocols that
exploit these principles offers a promising pathway toward
stable, high-efficiency collective charging of QBs.

Although our analysis focused on Markovian noise, sev-
eral physical environments exhibit memory effects that could
be exploited to preserve coherence. Structured reservoirs,
such as photonic crystals, can lead to the local density of
states to slow, enhance, or even inhibit spontaneous emission,
thereby prolonging coherence [79]. Correlated spin baths un-
derlying central-spin decoherence generate non-Markovian
dynamics [80]. This is just one of many scenarios in which
non-Markovian effects dictate quantum dynamics [81-83].
In this context, data-driven approaches are emerging, with
machine-learning models able to detect, classify, and quantify
non-Markovian processes, as well as inferring bath parame-
ters directly from qubit dynamics [84—87].

Future work will focus on the collective quantum enhance-
ment effects associated with non-Markovian qubit dynamics
in the QB system, as well as the corresponding super-
absorption and scaling-law behavior of entanglement and
thermodynamic observables.

VII. CONCLUSIONS

A comparative analysis of cavity-coupled quantum batter-
ies under Markovian dissipation shows that there is a funda-
mental balance between thermodynamic advantage and entan-
glement entropy generation. In the Tavis-Cummings model,
collective coupling sustains superextensive scaling of stored
energy and power despite decoherence, enabled by bipartite
entanglement, which grows with system size. In contrast,

the Dicke model exhibits cleaner, entropy-suppressed charg-
ing, albeit with extensive or sublinear scaling.

By quantifying the scaling of qubit and cavity entropies,
we demonstrate that long-time mixedness follows a power
law with N, delineating two regimes. The first is a balanced
relaxation-dephasing regime where ag > 0 and collective su-
perabsorption emerges. The second is a dephasing-dominated
regime where a5 <O and the dynamics purify. These
results show that dephasing can generate and control quan-
tum correlations, highlighting entanglement as the essential
underlying resource of dissipation-assisted superextensive
charging.

Remarkably, the strongest quantum advantage emerges
within the dephasing-dominated window. Here, moderate
dephasing suppresses uncontrolled oscillations and stabi-
lizes collective energy transfer. This sustains superextensive
scaling while limiting entanglement entropy growth, demon-
strating that controlled decoherence can act as a functional
resource rather than a hindrance. Furthermore, the dissipation
ratios associated with this optimal regime align with state-
of-the-art experimental cavity and circuit QED platforms,
including transmon qubits and NV-center ensembles. This
highlights the practical relevance of our findings.

In this context, coherent driving acts as a regulatory
mechanism rather than a direct source of additional en-
ergy. Introducing a resonant drive to the cavity does not
significantly alter the energy or power scaling exponents be-
yond what collective interactions already provide. Its primary
function is to stabilize the charging dynamics and control
entanglement growth. Coherent driving prevents excessive
entanglement entropy growth while maintaining multipartite
correlations across the ensemble. In this sense, the drive
acts as a coherence stabilizer, extending the operational
lifetime of the quantum advantage without compromising
scalability.

In summary, this work establishes an understanding of
the performance and stability of open QBs. We identify the
regime of low relaxation and moderate dephasing as the opti-
mal operational window in which collective effects, controlled
entanglement entropy growth, and quantum advantage can co-
exist. Deriving entropy scaling laws provides a framework for
quantifying the evolution of quantum correlations with system
size in the presence of noise. This bridges the gap between
thermodynamic performance and information-theoretic stabil-
ity. Our findings demonstrate that dissipation, when balanced
with coherent control, can enable scalable quantum advantage
rather than being purely destructive.
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APPENDIX A: CAVITY PHOTON-NUMBER CUTOFF
AND NUMERICAL CONVERGENCE

We derive analytical bounds on the cavity photon number
to justify the Fock-space truncation used in the numerical
simulations. We also performed explicit convergence checks
as Npmax Increased.

1. Tavis-Cummings model
a. Undriven case
The total excitation operator N = a*a + 21;;1 & ;”6 ; sat-
isfies [I-7TC,/\7 1=0, ie., N is conserved. Therefore, if the
system is initialized in the one-excitation sector (e.g., |1)cay ®
|G)), the dynamics remains in A = 1 and Fock states |n > 2)

are never populated. Hence, a cutoff with n,,x = 1 is exact for
the undriven TC dynamics under this initialization.

b. Driven case

_ When a coherent drive Hugve (1) = n(t)(@" + &) is present,
N is no longer conserved, but its change is fully controlled by
the drive, as follows:

d(N)

dt

Taking absolute values and integrating over the pulse yields
the bound

= —i([N, Hyine 1) = —in(t) (@ —a). (Al

AN§/ In(@)|dt, (A2)

[e¢]

up to an order-unity prefactor set by |(a" — a@)|. For the Gaus-
sian envelope n(t) = ng exp[—(t — #)?/(252)],

Nmax ~noov2m,

so for our parameters (ny = w,;, 0 =2/w,), we obtain
Nimax ® 2+/27 & 5 injected excitations.

(A3)

2. Dicke model

In the Dicke model, the (CR interaction Ver =
g Z?’:l (a'6;" 4-a ;) does not conserve N and can generate
virtual photon-qubit pairs. In the regime g/w. < 1 (here,
g/w. =0.1), the photon population induced solely by
counterrotating processes can be estimated perturbatively.
We split the Hamiltonian into H = Hy+ Ve, with
ﬁ0=wca*a+(wq/2)2ja;, where Vcg is treated as a
perturbation. The relevant counterrotating process starting
from the vacuum sector creates one photon and excites one

qubit, as follows:
0’6 10)cay ® 1G) = [New ® lej), (A4)

with an energy cost AE >~ w. + w,. Thus, the amplitude of
this virtual admixture is of order g/(w. + w,) for each qubit.

TABLE 1. Convergence with respect to the cavity photon-
number cutoff n,,c. We report the maximum stored energy Enax
and the cavity entropy S, for the Dicke (D) and Tavis-Cummings
(TC) models for g/w. =0.1 and the lowest dissipation rates
(y~Jwy, v*/wy, k/w, =1073) used in the article. The results
quickly saturate and are effectively converged by np,,x = 10.

M E Epy 5 8¢9

2 0.034 59 0.158 14 0.061 71 0.063 31
5 0.23127 0.806 04 0.103 32 0.256 76
10 0.493 74 0.990 73 0.082 94 0.626 38
5 0.494 52 0.992 94 0.083 93 0.630 75
20 0.494 52 0.992 94 0.083 93 0.630 75
25 0.494 52 0.992 94 0.083 93 0.630 75

Since the N states [1)cay ® |e;) are orthogonal, their contri-
butions add in probability, yielding a mean virtual photon
number

2 2

Anyira = (@ a)cr ~ N(L> S N(£> . (AS)
e + Wy e

where the last inequality corresponds to the resonance con-

dition w. = w,. For our parameters g/w. = 0.1 and N = 50,

Eq. (A5) gives Anyywa < 0.5, i.e., only a fraction of one pho-

ton on top of the excitation-number bound given by Eq. (A3).

3. Numerical convergence test

In addition to the analytical estimates above, we per-
formed an explicit convergence test with respect to the cavity
photon-number cutoff n,,c. We selected a set of parameters,
g/o. =0.1 and y~ /w,, y*/w,, k/w, = 1073, such that we
maximize photon retention and therefore provide the strictest
requirement on the Fock-space truncation. Table I shows
representative observables for both the Dicke and Tavis-
Cummings models as ny,y is increased.

All quantities rapidly saturate; already at nm.,x = 10, the
values agree with the n,,x = 25 reference within < 1% (worst
case, &1.2% for S, in the Dicke model), which is acceptable.
Accordingly, we use ny,x = 10 as the cavity cutoff throughout
the article.

APPENDIX B: SCALING LAW EXPONENTS

This Appendix supplements the main text by presenting
the detailed log-log fits that were used to obtain the scaling
exponents supporting the results of Sec. IV. Figures 14-16
display the system-size dependence of the cavity S{ and qubit
S',f entanglement entropies, as well as the thermodynamic
quantities Ep.x, T, and Py, for the Dicke (non-RWA) and
Tavis-Cummings (RWA) models. Each curve represents a
power-law fit of Eq. (21) given by log,;,(O(N)) ~ a log;o(NN),
from which the corresponding o exponents are extracted.
These fits demonstrate how collective effects and dissipation
jointly determine the scaling behavior of entanglement and
thermodynamic observables across different regimes.

Outlier removal was applied to all figures below by com-
puting the residuals with respect to a preliminary fit and
estimating their dispersion through the median absolute de-
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FIG. 14. Tuned-decay regime y*/y~ ~ 10°. Entanglement entropies and thermodynamic observables for the Dicke (left) and Tavis-
Cummings (right) models are shown as a function of system size N, for y~/w,, y*/w,, = {1073, 107?}. In the legend of the figures, we
have set y ~/w, = r and y*/w, = d; r < d. The system parameters were fixed at g/w, = 0.1 and k /o, = 1073,

viation. Points whose normalized residual |z| > 2 were then the Dicke model exhibits extensive thermodynamic behav-
discarded [88,89]. ior, i.e., linear scaling in both energy storage capacity and

Figure 14 shows the log-log fits for the tuned-decay average maximum power (ag,®p = 1), due to the absence
regime, where relaxation and dephasing act on comparable  of favorable scaling in charging time (o; = 0). In contrast,
timescales, y./y~ ~ 10°. Under this dissipation condition, the Tavis-Cummings model exhibits linear scaling in energy
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FIG. 15. Intermediate regime y°/y~ ~ 10'. Entanglement entropies and thermodynamic observables for the Dicke (left) and Tavis-
Cummings (right) models are shown as a function of system size N, for ¥~ /w, = 107% and y*/w, = {0.1,0.2,0.3, 0.4, 0.5}. The system

parameters were fixed as in Fig. 14.

capacity (g ~ 1) and a quantum advantage in maximum
power (ap ~ 1.5), due to faster charging times (o, & —0.5).

For entanglement entropies, the Dicke Hamiltonian ex-
hibits nearly flat log-log trends (asqf,aS[ ~ (), confirming
that extensive thermodynamic behavior is accompanied by the
absence of entanglement. In contrast, the Tavis-Cummings

model displays non-null entropy slopes, albeit with less
regular fits. While the quality of these fits suggests that
scaling is still developing in this balanced dissipation regime,
moderate entanglement entropy growth appears to correlate
with the emerging quantum advantage in power. As the noise
regime shifts toward stronger dephasing, correlations between
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FIG. 16. Dephasing-dominated regime y/y~ ~ 10%. Entanglement entropies and thermodynamic observables for the Dicke (left) and
Tavis-Cummings (right) models are shown as a function of system size N, for y~/w, = 107 and y*/w, = {0.1,0.2,0.3,0.4,0.5}. The

system parameters were fixed as in Fig. 14.

entropy and performance become clearer and more consistent,
as shown in the following regimes.

Figure 15 shows the log-log fits for the intermediate
dissipation regime, where dephasing begins to dominate
relaxation, y,/y~ ~ 10'. In this case, the Dicke model

shows significant entanglement decay in the cavity (agr €
[—0.36, —0.54]), accompanied by slight suppression of
correlations in the N-qubit ensemble (asqf e [-0.06, —0.11]).
The thermodynamic performance remains almost extensive,
with a slight reduction in the energy-scaling exponent (og €
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[0.80,0.96]) being offset by a modest improvement in
charging times (a, € [—0.02, —0.20]), resulting in almost
extensive power scaling (o € [0.96, 1.00]). In contrast, the
Tavis-Cummings model enters a clearer quantum-advantage
regime: The energy scaling becomes slightly superexten-
sive (ap ~ 1.08-1.26), while the power exponent rises to
ap € [1.57,1.73], supported by sublinear charging times
(0 & —0.48). The entanglement entropy fits in this regime
exhibit bounded negative slopes: ogr € [—0.40, —0.73] and
agr € [—0.08, —0.12], suggesting that controlled entangle-
ment decay accompanies the enhancement of collective
performance.

Figure 16 shows the log-log fits for the dephasing-
dominated regime (y,/y~ ~ 10?). This defines the
optimal operational window discussed in Sec. IV. In this
limit, dephasing suppresses residual oscillations while
preserving collective energy exchange, resulting in stable
and reproducible scaling behavior. For the Dicke model, both
the cavity and qubit entanglement entropies exhibit negative

exponents (a5 € [—0.39, —0.57], agr € [—0.20, —0.31]),
indicating partial purification of the steady state as the system
size increases. This entropy suppression correlates with nearly
extensive behavior, where the energy and power remain close
to linear scaling (ag € [0.79, 0.96], a5 € [0.96, 1.02]), and
the charging time shows only weak and inconsistent size
dependence («; € [—0.02, —0.23]). In contrast, the Tavis-
Cummings model presents energy and power scaling ag €
[1.07, 1.25], ap € [1.56, 1.73] alongside faster charging times
(0 & —0.49). This is accompanied by bounded yet strong
entropy suppression in both the cavity (as, € [—0.39, —0.68])
and the N-qubit ensemble (as, € [—0.24, —0.43]). These
trends show that moderate dephasing not only stabilizes
correlations but also enhances collective performance,
enabling superextensive finite-size scaling with controlled
entanglement growth. This regime therefore realizes the
coexistence of moderate noise, stabilized coherence, and
scalable quantum advantage, demonstrating that dissipation
can act as a constructive resource in open quantum batteries.
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