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The Open Ques+on: What Drives Collec+ve Enhancement?
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Quach et al. (Science Advances 2022): first room-temperature superabsorp*on in organic microcavi*es    (but 
did NOT quan*fy the entanglement behind the coopera*ve behavior).

Three ques+ons those experiments le= unanswered:

? How do entanglement correla*ons scale with 
system size N under realis*c noise?

? Can dissipa*on act as a resource rather than a hindrance?

? Which dissipa*on ra*o (γᶻ/γ⁻) yields the best 
thermodynamic advantage — and why?

This work:
First quan+ta+ve framework extrac+ng finite-size scaling exponents for entanglement AND thermodynamic observables 
under Markovian dissipa+on — directly mappable to NV centers, trapped ions, organic microcavi+es, quantum dots, and 
transmon qubits.
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Mo+va+on: Real PlaCorms Already Opera+ng in These Regimes
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Quantum ba)eries are not a distant prospect — state-of-the-art hardware already spans the dissipa9on regimes we study.

Dephasing-dominated
γᶻ/γ⁻ ~ 10²

NV centers in diamond

T₁: ms – s  |  T₂: µs – ms
Jarmola et al. 2012; Stanwix et al. 2010

SiC divacancies & rare-earth ions

T₁ ≫ T₂ (dephasing-limited)
Seo et al. 2016; Alexander et al. 2022

Trapped-ion qubits

T₁ ~ 10³ s  |  T₂ ~ 10 s
Zhang et al. 2025

Organic microcavi<es

T₁ ~ 1 ns  |  T₂ ~ 100 fs  — room temp!
Quach et al. Science Adv. 2022 — QB superabsorp9on 
demonstrated

Intermediate
γᶻ/γ⁻ ~ 10¹

InGaAs quantum dots
in microcavi<es
ps dephasing  |  ns radiaDve lifeDme
Bardot et al. 2005; Accanto et al. 2012

Electrons on
superfluid helium
Long coherence + large dipole moment
Koolstra et al. 2025 — strong coupling to microwave resonator

Tuned-decay channels
γᶻ/γ⁻ ~ 10⁰

Superconduc<ng transmons
(circuit QED)
T₁ ~ T₂ ~ tens–hundreds of µs
Hu et al. 2022; Dou & Yang 2023 — mul9-qubit QB protocols 
demonstrated

All pla&orms meet our op.mal window: low S_cav + moderate S_qub 
— na.vely or with standard engineering.



Theore+cal Framework: Models & Observables
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Two Light–MaMer Models

Dicke (non-RWA)

Counter-rota*ng terms → ultrastrong coupling, virtual excita*ons, phase 
transi*ons

Tavis–Cummings (RWA)

Excita*on number conserved → integrable, coherent Rabi oscilla*ons

Gaussian drive on cavity:
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Dicke (non-RWA)

Counter-rota*ng terms → ultrastrong coupling, virtual excita*ons, phase transi*ons

Tavis–Cummings (RWA)

Excita*on number conserved → integrable, coherent Rabi oscilla*ons

Gaussian drive on cavity:

Key Observables

• Emax — maximum stored energy

• τ — charging +me

• PKmax = Emax/τ — max power

• Sq, Sc — entanglement entropy

3 Dissipa+on Channels

Cavity leakage κ
photon loss

Relaxa/on γ⁻
spontaneous decay

Dephasing γᶻ
phase decoherence



Numerical Method: Exploi+ng Permuta+on Symmetry
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Challenge: Hilbert space grows as 2ᴺ — brute-force integra:on infeasible beyond N ≈ 10

Solu:on: PIQS (QuTiP) exploits permuta:on symmetry → Dicke 
subspace dimension N+1 instead of 2ᴺ → polynomial scaling

SimulaCon Parameters

System sizes N = 5 … 50  (steps of 5)

Coupling 0 ≤ g/ωq ≤ 1

Cavity leakage κ/ωq ∈ [10⁻³, 1]

Relaxa/on γ⁻/ωq ∈ [10⁻³, 1]

Dephasing γᶻ/ωq ∈ [10⁻³, 1]

Drive Gaussian  η₀=ωq, σ=2/ωq, t₀=5/ωq



Quasi-ideal Dynamics: Energy & Entanglement vs. Coupling

6 / 12

Both models, κ = γ⁻ = γᶻ = 10⁻³ωq  |  Undriven (Fock state) and Driven (Gaussian pulse)

Dicke (non-RWA)

E_max scaling: Grows with N for g/ωq ≳ 0.5; counter-rota+ng terms 
enhance capacity

Entanglement: Strong structured qubit–cavity correla+ons at g/ωq 
≳ 0.5; persist with N

→ Drive (role):
Drive does not qualita9vely alter Dicke dynamics —
coherent energy injec9on without restructuring 
correla9ons

Tavis–Cummings (RWA)

E_max scaling: Nearly ver+cal contours — energy depends 
primarily on N, not g

Entanglement:
Driving amplifies correla+ons in narrow resonance 
band g√N ≈ ωq/2

→ Drive (role): Drive selec9vely amplifies resonance — acts as 
entanglement ini9ator in the RWA regime

Key insight: Driving acts as a controlled entanglement ini/ator, not a brute-force energy source.
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Open-System Dynamics: Cavity Leakage & Qubit Decoherence

7 / 12

Cavity Leakage (κ effects)

• TC model: nearly linear scaling in Emax across 
ALL values of κ — robust to photon loss

• Dicke model: quickly saturates; energy grows 
with N only for very small κ

• Counter-rota*ng terms enhance capacity in 
quasi-ideal limit BUT accelerate degrada*on 
under cavity losses

• Entanglement entropy (Dicke): pronounced 
minimum at κ/ωq ≈ 0.2–0.4 — moderate loss 
briefly suppresses qubit-cavity correla*ons

Dephasing & Relaxa:on interplay

• Dicke: enhanced Emax up to γ⁻, γᶻ/ωq ≈ 0.4 —
collec*ve coupling amplifies noise tolerance

• TC model: broader stability domain, Emax 
retained up to γ⁻, γᶻ/ωq ≈ 0.8

• Charging *me τ: nearly constant in Dicke; TC 
shows delays at small N but delay disappears for 
N ≳ 30

• Op*mal window: γ⁻/ωq ≲ 0.20 and γᶻ/ωq ≲
0.50 (both models)

BeMer performance ↔ intermediate Sq  +  low Sc.   High cavity mixedness an+-correlates with Emax, P\max and τ.



Finite-Size Scaling Laws:  O(N) ~ N^α
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Power-law fits from log–log plots across N = 5…50  |  α > 1 = quantum advantage;  α ≈ 1 = classical;  α < 1 = degraded

Regime  (γᶻ/γ⁻) Model αEmax ατ αPQmax

~10⁰ (tuned) Dicke 1.00 0.00 1.00

~10⁰ (tuned) TC (RWA) ~1.00 –0.50 ~1.50

~10¹ (interm.) Dicke 0.80–0.96 –0.02 to –0.20 0.96–1.00

~10¹ (interm.) TC (RWA) 1.08–1.26 ≈ –0.48 1.57–1.73

~10² (dephasing-dom.) Dicke 0.79–0.96 –0.02 to –0.23 0.96–1.02

~10² (dephasing-dom.) TC (RWA) 1.07–1.25 ≈ –0.49 1.56–1.73

TC model achieves genuine super-extensive scaling (αPQmax up to 1.73) in the dephasing-dominated 
window — driven by bipar/te entanglement with the cavity.



Entropy Scaling: Entanglement as the Key Resource
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Dicke Model — Entropy-Suppressed Behavior

• Long-+me entropies saturate: αSf_q , αSf_c ≈ 0 (tuned-decay regime)

• Dephasing-dominated: αSf_q ∈ [–0.20, –0.31], αSf_c ∈ [–0.39, –0.57] → 
par+al purifica+on

• Larger N → more purified steady state: entanglement-clean opera+on

• Drive does not qualita+vely alter this — counter-rota+ng terms act as 
internal coherence stabilizers

Tavis–Cummings — Entanglement-Enhanced Scaling

• Tuned-decay: cavity entropy grows weakly (αSf_c ≈ 0.2–0.4); 
qubit entropy size-independent

• Dephasing-dominated: both entropies develop nega+ve exponents → 
correla+ons bounded and controlled

• This transi+on marks where dephasing stops being destruc+ve and 
starts regula+ng entanglement buildup

• Superextensive thermodynamic performance directly tracks the 
growth of entanglement entropy with N

Bipar&te entanglement (qubit–cavity) is the key resource underlying collec&ve enhancement — not just a side effect.



Mechanism & Outlook: 
Dissipa:on-Enhanced 
Superabsorp:on
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Future Direc+ons
Op/mal control / pulse shaping: Tailored driving fields to maximize energy transfer while bounding entropy growth

Non-Markovian dynamics: Structured reservoirs (photonic crystals, correlated baths) can extend coherence and alter scaling

Machine learning for noise: Data-driven detec+on and quan+fica+on of non-Markovian processes (Scarpepa & Reina 2025)

Many-body entanglement: Beyond bipar+te: mul+par+te correla+ons and their role in charging
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Summary

01 Tavis–Cummings QB achieves genuine quantum advantage: αEmax ∈ [1.07–1.26] and αPYmax ∈
[1.56–1.73] in the dephasing-dominated window.

02 Dicke model: entropy-suppressed, extensive scaling — cleaner but no super-extensivity. Counter-
rota:ng terms accelerate degrada:on under cavity loss.

03 Dephasing plays a dual role: limits uncontrolled entanglement growth AND reinforces 
superextensive thermodynamic scaling — dissipa:on as a resource.

04 Coherent drive acts as a coherence stabilizer (not an energy source): prevents entropy runaway 
while sustaining collec:ve correla:ons.

05 Op:mal window (γ⁻/ωq ≲ 0.20, γᶻ/ωq ≲ 0.50) maps onto NV centers, trapped ions, organic 
microcavi:es, quantum dots, and transmon qubits.
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Entanglement and Dynamical Scaling Laws in Quantum Superabsorption

Juan David Álvarez-Cuartas1, 2, ⇤ and John H. Reina1, 2, †

1
Departamento de F́ısica and Centre for Bioinformatics and Photonics—CIBioFi, Universidad del Valle, Cali 760032, Colombia

2
Department of Physics and Center for Computing in Science Education, University of Oslo, N-0316 Oslo, Norway

(Dated: March 11, 2026)

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 scal-
ing laws O(N) ⇠ N↵ demonstrate an optimal region of relaxation and dephasing where coherent
driving stabilizes entanglement entropy growth for thermodynamic observables (maximum energy
Emax, charging time ⌧ , and maximum power P̄max) and for qubit and cavity entanglement entropies.
The Dicke model exhibits entropy-suppressed extensive behavior, while the Tavis–Cummings model
achieves super-extensive scaling with ↵Emax 2 [1.08, 1.26], ↵⌧ ⇡�0.49, ↵P̄max

2 [1.57, 1.73], supported
by qubit-cavity entanglement. We demonstrate that dissipation can act as a stabilizer source, yield-
ing scaling benchmarks that are relevant to several experimental platforms. Our findings connect
entanglement, dissipation-enhanced scaling laws and superabsorption, outlining a pathway towards
scalable quantum batteries o↵ering practical quantum advantage.

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 su-
perradiance, but operating in reverse. In a superabsorb-
ing system, the rate at which excitations are absorbed
increases faster than linearly with the number of emit-
ters, leading to faster energy transfer than any incoher-
ent sum of independent units [1]. This phenomenon was
theoretically predicted as the time-reversed analogue of
Dicke’s superradiance [2], in which a collection of emit-
ters coupled to a common electromagnetic mode under-
goes collectively enhanced spontaneous emission, releas-
ing radiation with an intensity that scales as N2. Both
e↵ects originate from the formation of collectively cou-
pled Dicke states, whose shared coherence gives rise to
non-classical scaling in the emission and absorption rates.
Understanding how such cooperative e↵ects persist or de-
grade in open quantum environments is a central question
for quantum technology.

Quantum batteries are quantum devices designed to store
and deliver energy by exploiting resources such as coher-
ence and entanglement [3]. These uniquely quantum fea-
tures raise the prospect of outperforming classical batter-
ies in charging and power delivery. While classical ther-
modynamics establishes strict limits on extractable work
from any system [4–6], it does not constrain the time
scales over which energy transfer occurs. This distinction
has motivated intense interest in seeking a quantum ad-
vantage in out-of-equilibrium processes [7–9]. Although
entanglement is not strictly necessary for optimal work

⇤ j.d.a.cuartas@fys.uio.no
† john.reina@correounivalle.edu.co

extraction [10, 11], it can significantly impact the rate
and e�ciency 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
storage 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 subspaces [20–22]. Since the con-
cept of a QB was introduced [23], several key theoret-
ical advances have followed. In particular, Campaioli et
al. showed that the choice of charging protocol can lead
to superextensive behavior: when N identical qubits are
charged collectively, the total charging power can scale
faster than N , resulting in a

p
N speedup compared to

parallel charging [11]. Further progress came with the
realization that the Dicke QB model could be imple-
mented 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 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 en-
vironment through processes such as spontaneous emis-
sion, dephasing and photon leakage, which weaken quan-
tum correlations and reduce stored energy. Improved
energy retention and faster charging have also been
reported under non-Markovian dynamics, where sys-
tem–environment correlations persist over 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 batter-
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Markovian heat engine boosted by quantum coherence

Freddier Cuenca-Montenegro1, Marcela Herrera1, and John H. Reina1,2
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Department of Physics, University of Oslo, N-0316 Oslo, Norway

We evaluate the role of quantum coherence as a thermodynamic resource in a noisy, Markovian,
one-qubit heat engine. By consuming the coherence of noisy quantum states, we demonstrate
that the engine can surpass the classical e�ciency limit when operating according to a quantum
Otto cycle. The engine’s non-classical nature is demonstrated by its violation of the Leggett-
Garg’s temporal correlations inequality. Amplitude damping increases the extractable work under
partial thermalization, thereby increasing the e�ciency. In contrast, phase damping increases the
extractable work under partial thermalization but reduces the e�ciency. We implement the entire
Otto cycle in a quantum circuit, simulating realistic amplitude and phase damping channels, as well
as gate-level noise. We introduce an operational measure of the circuit’s thermodynamic cost to
establish a direct link between energy consumption and information processing in quantum heat
engines.

I. INTRODUCTION

Quantum thermodynamics plays a pivotal role in the
field of information theory, accounting for the ergotropy
of quantum systems [1–6], quantum coherence as a re-
source on the extractable work of a heat engine [4, 7–
13], and the e�ciency of a heat engine considering noisy
states [14, 15], among others. The realization that in-
formation is a physical resource akin to energy has led
to groundbreaking advancements, such as quantum heat
engines and quantum refrigerators. Through the in-
tegration of these breakthroughs, insight into the lim-
its of energy manipulation and information processing
has been acquired [3, 16], thereby paving the way for
progress in quantum computing, renewable energy, and
other cutting-edge quantum technologies.

A fundamental tool for understanding thermodynam-
ics in the quantum realm is the study of heat engines.
These engines are analogous to their classical counter-
parts in that the working substance is replaced by a quan-
tum system, such as spin- 12 particles, which undergo tran-
sitions between the ground and excited states [12, 17–
19]. This engine operates between hot and cold reser-
voirs and is limited to an e�ciency below the classical
limit [12, 20]. However, certain heat engines have been
observed to utilize coherences or correlations as quan-
tum resources to enhance their e�ciency and surpass the
classical limit [12, 20–22].

Consequently, a body of research has emerged that ex-
plores the role of quantum coherences in the work ex-
traction process within heat engines, acknowledging the
departure from classical principles [23]. These quantum
coherences can be conceptualized as a measure quantifi-
able in terms of the relative entropy between the system’s
state and its dephased counterpart [4, 24]. This approach
enables the study of physical quantities such as e�ciency
and work in open systems by observing the e↵ect that
coherence has on them. Consequently, various methods
have been proposed to mitigate the loss of coherence in
noisy states, with entanglement distillation being a no-

table example demonstrating the extractability of work
from these states [15].

Given the impact of quantum properties on the e�-
ciency of a heat engine, it is relevant to study the quan-
tum character of the system. In this regard, the in-
equality proposed by Leggett and Garg [25, 26] holds
for macroscopic systems but not for quantum systems.
This inequality is a useful measure of non-classicality and
allows for the detection of non-classical temporal corre-
lations in the dynamics of the system [25, 26]. In this
paper, the extractable work and the e�ciency of a single-
qubit heat engine based on a quantum Otto cycle have
been studied. This engine is based on an open system
that allows one to observe the e↵ect of noisy states on the
measured observables and to verify the quantum proper-
ties of such an engine through the quantification of the
Leggett-Garg time correlations and the coherence coming
from the relative entropy.

Figure 1. Schematic of the quantum Otto cycle for the pro-
posed one-qubit heat engine. The working substance is a spin-
1
2 system and the cycle comprises two isochoric and two adi-
abatic strokes. The cold and hot reservoirs are denoted by c
and h, respectively.
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Markovian heat engine boosted by quantum coherence
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We evaluate the role of quantum coherence as a thermodynamic resource in a noisy, Markovian,
one-qubit heat engine. By consuming the coherence of noisy quantum states, we demonstrate
that the engine can surpass the classical e�ciency limit when operating according to a quantum
Otto cycle. The engine’s non-classical nature is demonstrated by its violation of the Leggett-
Garg’s temporal correlations inequality. Amplitude damping increases the extractable work under
partial thermalization, thereby increasing the e�ciency. In contrast, phase damping increases the
extractable work under partial thermalization but reduces the e�ciency. We implement the entire
Otto cycle in a quantum circuit, simulating realistic amplitude and phase damping channels, as well
as gate-level noise. We introduce an operational measure of the circuit’s thermodynamic cost to
establish a direct link between energy consumption and information processing in quantum heat
engines.

I. INTRODUCTION

Quantum thermodynamics plays a pivotal role in the
field of information theory, accounting for the ergotropy
of quantum systems [1–6], quantum coherence as a re-
source on the extractable work of a heat engine [4, 7–
13], and the e�ciency of a heat engine considering noisy
states [14, 15], among others. The realization that in-
formation is a physical resource akin to energy has led
to groundbreaking advancements, such as quantum heat
engines and quantum refrigerators. Through the in-
tegration of these breakthroughs, insight into the lim-
its of energy manipulation and information processing
has been acquired [3, 16], thereby paving the way for
progress in quantum computing, renewable energy, and
other cutting-edge quantum technologies.

A fundamental tool for understanding thermodynam-
ics in the quantum realm is the study of heat engines.
These engines are analogous to their classical counter-
parts in that the working substance is replaced by a quan-
tum system, such as spin- 12 particles, which undergo tran-
sitions between the ground and excited states [12, 17–
19]. This engine operates between hot and cold reser-
voirs and is limited to an e�ciency below the classical
limit [12, 20]. However, certain heat engines have been
observed to utilize coherences or correlations as quan-
tum resources to enhance their e�ciency and surpass the
classical limit [12, 20–22].

Consequently, a body of research has emerged that ex-
plores the role of quantum coherences in the work ex-
traction process within heat engines, acknowledging the
departure from classical principles [23]. These quantum
coherences can be conceptualized as a measure quantifi-
able in terms of the relative entropy between the system’s
state and its dephased counterpart [4, 24]. This approach
enables the study of physical quantities such as e�ciency
and work in open systems by observing the e↵ect that
coherence has on them. Consequently, various methods
have been proposed to mitigate the loss of coherence in
noisy states, with entanglement distillation being a no-

table example demonstrating the extractability of work
from these states [15].

Given the impact of quantum properties on the e�-
ciency of a heat engine, it is relevant to study the quan-
tum character of the system. In this regard, the in-
equality proposed by Leggett and Garg [25, 26] holds
for macroscopic systems but not for quantum systems.
This inequality is a useful measure of non-classicality and
allows for the detection of non-classical temporal corre-
lations in the dynamics of the system [25, 26]. In this
paper, the extractable work and the e�ciency of a single-
qubit heat engine based on a quantum Otto cycle have
been studied. This engine is based on an open system
that allows one to observe the e↵ect of noisy states on the
measured observables and to verify the quantum proper-
ties of such an engine through the quantification of the
Leggett-Garg time correlations and the coherence coming
from the relative entropy.

Figure 1. Schematic of the quantum Otto cycle for the pro-
posed one-qubit heat engine. The working substance is a spin-
1
2 system and the cycle comprises two isochoric and two adi-
abatic strokes. The cold and hot reservoirs are denoted by c
and h, respectively.
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Quantum Oto cycle for a one-qubit heat engine:
The cycle comprises two isochoric and two
adiaba;c strokes.
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Finite-Size Scaling Laws:  O(N) ~ N^α

8 / 12

Power-law fits from log–log plots across N = 5…50  |  α > 1 = quantum advantage;  α ≈ 1 = classical;  α < 1 = degraded

Regime  (γᶻ/γ⁻) Model αEmax ατ αPQmax

~10⁰ (tuned) Dicke 1.00 0.00 1.00

~10⁰ (tuned) TC (RWA) ~1.00 –0.50 ~1.50

~10¹ (interm.) Dicke 0.80–0.96 –0.02 to –0.20 0.96–1.00

~10¹ (interm.) TC (RWA) 1.08–1.26 ≈ –0.48 1.57–1.73

~10² (dephasing-dom.) Dicke 0.79–0.96 –0.02 to –0.23 0.96–1.02

~10² (dephasing-dom.) TC (RWA) 1.07–1.25 ≈ –0.49 1.56–1.73

TC model achieves genuine super-extensive scaling (αPQmax up to 1.73) in the dephasing-dominated window — driven by bipar/te 
entanglement with the cavity.



Entropy Scaling: Entanglement as the Key Resource
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Dicke Model — Entropy-Suppressed Behavior

• Long-+me entropies saturate: αSf_q , αSf_c ≈ 0 (tuned-decay regime)

• Dephasing-dominated: αSf_q ∈ [–0.20, –0.31], αSf_c ∈ [–0.39, –0.57] → par+al purifica+on

• Larger N → more purified steady state: entanglement-clean opera+on

• Drive does not qualita+vely alter this — counter-rota+ng terms act as internal coherence stabilizers

Tavis–Cummings — Entanglement-Enhanced Scaling

• Tuned-decay: cavity entropy grows weakly (αSf_c ≈ 0.2–0.4); qubit entropy size-independent

• Dephasing-dominated: both entropies develop nega+ve exponents → correla+ons bounded and controlled

• This transi+on marks where dephasing stops being destruc+ve and starts regula+ng entanglement buildup

• Superextensive thermodynamic performance directly tracks the growth of entanglement entropy with N

Bipar&te entanglement (qubit–cavity) is the key resource underlying collec&ve enhancement — not just a side effect.



Quasi-ideal Dynamics: Energy & Entanglement vs. Coupling
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Both models, κ = γ⁻ = γᶻ = 10⁻³ωq  |  Undriven (Fock state) and Driven (Gaussian pulse)

Dicke (non-RWA)

E_max scaling: Grows with N for g/ωq ≳ 0.5; counter-rota+ng terms enhance capacity

Entanglement: Strong structured qubit–cavity correla+ons at g/ωq ≳ 0.5; persist with N

→ Drive (role): Drive does not qualita9vely alter Dicke dynamics — coherent energy injec9on without restructuring correla9ons

Tavis–Cummings (RWA)

E_max scaling: Nearly ver+cal contours — energy depends primarily on N, not g

Entanglement: Driving amplifies correla+ons in narrow resonance band g√N ≈ ωq/2

→ Drive (role): Drive selec9vely amplifies resonance — acts as entanglement ini9ator in the RWA regime

Key insight: Driving acts as a controlled entanglement ini/ator, not a brute-force energy source.


