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Fig. 1. Contour diagram in the complex plane Re(z) - Im(z)
for computing the inverse Laplace transform of w(z).
When y(0) < 0, an isolated singularity —Ey/h is formed

on the positive Im(z) axis.
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where ¢ = 100wy ! . This figure is adapted from Ref. [16].
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Jarzynski-Wjcik S5 (e(Pe—Fs)Q) = 120,

Kl 3(a) ME A RGREIE R, 1A w5k
n > 0.1 0, JERUREEZS. MIE 3(b) nl UL, 7EBEHLE
REE=225TG0LF, Riw(€) = x-(Be — Bs — €)/x+(€)
TERE A 400X I [ 38 Ak 3 2 v o e 30 o A 45
T 1HRHE, JCH 2 TR IE A 48 25 1 i 7 A
i 125 5 R, an &l 3(c) Wy i, RIATEAE /R
FER B 15N, AL G BOT A S B T R

@

w

E/wq
S

—-0.3

0.05

(b) Ryw, Rasw

S Beit/ Be

B3 (a) REfEE. (b) Y ¢ = 2250, R 7 F Rw(é) =
&l/x+(6) (
(e) THIE

0.10 0.15
n

(e)

(e(PE=F3)Q)
<e(/3eff—ﬁs) Q)

0.06

100

() In(Q()

E% XT(ﬂE - ,BS - 5)/XT(€) (%ZEIEH}E) il RGJW(&) = X7 [ﬁeff(T) - ﬁS_
AT BEAL. () AR T (ePe=P)Q) R i) Al (elPerr(m)—Bs1Qy (4 1)) B L. (d) R 0 F Berr() F
RS (Q(r)) WAL, 28 s =1, we = 10wo . Bs = 1.2wg " Al Bg = 0.2wq . T 1 SCHik [19)

Fig. 3. (a) Energy spectrum of the composite system. (b) Evolution of Ryw(§) = x+(Be — Bs — £)/x+(€) (rainbow surface) and
Raiw(€) = X+ [Beit(T) — Bs — €] /x+(€) (purple surface) for different 7 at & = 2.25. (c) Evolution of (e(PE—Ps)2) (rainbow sur-
face) and (e(Berr(T)=B3)Q)  (purple surface) for different 7. (d) Evolution of Ber(r) and (e) average energy exchange (Q(r)) for
different 7. Parameters: s =1, we = 10wo , Bs = 1.2w, 1 and Bg = 0.2wy L This figure is adapted from Ref. [19].
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VI B 1 2 SRR Bere(7) W5 I AR R EE ST
TR SCHBCE- 55, BTSRRI T
IR ERTE R, Wl 3(c) AREIETR. K 3(d) il
K 3(e) 2l 4 T Bege(r) A2 RE 524 (Q(7))
AT R, AL EAG XA RSB v,
Born-Markovian #6045 HAT B35 09 AN ]

3.2 MEMNEFHKEEE
ZEANA IR B R G S A TS B A
R, WA 4 P, R
I:I(t) :ﬁs(t)'f'ﬁ]g-f—ﬁ[. (35)

e_ﬁgE

Tr(e—AHe)

W25 4 pse(0) = p(0) @ pS , Hirp pff =
S5 RGN Ly Y
¥ = AS - BQ, (36)

Hdr AS = S[p(1)] — S[p(0)] /& Z 4 von Neumann
i S1p(r)l=—Trlp(r)ln ()] EACASRE, Q=Tr(Fle )
Tr{Hepe(7)] 4 Z G0 MR BT 30 55— 7 I
TE RG-SR LR, 7T DA By S35 (el
5 BN RE AR AL, I Q@ AT IR G
fig it el AR s & A e gl W B Q = AE—
W, H AE = Tr[Hs(7)p(7)] — Tr[Hs(0)p(0)] . 1L
B, TR (36) K

S = BW — BAF, (37)
Hr, F=E— 8718 = Te[Hs(r)p(r)] = B~ S[p(7)]
MRV H HBE.

/— System
1 1

‘Work source Heat bath

4 SRSt T RGNS SN N R T RS
52 W, SREEA T RGN Q. 1 H TR [21)

Fig. 4. Schematic diagram of an open quantum system driv-
en by an external field. The external field does work W on
the quantum system, and the environment releases heat
@ to the quantum system. This figure is adapted from
Ref. [21].
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T2Fp(c0)

5 AN BE R R AR we 1Y 4 Fisher {5 &, 15
we = 10wo AIE BREA. L0540 [1 — 22M (00)]T 2.
1 3Cik [17]

Fig. 5. Quantum Fisher information for different temperat-
ures and cutoff frequencies we . A bound state is formed at
we = 10wy . Thered solid line represents [1 — Z2M (c0)] T2 .
This figure is adapted from Ref. [17].
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1-2: Isothermal expansion 2-3: Adiabatic expansion
3-4: Isothermal compression 4-1: Adiabatic compression

6  Carnot fH i pU> wh AR 76 H it - R AR B i R, Horp
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Fig. 6. Representation of the four strokes of a Carnot cycle

in the pressure-volume diagram, where 771 =T}, and To=T¢ .
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2003 4, Scully 55 ¥ $#& tH—Fit i T Carnot #WL,
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(a)

Entropy Mirrors

sink

Qout

Heat bath

Photo-carnot engine

—_—

(b) //Qin =T1512
T, L
& 37| ppe|Te
Th=T.
h=te 4 // 3
QouL = T3S43
S

B 7 (a) Yot T Carnot SRR (b) (a) X R 00325 06 75 36 B Pl o 0 2 405 1 Sk (8]

Fig. 7. (a) Schematic diagram of the photonic Carnot heat engine; (b) corresponding thermodynamic cycle represented in the tem-

perature-entropy diagram. This figure is adapted from Ref. [§].
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Fig. 8. The Optimal efficiency of quantum Otto heat en-
gine as a function of the reservoir compression parameter r.
The dashed line represents the corresponding Carnot effi-
ciency. The curves from top to bottom correspond to
B2/B1 = 0.9, 0.6, and 0.3, respectively. This figure is adap-
ted from Ref. [9].
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Fig. 9. (a) Schematic diagram of the parallel charging pro-
tocol; (b) schematic diagram of the collective charging pro-
tocol; (¢) charging, storage, and discharging processes. This
figure is adapted from Ref. [60].
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#
Fig. 10. (a) Maximum stored energy Eg) as a function of the number N of quantum battery cells; (b) maximum average char-

#
ging power P ;(\ ) as a function of the number N of quantum battery cells. The black squares correspond to the results of the Tav-

is-Cummings model for A = 0.05. The red circles, blue triangles, and green diamonds correspond to the results of the Dicke model

for X =0.05,0.5, and 2.0, respectively. The red, blue, and green dashed lines correspond to the results of the Rabi model for

TN

One dimensional waveguide
A |

—E/wiy
E(t)/wn
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RETE 4G AL, SRS B | i S04k | 4000l 4R 43 0 6] i AN [
AN ANECT 5 F b 78 P B T 2 ORI B 8 1 SR [67)
Fig. 11. (Top) Schematic diagram of the remote charging
quantum battery scheme; (Bottom) correspondence between
the charging dynamics of the quantum battery and the en-
ergy spectrum of the composite system: The purple dotted
line represents the energy spectrum of the system. The
green dotted-dashed line, blue solid line, and red dashed
line correspond to the results under different numbers of
bound states, respectively. This figure is adapted from
Ref. [67].
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A =0.05,0.5, and 2.0, respectively. This figure is adapted from Ref. [60].
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Fig. 12. Quantum battery (QB) scheme based on the NV
center and its charging dynamics: (a) Schematic of the loc-
al structure of the NV center; (b) working mechanism of
the QB; (¢) charging dynamics in the ideal decoherence-free
case (7 =0): The coherent ergotropy W°¢ and the inco-
herent ergotropy W' alternately increase and decrease with
time, with W°¢ reaching its maximum at 2t = ©/2, where
the QB is half-charged but possesses maximal quantum co-
herence; (d) charging dynamics in the presence of decoher-
ence (y/2r = 0.1 MHz): Self-discharging causes a continu-
ous decay of the total stored energy, but the coherent ergo-
tropy exhibits stronger robustness. This figure is adapted
from Ref. [68].
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Abstract

Recent advances in quantum technologies have given rise to the field of quantum thermodynamics, which
aims to redefine thermodynamic concepts and reformulate thermodynamic laws for quantum systems operating
far from equilibrium. Theoretically, this framework modernizes nineteenth-century thermodynamics and extends
its scope into the quantum domain. Practically, it enables the design and optimization of energy devices that
can surpass classical performance limits. In this paper, we systematically review the fundamental theoretical
frameworks and recent research progress in quantum thermodynamics. We first discuss the nonequilibrium
dynamics of open quantum systems and the microscopic mechanisms underlying quantum thermalization. Using
the exact master equation derived via the Feynman-Vernon influence functional, we analyze the non-Markovian
relaxation of a quantum harmonic oscillator strongly coupled to a reservoir. Our analysis reveals that the
thermalization behavior is crucially determined by the energy-spectrum characteristics of the composite system.
We then elaborate on the two-point measurement scheme for defining thermodynamic quantities such as work,
heat, and entropy, and review the corresponding nonequilibrium fluctuation theorems. In particular, we show
that a generalized energy-exchange fluctuation theorem can be established for arbitrary system-reservoir
coupling strengths by introducing a dynamical effective temperature, which reduces to the conventional
Jarzynski-Wéjcik equality in the weak-coupling limit. Extensions to entropy production and work fluctuation
theorems are also discussed. On the application side, we review several prototypical quantum thermodynamic
devices and their underlying physical principles. For quantum thermometry, we show that criticality associated
with bound-state formation can overcome the divergence of measurement error at low temperatures, yielding
Fisher information that scales as 772 over the entire temperature range. For quantum heat engines, we
highlight how quantum coherence and squeezing can be harnessed to surpass the classical Carnot efficiency, as
exemplified by a photonic Carnot engine and a squeezed quantum Otto engine. We also describe the minimal
quantum absorption refrigerator within the framework of a virtual-temperature picture. For quantum batteries,
we discuss the collective charging advantage, a bound-state-assisted remote wireless charging protocol that is
immune to decoherence, and an NV-center-based scheme that robustly suppresses self-discharging by optimizing
the coherent ergotropy fraction. Together, these results illustrate how genuine quantum effects can dramatically
enhance the performance of energy devices, and they point toward promising directions for future quantum
thermodynamic technologies.
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quantum fluctuation theorem
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