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Fig. 1. New diagram for the development of statistical ther-

modynamics.
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Fig. 2. A quantum thermodynamic cycle based on a dis-

PEL E2

crete system.
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Fig. 3. A quantum system with discrete energy levels as the
working substance, here a quantum adiabatic process is il-

lustrated.
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Fig. 4. A quantum Carnot cycle based on a two-level sys-
tem, 7} and 7} denote the temperatures of two reservoirs,
A and P. denote the level spacing and the probability in
the excited state, P and V denote the pressure and the

volume of the ideal gas.
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Fig. 5. Maxwell’s demon and Szilard single-molecule heat

engine model.
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W2 R BT 2w 0 AT, A R
PTG H Feynman BRESH TAE B, % 55X —
RGN RE LA, ARG AR & L AR R AL
1997 4F, Sekimotol?” ZE W 5¥ Feynman Bl 5 R 4t
B E UK D e SUAE T AR RlPLELE Z - LT
TE R B}, Jarzynski® g 7 5 AT 8038 D 9 HE &,
5 Sekimoto 5| AMHLEYIE L —20), HIELE T
REAILAA ) X A2

Ta

T8

[ 6 Feynman 5, Ta f1 T REFEWAIIEREE, B
5% Feynman 5 094 24 7] 27 SCk [27)

Fig. 6. Feynman’s ratchet. Tpo and Tg denote the tempera-
tures of two reservoirs. For an introduction to Feynman’s
ratchet please refer to Ref. [27].

WEHLIA T A A REALPE B X T~
HEP BRI 2 —E A e Pk
FH— BAR B (] 5 B R BERIL IR ) 27 14 32 2 SO
WNE. ZRXAE— DR, RESIRERN T HHAE
e, REZ— A BERRIBUEANES & A (1)
i, PN ZE R SR | IR T R SRR AEAE.
A () BRCEE 9 [ Bsf 2 SRS R G, BT A X (2)
W N IS L IR Z] = 0 B R T —
IR, t =7 NEIEZ], RGAET 7 —IRE, HE
A (1) BRI RIS Gete (M HERR SRR, IR Al
P g — i 2] (R RE) #ORAR P s, B
PSR AR P . DL —4E AR T R 58 ], A

230501-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 72, No. 23 (2023) 230501

i B T
dr
a Y

(8)
dv 2y
mar = —WU‘*‘F(QU,t)‘f‘\/Ff(t)-

(8) AIEAAAT WL FAEAZS (8] (,0) AYBENLENLIE
B a) ¢ T AL T AR, o o S, o K. (8)
K m Ak TR, v b Stokes Bt REL, 8=
ks T~ AR E BRI, F (v, ) REFJG T F (2,1) =
—0U (z, X (1)) /0, Horhd (z, A (1) FRFeHI7. (8) =
o B BRI i e — AR B AL T, Forh g (¢)
JEH— LR EBRRA L (€ (1) =0, (€)=
3(t—t), HrpRIGSRIFHNE L.
RGN

H(2A () = gm? 4 U (@A (0), (9)

Hrp 2 = (z,v) AAHZS BIAEPR.

AR TAEGE T 177, IO ZR G H B A A 4
7 L HH E X, AT BEPLPUE (2 (1) B9z 6.
1997 4, BB W RIHUE T Q M L3 F K
Jarzynskil?$3% fl Sekimotol®31 43 i Jli 37. 45 Y (X
HLHR AR 2 G2 i A T WA 2R B8 A AR R Y
HQ):

Wz (8)] = /O ’ det,

QL= (1)] = /O ’ Wédt. (10)

HIIZ T3 J7 72 (8) W, BB FAJEFH e Ty Akt AL
DR, TE P RN AR e T ek DA Ay A 2 ]
A BRI T AR AR AL s IR AT AR oy, B AR GE
W N IS A () RO T 7 AR ARk, i B
TE SO XA E SCORIE T 1758 — e &, B

PN = e r—

He ST H:
W+Q=AH=H(z(1), (7)) — H(2(0), A(0)). (11)
ATy SRR O L, S AT
LT AR, (2N RGH, T AL, i
IS S G TR X 2
(W) = AF, (12)
SEh AF AR RS0 F i AE. (11) SR
(12) L ELIATENI 2o/ T — RV I 2 1,
B T DAL BET)  HE E 25, B
BLAR AT 2 o A SR 2 B 4 55 S

A housekeeping #, excess #3341 PRy [32.35.30] L
HEE. XS IE T B4R Esposito 4 B39 TAE R IR,

3.1 ZHKETEIE

X/ NRGERARF SRR, PP 5N 1993 4F
TGRS & B0 T AR 22568 14T 2 Ji P Ay ok A 0 ™
& LT PR AE X GERR M Ik T o B TR 2R
T AR M ATk I L L ks e B TR
Z, Hh i A S5 R E 2 Jarzynski [HS5EZ0,
Jarzynski 530 F 1997 44 H:

(e_5W> = AAF, (13)

Jarzynski 1HAE BT SRR T
. X%F Jarzynski 1828 ] —1K Jensen A 455
(") > e fEIRZ 5155 (12) 20, BI85 —
FEHE. JIANT U BIE /N RG0S
A —E MR B HME R AKX PW <
AF — (< e PO 0 M R G510 H i A8 /D
AFFIW JA kT f g, XA« i BA I i
SEIPYRIUE SR (EP3 i <R WE N8 0) NS
BRI AR R R R R AR RN, TR
W R G AR AT fE. Jarzynski 1555 i K a0 R L
TE TN — M ARV o R rp R 2 0l 2 A 55 2
KRG W T EAEL, SRR 2 S B A
B WAL, 518, Jarzynski fHSH5
AT AS [ P RE 22 (B AT DAGE A A B AR e R ok
T, RSP A 05 BT LU e R A5 31 2,
XAESTF-1%) B F RE S S0 it S0k, IO HR K R
B SIS TR AR B T N P (AR 4R
Jarzynski P A ih i85 5 A 14 5T, #9538 E
B2 25821 2019 4F ¥ Las Onsager 2. 1M 2R 56
UE Jarzynski {65450 T H—— 88 A0 &
A A. Ashkin B2 T 2018 4R DL/R Y HH24

g I, Jarzynski fHSE 0] DL h Z2 Mk iE
R B 346, B EMERTEY ((FER
gt IR AREME) @i 1R 2 BUE A
5% RS 3 RN S 6 56 I BOL AR SR B R R B AN 2= 4
AT B8 TUA 8 3R AT Tz 25 Ml oo i 1 A g 2 1 45
K (F5MEF Crooks fik ¥ # 9 45) 22— BN
SR B P R R 2 T T — B T

Jarzynski fHAE X 1Y & BRI 2058 T s |
B — A FERR AL BT ST T A e A A i
K. FEIBZJEWFoE N g k3 T —2E 1L Jarzynski
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TESE I E Ak 7% & P, A Crooks K4 &
PR 41 Hummer-Szabo {7 7% & 3 4 Fi 735K 7%
R [040] sy e FRAR I A <RI . SR [47)
AT XSk IE R R M B OC R, S IEL 7.

AXER T Bk v o B TR R A 5 4l B
o AL ALK S A T LMK A i
AR K T E B S ok BUR Jarzynski 1H 4E AR
HURE AL B Bk v 2 FLELAE 2002—2005 4ERTJE HEE 48
TELR R0 (FLans i RNA 2 THERUKIR
W A AR ) 75 DASSHIE, {2 “fl o Bk i e 3
() S2 B e A — B — I E R R PRAR, PR & e
AL 1) I IR 3 B 0 S 00 R AR 1 A e Y K
2017 4, AR SRR Z— 5 [ 38 U K 2 i 2R 2
B A W AR, 1 B AT & R ok i e st
AP RGSRT-, R EE
B G K /INER A S35 B B9 (o7 5 R Bk sl 3k 3 Bt ek (1]
FTE AL T8 AR IBOR S B, B — IR TE S
B 13X AR Ak T o B BRI IRk I E
FE I TARR AL ) 27 5L B 58 A B A
WS T REHIE, If A A R EA 1Yk %
FE B G Z2 JTA HAW YA DGR 2 4 1K V% 5 BEAR
HENTIE T RS SIS 2

{EARHE B2, TRk Sk b, oRLR Ak
(1) 2 BRAS B0 R ok Ak ) & IS BRI . 25 i 3
Vi A2 P B 272 TR R U RHE, A
MEFS AN T 2518 I F 5O T 250 e I
LRGP, B WAN. X — A YRR
XF B S5 AA PRIA TG R E R AR L.

B T 50047 G ks 2 B, I8 AT — M AL
ot 1) o v L 1SR R AR I — DR IR I Ak TR
JE By YR GEIR — A TR EE B B ZEAEHE i it 2
RS G 2 AN A E A [

(eP=AIQY — 1, (14)

Langevinjﬂ%

Hp Q ARG NBEN . FIFH Jensen AR, 7]
PEEEl
(Bs—B)Q >0, (15)
(15) 2K Clausius AL, HAE AR Y =5 T4
PRI . TN SR DA RIS 4 K % o B
HIEERAE &, 0T SR Z IR, ST
RIS 53 A1 1) T s s 381 (49
<67BSW+ZV(BV76>)QV> =g BAF, (16)

Kb g, 25 v N AERIREE; AF 2 RGEH A e
Z 2% XA Z PRk Y g FAT LA S S 1R 2] Jar-
zynski [HAE R, B A IS BBk & 2. it
FLIA R XA N A AR A AR T B AE 4 i v
M — e, R T AR ) FifE
PR G —TE— AL AT RN AL
SCHR [49].

DA b 5 T Ty R i il v e R 2 A A BT
5 45 1 BT B B 25 S S AN BT S5 A B B
A HA — sk V% i # LI A4 I Evans-
Searles Jik 7% s F 5051 F1 Gallavotti-Cohen K74 &
FHE152.93] DA s S 41 50 7 2% A A P 7 e LA
K, AT DIHES H TR 1 2 AN e PR DG &R 199,
TR R TR, XT3 6 N AN PR
3.2 ETFiIkETERE

W FE N B3 B WA A DG BEHILEA ) 22 Rk I e B
IR FERE T RMARS, WS REE KT
R PRI HE SR R v T B T R ME T
JIZEHE AR AR R B, BT RGN
WLARZS ] Hilbert 25 [A] AR it R, 28 R S8
TOWARZS FAHZS Rl — > AR S04, T R4
LRI L PR BUR AR L PO A S
R EA W X 0. 280k 7R AR 25 [ A AR U
SCREE, AT LU LB D) | BB R,

JarzynskifEZE,
TR A S

JarzynskifHZE,
T oA

O“”f%‘}g%g;‘;h“?‘{ POBLTiE H PO MR

Crookiikis & JarzynskifEZE=,

Fokker-Planck
Jite

HUwIE

Hummer-Szabo
KA

Bl 7 K% E B, ik Lk 7 8 BT AN AR A A, #7 Sk AR AT LU 1, TR DL SO [47)

Fig. 7. Hierarchy of fluctuation theorems, these fluctuation theorems are not equivalent to each other. The arrows indicate “can

lead to”. Details see Ref. [47].

230501-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 72, No. 23 (2023) 230501

(B T AN E PRI, X i RGN BEAR - Hh
TE SCHUE. 188 DR 2501 FEHLE ST 2 A 1k
SEBRIBIET A SR TR T ] 2 AR E R LR T
SR R PR i R GERHE)

IO R GRSl e b, RGA5H
PR R AR EAE B DL RS 7E B 79
SR, RGH) L IEBALAT N

U (1) = Texp [—;/OT dtH (t)} , (17)

Horp T 2T EAT. 7S frh, S A &R
Giosgsh wo i TR T R G, R IRRA
5 FRE R RS e, IR 2 A A R T AL R Y RE
22 bR ER R T IR E SORFE T IR RE Y
Il (two-projective energy measurement, TPM)
W = E7 — EY , 2000 4F-f Kurchan% il Tasakil>”
Sy RIS P BIFER) AR IS 2 e i — U e
W, BN R G A IR A B T RIS SR O (0)
55 m A REREAEZ, AR5 XA REREANMESTT
AIEAL, TEZE I 2] PR AT — UCRE i B
KA R GE RS AT BB 46 5 1RSI AR H () 1Y
B n NREREAAELS, B RN — ISR 7RI
LR, REREZE W RE SO T2 49Kl LA
HEARZ RS, BT E DR EHR AT REA —
R, B A — DDA P (W) . B SRR E
KA 8.

B8 FET MR E BB, & B8R T — kS
PR, AR 2 ANAAEZSBE S5 4 AWk I AL S

Fig. 8. Trajectory work based on two-point measurement.
This figure illustrates a trajectory: from the 2™ to the 4"

instantaneous eigenstate.

Doy A AL S WIS RS04 p0, 5%, B 5
BRAEHETC Py A K

P (W) = Zpgnpm,nd(w_ (E; - Egz))v (18)

X pl, AR ENE m DARIES AR,
BIZA 2(0) BI5E m DX AT, P A BRE R FETT,
FER M UR I ZI 58 m A ARE 25 BRAT 31 28 11 Asf %)
RIS n AR ZS AR

Pon = |(E710 (7)1 E2,)[

T TPM W& I a9 S K 1 ik 2
fE T Jarzynski fHAER PO B 52 MEE T
) Jarzynski fHAEC (13) o —2, WAL A&
THEMEIPEHEL: p49(0) = e BIO) /7y Horp
Zo HHVEA I 20 (9 B 53 s AL Zo = Tr exp(—BH(0)).
1 Jarzynski 1895 3 1 fA] BRERA 40 T 15657);

(W) =37 P8 (0) Prye #(Fi-E0)

(19)

1 . 2 .
= 3 oo PP ENIT () || e )

1 _ T T s
= o 2o PP Y (IO () 1)
n m

1 - 4
70 Zn: ¢ Zo °

HApHS T LIRS U (1) ML IEVER.

2013 4 P A BiF 98 4 5060 i 1 [R) 42 36 iE i
Jarzynski 18 5E Y 7 S6——F 20 oA i {5 AR
et R —A PR G AR AR TR . 3 i
XN T TR D A A . XA
R AR 2014 FE YL IR O, 51 Jarzynski
P 2 Y B SR RIE A SRR 2 — S5 R K
2E AR 2 SRS A, At &R —FE T
BB T T RO R AR, &S TR T
R GRTI M G, IR RUE T i F Jarzynski
fEAEC. XA TAEAE AR g v s el ™= A 17—
SE [ PR

FEG T2 T2 D SRR i
FE , FURE N 1) - 0 24 AR — R L 3 i B
K. 2000 4F-, Jarzynski NI H A pEERR A, i
[E Y B 5% Kurchan fil H AP P24 % Tasakil”
AR PORE Jarzynski 155G e 2 T+ 1= R
5. Ak, AT TR EEX M Jarzynski fHAFE,
FIAT —AHEH K E LA T AR E )&
FHEE AR, T T80 SR E IR 4R R
B, XA T 2R A 4. M 2000—2015 4,
T HEETI A E SN — BRI AR A, (AL
AT AT .

2015 4F, AR ICAEH 2 —MAEVEE 63 X4k
S-S T PR L A) B T 1S T
SE SRS T TERARESE, R L2122 (1) 95

’ 2
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Hh, SRR TR T 8 T RS a4
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Xof (P AR A PR BT DAk S i 2R T AR IR
A BBIL A SR (1, 5k BE i Tt 3 40 i T % i
T ARG 1) B

4 GHHRAEF LEURAER S

UTEEAESR, - fE B A A AN T 2
QAT T SEANTR A B ERSARE, B AL TT I T 5Ei )
IR QUHT I, Goi M BE i — N A

PR AEMEARMRBE, I e A Rt R TR U R 25

IEM AR ZE A FIEN R LR G 2 Bl Gl
OB} 45 AR ZE NI 28 e B B U 2R 2 B
K, MM RGMIEN R ER G5 AT 7oA. ILLE4F
XTT IR, ol LIAFET FIRSEEREA R
B, 1 ELAE A T 2 A LS, L IR R 2R

(i ARH) 43 (7274,

AL R G2 AN RS GAT IR, LUK 3] T
SR R TR ARG (RINIREE) 13k
BRBICE A~ s AT AT B ) R4
R Z RN RS, HBER A n) X RIRES N
en(n=1,2,); B NN {w;} 1
R (o) 2§ BRI RETF). 42
A1 {5 e /N AR 0 Hy =3 Aaln) (n|(gja;+
he.), REMARIERE RN E (n,{n;}) =&, — kA2 +
> gy MFRBEH RGN IA RS, HiE
RRBR A IBAESE L, WnE 9 B,

E < E(n,{n;}) < E+3. (20)
Z 55 (R 25 1T LI G R R T AL Ju) =
> Cognyy I {0y }) LIEHEFRE 11 i BERR, B ps =
Trg [[9) (] = > Paln)(m| + > Fum|n)(m|. 7 LA
UEW] F FUA R T AG25 4, OF ELZE BRI [ 1 2 A
PRI R T, B F,,, — 0. IR
KB e, T UEWIX A P, = 3 |Cogny |

Pty p, = L0 d)

:H: —
QB oo E )
BIRESERERE [ B — 0, B — e, + 0] LIQIRAEL X4
TR T3R5, 7T LIS F
[E — e + k2] M

R ST R e

RO ATAEIPEE AR AR A0 BT L DU 557 A1 B

. . 2 N-—1
s, oty p = YD IEen b X
Zn [E —en + kAZ]

(E+6)/wr

nwi+nw=FE

nwi+nw=E+4

0 n

Ko festAIB, Hoa (o A EAE R RESE, 0
AR EAE B LE

Fig. 9. The distortion of the energy shell, the red area
shows the case with no interaction, and the blue one shows

the case with weak interaction.
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AL AR SRR — B A5 20 T 8 S RE i A 4
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Fig. 10. The power-efficiency constraints of a finite-time Carnot cycle: (a) Finite-time quantum Carnot cycle based on a two-level

system; (b) comparison between power-efficiency and general constraint relationships in a quantum Carnot cycle, where the brown

dashed line and gray dotted line in the graph are given by Eq. (25), and the green triangles represent the positions of maximum

power.
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Fig. 11. Experimental verification of the finite-time thermo-
dynamic 1/7 relationship: (a) The 1/7 scaling relationship
for work done at a temperature of 50 °C; (b) the depend-
ence of the scaling relationship coefficient on the control
method L (t) = Lo o< t%, with the energy-optimal control

being uniform-speed control where o« = 1.

AT SBAE R A S ) — N E T [ 1007 Ry
TEAT BRI ] 22 AR BRI R ) D A R A TROG
. BT RPN BAR SRR A BRI R I ) 2P
AT Bt o8 B A BRI ] Carnot FEFR, I 7€ 2
HBERUE T D ARARCR AR AR A A A il

230501-13


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 72, No. 23 (2023)

230501

PR3 BITEA ) B RE ()R T 5 B, ZE DA AH B 1Y
RN AR RIS, ARUE T AR R AN )
— AR AR B AR A R R SRR
SCEL T AT PR E] Carnot P38, [l 12 JE/R T A7 BRI
] Carnot 753 (14 1 B8 F1EA ) 22108 R 1 Tl R340
AR R, PEAEA BRI A] Carnot JE 3R 1) 5 5 2
IR IR, FATHEIR T 5230 vh i A7 il B2 2H 5 1Y
e RIPRCR, IEERE 12(c) )RR H 5 Carnot
RORRIOCR. PRI RRRRCR (AR 2ZEBEIRIL)
B — DAY ER neyp = (0.524 £ 0.034)nc.
B 5 A A BRI [R] 4 AR 1Y) fie K B R AR TE
Carnot RCE ne M—I FAREFHISTA. BN, 76 CA
B o FIIRFE BB AL 59T /9 e /(2 — ne) Y, R

(a) PA
l Qu(tn)
* .

~~~~~~
-~

Q(,(t(,)

(b)

n/nc

0.2

_ RN ZRAR
Q== : : : :
0 0.2 0.4 0.6 0.8 1.0
bR P/ Prax
EEEE—— 2000 ]
20 40 80 160 320
tiot/s
() 0.020 Z
—~
0.015 | =
A =z
— =
g 0.010 o
<
0.005
0 ‘ ‘ ‘
0 0.01 0.02 0.03 0.04
e

12 ABREEE Carnot fEH  (a) A FRAS[E] Carnot JH¥FH)
TAERE; (b) AR I R-BORAR KR (¢) RARIF
BFST Carnot SR MK R npvp = (0.524 + 0.034)n¢

Fig. 12. Finite-time Carnot cycle: (a) Schematic diagram of
the finite-time Carnot cycle; (b) graph of the power-effi-
ciency constraint relationship in the cycle; (¢) dependency
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Abstract

Does thermodynamics still hold true for mecroscopic small systems with only limited degrees of freedom?
Do concepts such as temperature, entropy, work done, heat transfer, isothermal processes, and the Carnot cycle
remain valid? Does the thermodynamic theory for small systems need modifying or supplementing compared
with traditional thermodynamics applicable to macroscopic systems? Taking a single-particle system for
example, we investigate the applicability of thermodynamic concepts and laws in small systems. We have found
that thermodynamic laws still hold true in small systems at an ensemble-averaged level. After considering the
information erasure of the Maxwell’s demon, the second law of thermodynamics is not violated. Additionally,
‘small systems’ bring some new features. Fluctuations in thermodynamic quantities become prominent. In any
process far from equilibrium, the distribution functions of thermodynamic quantities satisfy certain rigorously
established identities. These identities are known as fluctuation theorems. The second law of thermodynamics
can be derived from them. Therefore, fluctuation theorems can be considered an upgradation to the second law
of thermodynamics. They enable physicists to obtain equilibrium properties (e.g. free energy difference) by
measuring physical quantities associated with non-equilibrium processes (e.g. work distributions). Furthermore,
despite some distinct quantum features, the performance of quantum heat engine does not outperform that of
classical heat engine. The introduction of motion equations into small system makes the relationship between
thermodynamics and mechanics closer than before. Physicists can study energy dissipation in non-equilibrium
process and optimize the power and efficiency of heat engine from the first principle. These findings enrich the
content of thermodynamic theory and provide new ideas for establishing a general framework for non-

equilibrium thermodynamics.

Keywords: stochastic thermodynamics, finite-time thermodynamics, quantum thermodynamics, noncanonical

thermalization
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