Contents

Part I Thermodynamics and Fluctuations
Far from Equilibrium

1. Intfoduction toPart T c.swm v 5o ot s o0 808 800 540 500 e 050 aitior 570 3
1.1  Some Basic Concepts and Definitions . ......................... 4
1.2 Elementary Thermodynamics and Kinetics ..................... 7
REIETENGCER 5.5 wssuinie Simis b uoorss 51as a8 (5550 9659 ba 5% 31003 OBE a0 00 o o o8 10

2 Thermodynamics Far from Equilibrium: Linear

and Nonlinear One-Variable Systems .......................... 11
2.1 LineatOne-Variable: SYStOMEB wuws oremurm pism s s o s srasss s swin 11
2.2 Nonlinear One-Variable Systems .............cociiiiiinienn... 12
213 DISSIPatiON s sxm s b kne: o SIS TR #1495 @R RS B ST ATSTS T § 3 15
2.4  Connection of the Thermodynamic Theory

with Stochastic Theory .o i s i sniswsissnids e s os 16
2.5 Relative Stability of Multiple Stationary Stable States ........... 18
2.6 Reactions with Different Stoichiometries ....................... 20
IRETETEIICRS e 150 i 0me 0 o o o7 s 55 AR el 5 e 49 0089, L 21

3 Thermodynamic State Function for Single

and Multivariable Systenis :.s:esvessisvamsmsasmmmmiewisn sasgs 23
il  INtredUCHIONs sresraoms sorons s s GEasine HEms 1 e HaT S0 o1 N T 5 23
3.2 Linear Multi-Variable Systems . ............................... 25
3.3  Nonlinear Multi-Variable Systems .. ........................... 29
RETETONCOR! 4.8 btisans 598 saiamiavss siovad s Bdsuss s allnl ove dane & @oes 32

4 Continuation of Deterministic Approach
for Multivariable Systems ................. ... ... ... ........ 33
References .. ... ... 39



X Contents

5 Thermodynamic and Stochastic Theory

of Reaction—Diffusion Systems ............. ... ... ... . ...... 41
5.1 Reaction-Diffusion Systems with Two Intermediates............. 44
5.1.1 Linear Reaction SYStems « o s ver sewss amms s esmams s w o 45
5.1.2 Non-Linear Reaction Mechanisms ...................... 47

5.1.3 Relative Stability of Two Stable Stationary States
of a Reaction—Diffusion System......................... 49

5.1.4 Calculation of Relative Stability in a Two-Variable
Example; the Selkov Model .. cvvvvivansmssssmememansmas 52
RELETEICES: : 5 016 35515 5 97575 &0 B0d [ oy aliodions 11BRwvRoAN 5 50 550 S0, S 115005 e S5 0916, 5.8 58

6 Stability and Relative Stability of Multiple Stationary
States Related to Fluctuations ................................ 59
REFETENEES! surmm 51w 6 00050570 5t S5aiasnsns 8008 00 S R 05,00 B9, 5% AL 00 Bsods o Tt o B 64

7 Experiments on Relative Stability in Kinetic Systems

with Multiple Stationary States ............................... 65
7.1 Multi-Variable Systems . ............cco i 65
7.2  Single-Variable Systems: Experiments on Optical Bistability ... ... 68
RELETENCESE! & s 5505 00505 505 555 5§10 5 5 o056 i A0 165950 78 o AR 49 5 B T 5 i |

8 Thermodynamic and Stochastic Theory

O Eransport PYOCEEEES s ps s ssmmmns sembo oS msd st gea St be 73
8 IO Oy ans s i e s ymses 5 WsHEnEe 505 A B s B S S 73
82 Linear ‘Transport ProCesSes s wamses sereansm s smmasmms sesis a6 @ smuee 75
820 Tinear DDitTSTOM: e oo o o uis -i dis S SRt e 75
8.2.2 Linear Thermal Conduction ........................... 7
8:2.3  Linear Viscous ElOW: . .cas s samssivs vosmsss smas s e s sames 79
8.3 Nonlinear One-Variable Transport Processes.................... 82
8.4 Coupled Transport Processes: An Approach
to Thermodynamics and Fluctuations in Hydrodynamics......... 83
8.4.1 Lorenz Equations and an Interesting Experiment ......... 83
8.4.2 Rayleigh Scattering in a Fluid in a Temperature
Gradient o cure 15 060 waimeRS:  FEREIRS ST DR SE LD 87
8.5 Thermodynamic and Stochastic Theory of Electrical Circuits . . ... 87
REICTEICRE By @« couinbi 4160 o 60T DI 3 (I B 3 095 10 § [0 - BROE £ 6 3 1ol b ol » Sat 87

9 Thermodynamic and Stochastic Theory

for Non=-Tdeal SYstemis: ;s smimsmeoimg ms v e s ool oo aismi s G adm s ]9
Q0L IO COIONI s o syevreimres mr sk 608055 0 8y o™ Gl o 5058 5o M o o g 89
9.2 A Simple Example ........ .. ... 90
RELCTONGES! 155w mious m s sy 550 S0 §G65 6615 o658 5% 0 56 55 S s B i i 93

10 Electrochemical Experiments in Systems
Ear fromi EqUIIIDBINNAL.. & o5 e o beiaie il oot ne s 95
10.1 IntrOdUCHIONE wiio v s b s sioanlos S Euatl i aree o 3 Biens /8 wih s s 95



Contents XI

10.2 Measurement of Electrochemical Potentials

in Non-Equilibrium Stationary States.......................... 95
10.3 Kinetic and Thermodynamic Information

Derived from Electrochemical Measurements ................... 97
REICTEHEER titrtnionrt & It A ESes Bt B eskis e P Bdinter 8 BB vy F0 4 100

11 Theory of Determination of Thermodynamic
and Stochastic Potentials from Macroscopic

Measurements . .............iiiui i 101
11.1 Introduction. ... ...t e 101
11.2 Change of Chemical System into Coupled Chemical

and Blectrochemical SYSEe| « v sms wessprs o s aaatsrsisns o sseies s sgers 102
11.3 Determination of the Stochastic Potential ¢

in Coupled Chemical and Electrochemical Systems .............. 104
11.4 Determination of the Stochastic Potential

in Chemical Systems with Imposed Fluxes ..................... 105
11.5 Suggestions for Experimental Tests of the Master Equation. ... ... 107
RE{CTENTER frowrhy o0 o7 585 655 s 05 LT B ) bl B 5 A i 5 G Sk g s oy e 108

Part II Dissipation and Efficiency in Autonomous and Externally
Forced Reactions, Including Several Biochemical Systems

12 Dissipation in Irreversible Processes ....................... 113
{52251 1 1715 01611 (1) () T O e N S g S e SR I B R o g 113
12:2 . Exact iSolution for Thermal Conductions. ...« «s & w ssm s s waiam dus wioe 113
12,21 Newton'siliaw of COoling . e 55 st 85 wsmme s i 55 ssm s s 113
12.2:2 FoUtier BUAtIOn: : & s i s aie b s 6 s i i s o oo b os o soosderwtor s 10 114
12.3 Exact Solution for Chemical Reactions......................... 116
12.4 Invalidity of the Principle of Minimum Entropy Production ...... 118
12.5 Invalidity of the ‘Principle of Maximum Entropy Production’ ... .. 119
12:6! IBAitonialls. s » memsine: some s s fums (6 & b Sress s S e 6 St S0550) & deu 119
® HRGICTETICES! & o w3 SIS 5 (5 SN0 ST o T AT T S s T2 b sy Tl 119
13 Efficiency of Irreversible Processes ......................... 121
13.1) Introduetion.cmspsssas sdus s dtaoad Fs s sass i m aas (s 5988 a 15 121
13.2 Power and Efficiency of Heat Engines.......................... 122
RETETOTIGER ¢ it st B0 o 5, o e v s et S 8 S o 129
14 Finite-Time Thermodynamics .:..:s.usswossesssinsmssssnos 131
Contributed by R. Stephen Berry
14.1 Introduction and Background............. ... ... ... ... ..., 131
14.2 Constructing Generalized Potentials .. ......................... 133
14.3 Examples: Systems with Finite Rates of Heat Exchange.......... 134

14.4 Some More Realistic Applications: Improving Energy Efficiency
by @ PUMAL GCTETOL = s erante ST e 5 55618 b i o o ) B e B 137



XII Contents

14.5 Optimization of a More Realistic System: The Otto Cycle........ 139
14.6 Another Example: Distillation .............. ... ... ... ... ..... 141
14.7 Choices of Objectives and Differences of Extrema ............... 144
REfCIENees 555005050555 s 05w 6 50 sEs b s e a ik s o e oprshrm e fuee 146

15 Reduction of Dissipation in Heat Engines

by Periodic Changes of External Constraints .................. 147
150 TOtEOAMCEION <16 s moovsn w9 05 t00sos 58 105010 s 6 e 50 1 3 O 8 820 53 147
152 ASimple BExample sz :mmsmms e aresemvesm e 6 055 @ 060w 5 59965 147
15.3 Some Calculations and Experiments ........................... 152
115300 " CRlEUIATIONE! wue massse o1 o rtun o7ish ity oveed S b S ST EED B 5 s 3 152
15:3:2 'ECPETIMETIES: s svs s sissb s § w0 iaarssbes sy i anssie 556 8 Wb b 5 6.0 5.6 157
Relerences w i i o wers s 85 aresis i 5 1e o0 o S1m whn s 3 vers w0 s S48 oy 8 ks 248 05 158
16 Dissipation and Efficiency in Biochemical Reactions ....... 159
16.1 Introduction. ...... ... ..o 159
16.2 An Introduction to Oscillatory Reactions ...................... 159
16.3 An Oscillatory Reaction with Constant Input
OF ReattBntaL s nermia srmss amsian 50 o s s W GIais o 5is G656y 553 e e 163
RETCEOATCEE! ciotor i i N Kk B PR 3 5 (B oS BN T S TR BTG ST 675 5 e 168
17 Three Applications of Chapter 16 .........cioevuininneson 169
17.1 Thermodynamic Efficiency in Pumped Biochemical Reactions . ... 169
17.2 Thermodynamic Efficiency of a Proton Pump................... 172
17.3 Experiments on Efficiency in the Forced Oscillatory Horse-Radish
Peroxidase Reaction ........... .. .. i 174
RIGTETENCEB: 555 wnoni i1 5 1570500 505 50 ¥ 16 00 0 4 0590 RO, 614 o, A B 179

Part III Stochastic Theory and Fluctuations in Systems
Far from Equilibrium, Including Disordered Systems

18 Fluctuation—Dissipation Relations ......................... 183
RCTETENCET . prrrrioncxiomaonsloniiedhiish i B Bl f sy ) S it a5 D 00 0 ) 3 s 188
19 Fluctuations in Limit Cycle Oscillators .................... 191
RETCTETICER] saxmt0 -7 50003 615600 095511555 805100 0 A ) 8 BRGNS S HE S 5 195
20 Disordered Kinetic Systems .::qsssvessnsessnsamasswvnsessss 197
R CIETCTICES 128505 80 s s B T e SIS BTG B P ST S MR . SRR T 202



