Classical and Quantum Chaos Part I: Deterministic Chaos

Predrag Cvitanović – Roberto Artuso – Per Dahlqvist – Ronnie Mainieri – Gregor Tanner – Gábor Vattay – Niall Whelan – Andreas Wirzba

—————————————————————- version 10, Aug 26 2003 printed August 27, 2003

www.nbi.dk/ChaosBook/ChaosBook comments to: predrag@nbi.dk ii

Contents

Volume I: Classical chaos

Contributors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . xiv

1 Overture 1 1.1 Why this book? . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.2 Chaos ahead . . . . . . . . . . . . . . . . . . . . . . . . . . 3 1.3 The future as in a mirror . . . . . . . . . . . . . . . . . . . 4 1.4 A game of pinball . . . . . . . . . . . . . . . . . . . . . . . . 9 1.5 Chaos for cyclists . . . . . . . . . . . . . . . . . . . . . . . . 15 1.6 Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 1.7 From chaos to statistical mechanics . . . . . . . . . . . . . . 24 1.8 Guide to literature . . . . . . . . . . . . . . . . . . . . . . . 25 guide to exercises 27 - resumé 28 - references 29 - exercises 32

2 Flows 33 2.1 Dynamical systems . . . . . . . . . . . . . . . . . . . . . . . 33 2.2 Flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 2.3 Computing trajectories . . . . . . . . . . . . . . . . . . . . . 40 2.4 Infinite-dimensional flows . . . . . . . . . . . . . . . . . . . 41 resumé 46 - references 46 - exercises 48

3 Maps 51 3.1 Poincaré sections . . . . . . . . . . . . . . . . . . . . . . . . 51 3.2 Constructing a Poincaré section . . . . . . . . . . . . . . . . 54 3.3 Do it again . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 resumé 59 - references 59 - exercises 61

4 Local stability 63 4.1 Flows transport neighborhoods . . . . . . . . . . . . . . . . 63 4.2 Linear flows . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 4.3 Stability of flows . . . . . . . . . . . . . . . . . . . . . . . . 69 4.4 Stability of maps . . . . . . . . . . . . . . . . . . . . . . . . 72 4.5 Stability of periodic orbits . . . . . . . . . . . . . . . . . . . 74 iii

4.6 Neighborhood of a cycle . . . . . . . . . . . . . . . . . . . . 77 resumé 79 - references 80 - exercises 81

5 Newtonian dynamics 83 5.1 Hamiltonian flows . . . . . . . . . . . . . . . . . . . . . . . 83 5.2 Billiards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 5.3 Stability of billiards . . . . . . . . . . . . . . . . . . . . . . 88 resumé 92 - exercises 93

6 Get straight 95 6.1 Changing coordinates . . . . . . . . . . . . . . . . . . . . . 95 6.2 Rectification of flows . . . . . . . . . . . . . . . . . . . . . . 97 6.3 Rectification of maps . . . . . . . . . . . . . . . . . . . . . . 98 6.4 Smooth conjugacies and cycle stability . . . . . . . . . . . . 100 resumé 102 - references 102 - exercises 104

7 Transporting densities 105 7.1 Measures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 7.2 Perron-Frobenius operator . . . . . . . . . . . . . . . . . . . 107 7.3 Invariant measures . . . . . . . . . . . . . . . . . . . . . . . 110 7.4 Density evolution for infinitesimal times . . . . . . . . . . . 113 resumé 118 - references 118 - exercises 120

8 Averaging 125 8.1 Dynamical averaging . . . . . . . . . . . . . . . . . . . . . . 125 8.2 Evolution operators . . . . . . . . . . . . . . . . . . . . . . 132 8.3 Lyapunov exponents . . . . . . . . . . . . . . . . . . . . . . 134 8.4 Why not just run it on a computer? . . . . . . . . . . . . . 138 resumé 141 - references 141 - exercises 143

9 Qualitative dynamics, for pedestrians 145 9.1 Itineraries . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 9.2 Stretch and fold . . . . . . . . . . . . . . . . . . . . . . . . . 153 9.3 Going global: Stable/unstable manifolds . . . . . . . . . . . 154 9.4 Temporal ordering: itineraries . . . . . . . . . . . . . . . . . 155 9.5 Spatial ordering . . . . . . . . . . . . . . . . . . . . . . . . . 157 9.6 Topological dynamics . . . . . . . . . . . . . . . . . . . . . 159 9.7 Symbolic dynamics, basic notions . . . . . . . . . . . . . . . 162 resumé 166 - references 166 - exercises 169

10 Counting, for pedestrians 171 10.1 Counting itineraries . . . . . . . . . . . . . . . . . . . . . . 171 10.2 Topological trace formula . . . . . . . . . . . . . . . . . . . 174 10.3 Determinant of a graph . . . . . . . . . . . . . . . . . . . . 176 10.4 Topological zeta function . . . . . . . . . . . . . . . . . . . 181 10.5 Counting cycles . . . . . . . . . . . . . . . . . . . . . . . . . 182 10.6 Infinite partitions . . . . . . . . . . . . . . . . . . . . . . . . 186

10.7 Shadowing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189 resumé 192 - references 192 - exercises 194

11 Trace formulas 201 11.1 Trace of an evolution operator . . . . . . . . . . . . . . . . 201 11.2 A trace formula for maps . . . . . . . . . . . . . . . . . . . 203 11.3 A trace formula for flows . . . . . . . . . . . . . . . . . . . . 206 11.4 An asymptotic trace formula . . . . . . . . . . . . . . . . . 208 resumé 211 - references 211 - exercises 213

12 Spectral determinants 215 12.1 Spectral determinants for maps . . . . . . . . . . . . . . . . 216 12.2 Spectral determinant for flows . . . . . . . . . . . . . . . . . 217 12.3 Dynamical zeta functions . . . . . . . . . . . . . . . . . . . 219 12.4 False zeros . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223 12.5 More examples of spectral determinants . . . . . . . . . . . 223 12.6 All too many eigenvalues? . . . . . . . . . . . . . . . . . . . 226 resumé 229 - references 229 - exercises 231

13 Why does it work? 235 13.1 The simplest of spectral determinants: A single fixed point 236 13.2 Analyticity of spectral determinants . . . . . . . . . . . . . 239 13.3 Hyperbolic maps . . . . . . . . . . . . . . . . . . . . . . . . 247 13.4 Physics of eigenvalues and eigenfunctions . . . . . . . . . . 252 resumé 257 - references 257 - exercises 260

14 Fixed points, and how to get them 261 14.1 Where are the cycles? . . . . . . . . . . . . . . . . . . . . . 262 14.2 One-dimensional mappings . . . . . . . . . . . . . . . . . . 264 14.3 Multipoint shooting method . . . . . . . . . . . . . . . . . . 266 14.4 d-dimensional mappings . . . . . . . . . . . . . . . . . . . . 268 14.5 Flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269 14.6 Stability of cycles for maps . . . . . . . . . . . . . . . . . . 273 resumé 274 - references 275 - exercises 276

15 Cycle expansions 279 15.1 Pseudocycles and shadowing . . . . . . . . . . . . . . . . . . 279 15.2 Cycle formulas for dynamical averages . . . . . . . . . . . . 287 15.3 Cycle expansions for finite alphabets . . . . . . . . . . . . . 291 15.4 Stability ordering of cycle expansions . . . . . . . . . . . . . 292 15.5 Dirichlet series . . . . . . . . . . . . . . . . . . . . . . . . . 295 resumé 298 - references 299 - exercises 301

16 Why cycle? 305 16.1 Escape rates . . . . . . . . . . . . . . . . . . . . . . . . . . . 305 16.2 Flow conservation sum rules . . . . . . . . . . . . . . . . . . 309 16.3 Correlation functions . . . . . . . . . . . . . . . . . . . . . . 310 16.4 Trace formulas vs. level sums . . . . . . . . . . . . . . . . . 312 resumé 315 - references 316 - exercises 317

17 Thermodynamic formalism 319 17.1 Rényi entropies . . . . . . . . . . . . . . . . . . . . . . . . . 319 17.2 Fractal dimensions . . . . . . . . . . . . . . . . . . . . . . . 324 resumé 328 - references 329 - exercises 330

18 Intermittency 333 18.1 Intermittency everywhere . . . . . . . . . . . . . . . . . . . 334 18.2 Intermittency for pedestrians . . . . . . . . . . . . . . . . . 337 18.3 Intermittency for cyclists . . . . . . . . . . . . . . . . . . . 350 18.4 BER zeta functions . . . . . . . . . . . . . . . . . . . . . . . 356 resumé 360 - references 360 - exercises 362

19 Discrete symmetries 365 19.1 Preview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 366 19.2 Discrete symmetries . . . . . . . . . . . . . . . . . . . . . . 371 19.3 Dynamics in the fundamental domain . . . . . . . . . . . . 374 19.4 Factorizations of dynamical zeta functions . . . . . . . . . . 378 19.5 C_2 factorization . . . . . . . . . . . . . . . . . . . . . . . . . 380 19.6 C_{3v} factorization: 3-disk game of pinball . . . . . . . . . . . 382 resumé 385 - references 386 - exercises 388

20 Deterministic diffusion 391 20.1 Diffusion in periodic arrays . . . . . . . . . . . . . . . . . . 392 20.2 Diffusion induced by chains of 1-d maps . . . . . . . . . . . 397 20.3 Marginal stability and anomalous diffusion . . . . . . . . . . 404 resumé 410 - references 411 - exercises 413

21 Irrationally winding 415 21.1 Mode locking . . . . . . . . . . . . . . . . . . . . . . . . . . 416 21.2 Local theory: “Golden mean” renormalization . . . . . . . . 423 21.3 Global theory: Thermodynamic averaging . . . . . . . . . . 425 21.4 Hausdorff dimension of irrational windings . . . . . . . . . . 426 21.5 Thermodynamics of Farey tree: Farey model . . . . . . . . 429 resumé 435 - references 435 - exercises 437

Volume II: Quantum chaos

22 Prologue 441 22.1 Quantum pinball . . . . . . . . . . . . . . . . . . . . . . . . 442 22.2 Quantization of helium . . . . . . . . . . . . . . . . . . . . . 444 guide to literature 445 - references 446 -

23 Quantum mechanics, briefly 447

24 WKB quantization 453 24.1 Method of stationary phase . . . . . . . . . . . . . . . . . . 455 24.2 WKB quantization . . . . . . . . . . . . . . . . . . . . . . . 456 exercises 460

25 Relaxation for cyclists 463 25.1 Fictitious time relaxation . . . . . . . . . . . . . . . . . . . 464 25.2 Discrete iteration relaxation method . . . . . . . . . . . . . 470 25.3 Least action method . . . . . . . . . . . . . . . . . . . . . . 473 resumé 477 - references 477 - exercises 479

26 Semiclassical evolution 481 26.1 Hamilton-Jacobi theory . . . . . . . . . . . . . . . . . . . . 481 26.2 Semiclassical propagator . . . . . . . . . . . . . . . . . . . . 490 26.3 Semiclassical Green’s function . . . . . . . . . . . . . . . . . 494 resumé 502 - references 502 - exercises 504

27 Semiclassical quantization 507 27.1 Trace formula . . . . . . . . . . . . . . . . . . . . . . . . . . 507 27.2 Semiclassical spectral determinant . . . . . . . . . . . . . . 513 27.3 One-dimensional systems . . . . . . . . . . . . . . . . . . . 515 27.4 Two-dimensional systems . . . . . . . . . . . . . . . . . . . 517 resumé 517 - references 519 - exercises 522

28 Quantum scattering 523 28.1 Density of states . . . . . . . . . . . . . . . . . . . . . . . . 523 28.2 Quantum mechanical scattering matrix . . . . . . . . . . . . 527 28.3 Krein-Friedel-Lloyd formula . . . . . . . . . . . . . . . . . . 528 28.4 Wigner time delay . . . . . . . . . . . . . . . . . . . . . . . 532 references 534 - exercises 536

29 Helium atom 537 29.1 Classical dynamics of collinear helium . . . . . . . . . . . . 538 29.2 Semiclassical quantization of collinear helium . . . . . . . . 551 resumé 561 - references 562 - exercises 563

30 Diffraction distraction 565 30.1 Quantum eavesdropping . . . . . . . . . . . . . . . . . . . . 565 30.2 An application . . . . . . . . . . . . . . . . . . . . . . . . . 572 resumé 579 - references 580 - exercises 582

Epilogue 583

Index 588

Volume www: Appendices on www.nbi.dk/ChaosBook

A A brief history of chaos 603 A.1 Chaos is born . . . . . . . . . . . . . . . . . . . . . . . . . . 603 A.2 Chaos grows up . . . . . . . . . . . . . . . . . . . . . . . . . 607 A.3 Chaos with us . . . . . . . . . . . . . . . . . . . . . . . . . . 608 A.4 Death of the Old Quantum Theory . . . . . . . . . . . . . . 613 references 615 -

B Infinite-dimensional flows 617

C Stability of Hamiltonian flows 621 C.1 Symplectic invariance . . . . . . . . . . . . . . . . . . . . . 621 C.2 Monodromy matrix for Hamiltonian flows . . . . . . . . . . 623

D Implementing evolution 627 D.1 Material invariants . . . . . . . . . . . . . . . . . . . . . . . 627 D.2 Koopmania . . . . . . . . . . . . . . . . . . . . . . . . . . . 628 D.3 Implementing evolution . . . . . . . . . . . . . . . . . . . . 631 references 634 - exercises 636

E Symbolic dynamics techniques 637 E.1 Topological zeta functions for infinite subshifts . . . . . . . 637 E.2 Prime factorization for dynamical itineraries . . . . . . . . . 646

F Counting itineraries 651 F.1 Counting curvatures . . . . . . . . . . . . . . . . . . . . . . 651 exercises 653

G Finding cycles 655 G.1 Newton-Raphson method . . . . . . . . . . . . . . . . . . . 655 G.2 Hybrid Newton-Raphson / relaxation method . . . . . . . . 656

H Applications 659 H.1 Evolution operator for Lyapunov exponents . . . . . . . . . 659 H.2 Advection of vector fields by chaotic flows . . . . . . . . . . 664 references 668 - exercises 671

I Discrete symmetries 673 I.1 Preliminaries and definitions . . . . . . . . . . . . . . . . . . 673 I.2 C_{4v} factorization . . . . . . . . . . . . . . . . . . . . . . . . 679 I.3 C_{2v} factorization . . . . . . . . . . . . . . . . . . . . . . . . 683 I.4 Hénon map symmetries . . . . . . . . . . . . . . . . . . . . 686 I.5 Symmetries of the symbol square . . . . . . . . . . . . . . . 687

J Convergence of spectral determinants 689 J.1 Curvature expansions: geometric picture . . . . . . . . . . . 689 J.2 On importance of pruning . . . . . . . . . . . . . . . . . . . 693 J.3 Ma-the-matical caveats . . . . . . . . . . . . . . . . . . . . . 693 J.4 Estimate of the nth cumulant . . . . . . . . . . . . . . . . . 695

K Infinite dimensional operators 697 K.1 Matrix-valued functions . . . . . . . . . . . . . . . . . . . . 697 K.2 Operator norms . . . . . . . . . . . . . . . . . . . . . . . . . 699 K.3 Trace class and Hilbert-Schmidt class . . . . . . . . . . . . . 700 K.4 Determinants of trace class operators . . . . . . . . . . . . . 702 K.5 Von Koch matrices . . . . . . . . . . . . . . . . . . . . . . . 706 K.6 Regularization . . . . . . . . . . . . . . . . . . . . . . . . . 708 references 710 -

L Statistical mechanics recycled 713 L.1 The thermodynamic limit . . . . . . . . . . . . . . . . . . . 713 L.2 Ising models . . . . . . . . . . . . . . . . . . . . . . . . . . . 716 L.3 Fisher droplet model . . . . . . . . . . . . . . . . . . . . . . 719 L.4 Scaling functions . . . . . . . . . . . . . . . . . . . . . . . . 725 L.5 Geometrization . . . . . . . . . . . . . . . . . . . . . . . . . 729 resumé 737 - references 737 - exercises 740

M Noise/quantum corrections 743 M.1 Periodic orbits as integrable systems . . . . . . . . . . . . . 743 M.2 The Birkhoff normal form . . . . . . . . . . . . . . . . . . . 747 M.3 Bohr-Sommerfeld quantization of periodic orbits . . . . . . 749 M.4 Quantum calculation of ℏ corrections . . . . . . . . . . . . . 750 references 758 -

N What reviewers say 761 N.1 Niels Bohr . . . . . . . . . . . . . . . . . . . . . . . . . . . . 761 N.2 Richard P. Feynman . . . . . . . . . . . . . . . . . . . . . . 761 N.3 Divakar Viswanath . . . . . . . . . . . . . . . . . . . . . . . 761 N.4 Benny Lautrup . . . . . . . . . . . . . . . . . . . . . . . . . 761 N.5 Professor Gatto Nero . . . . . . . . . . . . . . . . . . . . . . 762

O Solutions 763

P Projects 789 P.1 Deterministic diffusion, zig-zag map . . . . . . . . . . . . . 791 P.2 Deterministic diffusion, sawtooth map . . . . . . . . . . . . 798

Contributors

No man but a blockhead ever wrote except for money Samuel Johnson

This book is a result of collaborative labors of many people over a span of several decades. Coauthors of a chapter or a section are indicated in the byline to the chapter/section title. If you are referring to a specific coauthored section rather than the entire book, cite it as (for example):

C. Chandre, F.K. Diakonos and P. Schmelcher, section “Discrete cyclist relaxation method”, in P. Cvitanović, R. Artuso, R. Mainieri, G. Tanner and G. Vattay, Chaos: Classical and Quantum (Niels Bohr Institute, Copenhagen 2003); www.nbi.dk/ChaosBook.

Chapters without a byline are written by Predrag Cvitanović. Friends whose contributions and ideas were invaluable to us but have not contributed written text to this book, are listed in the acknowledgements.

Roberto Artuso 7 Transporting densities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 11.3 A trace formula for flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206 16.3 Correlation functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .310 18 Intermittency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 333 20 Deterministic diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 391 21 Irrationally winding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .415 Ronnie Mainieri 2 Flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 3.2 The Poincaré section of a flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 4 Local stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 6.1 Understanding flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .97 9.1 Temporal ordering: itineraries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 Appendix A: A brief history of chaos . . . . . . . . . . . . . . . . . . . . . . . . . 603 Appendix L: Statistical mechanics recycled . . . . . . . . . . . . . . . . . . . 713 Gábor Vattay 17 Thermodynamic formalism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .319 26 Semiclassical evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 481 27 Semiclassical trace formula . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .507 Appendix M: Noise/quantum corrections . . . . . . . . . . . . . . . . . . . . . 743

Gregor Tanner 18 Intermittency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 333 26 Semiclassical evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 481

27 Semiclassical trace formula . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .507 29 The helium atom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 537 Appendix C.2: Jacobians of Hamiltonian flows . . . . . . . . . . . . . . . . 623 Appendix J.3 Ma-the-matical caveats . . . . . . . . . . . . . . . . . . . . . . . . . 693 Ofer Biham

25.1 Cyclists relaxation method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 464 Cristel Chandre

25.1 Cyclists relaxation method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 464 25.2 Discrete cyclists relaxation methods . . . . . . . . . . . . . . . . . . . . . . 470 G.2 Contraction rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 656 Freddy Christiansen 14 Fixed points, and what to do about them . . . . . . . . . . . . . . . . . . 261 Per Dahlqvist

25.3 Orbit length extremization method for billiards . . . . . . . . . . 473 18 Intermittency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 333 Appendix E.1.1: Periodic points of unimodal maps . . . . . . . . . . . . 644 Carl P. Dettmann

15.4 Stability ordering of cycle expansions . . . . . . . . . . . . . . . . . . . . .292 Fotis K. Diakonos

25.2 Discrete cyclists relaxation methods . . . . . . . . . . . . . . . . . . . . . . 470 Mitchell J. Feigenbaum Appendix C.1: Symplectic invariance . . . . . . . . . . . . . . . . . . . . . . . . . 621 Kai T. Hansen

9.4 Unimodal map symbolic dynamics . . . . . . . . . . . . . . . . . . . . . . . . 155 10.6 Topological zeta function for an infinite partition . . . . . . . . . 186 Rainer Klages

Fig. 20.5 Yueheng Lan

Figs. 9.3 and 19.1 Joachim Mathiesen 8.3 Lyapunov exponents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134 Rössler system figures, cycles in chapters 2, 3, 4 and 14 Adam Prügel-Bennet Solutions 1.2, 2.9, 5.1, 12.1, 13.3, 25.1, 15.2 Lamberto Rondoni

7 Transporting densities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 16.1.2 Unstable periodic orbits are dense . . . . . . . . . . . . . . . . . . . . . . 309 Juri Rolf

Solution 13.3 Per E. Rosenqvist exercises, figures throughout the text Hans Henrik Rugh 13 Why does it work? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235 Peter Schmelcher 25.2 Discrete cyclists relaxation methods . . . . . . . . . . . . . . . . . . . . . . 470 Gábor Simon

Rössler system figures, cycles in chapters 2, 3, 4 and 14 Edward A. Spiegel 2 Flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 7 Transporting densities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 Niall Whelan

30 Diffraction distraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 565 28 Semiclassical chaotic scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . 523 Andreas Wirzba 28 Semiclassical chaotic scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . 523 Appendix K: Infinite dimensional operators . . . . . . . . . . . . . . . . . . . 697

Acknowledgements

I feel I never want to write another book. What’s the good! I can eke living on stories and little articles, that don’t cost a tithe of the output a book costs. Why write novels any more! D.H. Lawrence

This book owes its existence to the Niels Bohr Institute’s and Nordita’s hospitable and nurturing environment, and the private, national and crossnational foundations that have supported the collaborators’ research over a span of several decades. P.C. thanks M.J. Feigenbaum of Rockefeller University; D. Ruelle of I.H.E.S., Bures-sur-Yvette; I. Procaccia of the Weizmann Institute; P. Hemmer of University of Trondheim; The Max-Planck Institut für Mathematik, Bonn; J. Lowenstein of New York University; Edificio Celi, Milano; and Fundaçaõ de Faca, Porto Seguro, for the hospitality during various stages of this work, and the Carlsberg Foundation and Glen P. Robinson for support.

The authors gratefully acknowledge collaborations and/or stimulating discussions with E. Aurell, V. Baladi, B. Brenner, A. de Carvalho, D.J. Driebe, B. Eckhardt, M.J. Feigenbaum, J. Frøjland, P. Gaspar, P. Gaspard, J. Guckenheimer, G.H. Gunaratne, P. Grassberger, H. Gutowitz, M. Gutzwiller, K.T. Hansen, P.J. Holmes, T. Janssen, R. Klages, Y. Lan, B. Lauritzen, J. Milnor, M. Nordahl, I. Procaccia, J.M. Robbins, P.E. Rosenqvist, D. Ruelle, G. Russberg, M. Sieber, D. Sullivan, N. Søndergaard, T. Tél, C. Tresser, and D. Wintgen.

We thank Dorte Glass for typing parts of the manuscript; B. Lautrup and D. Viswanath for comments and corrections to the preliminary versions of this text; M.V. Berry for the quotation on page 603; H. Fogedby for the quotation on page 239; J. Greensite for the quotation on page 6; Ya.B. Pesin for the remarks quoted on page 612; E.A. Spiegel for quotations on page 1 and page 693.

Fritz Haake’s heartfelt lament on page 206 was uttered at the end of the first conference presentation of cycle expansions, in 1988. G.P. Morriss advice to students as how to read the introduction to this book, page 4, was offerred during a 2002 graduate course in Dresden. Kerson Huang’s interview of C.N. Yang quoted on page 111 is available on www.nbi.dk/ChaosBook/extras.

Who is the 3-legged dog reappearing throughout the book? Long ago, when we were innocent and knew not Borel measurable α to Ω sets, P. Cvitanović asked V. Baladi a question about dynamical zeta functions, who then asked J.-P. Eckmann, who then asked D. Ruelle. The answer was transmitted back: “The master says: ‘It is holomorphic in a strip’ ”. Hence His Master’s Voice logo, and the 3-legged dog is us, still eager to fetch the bone. The answer has made it to the book, though not precisely in His Master’s words. As a matter of fact, the answer is the book. We are still chewing on it.

Profound thanks to all the unsung heroes - students and colleagues, too numerous to list here, who have supported this project over many years in many ways, by surviving pilot courses based on this book, by providing invaluable insights, by teaching us, by inspiring us.

xvi CONTENTS