
Contents

Preface v

1 Basic principles of statistics 1

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Distribution functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Statistical independence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Liouville theorem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.5 Role of energy, microcanonical distribution . . . . . . . . . . . . . . . . . . . . . 13

1.6 Partial distribution functions� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.7 Density matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.7.1 Pure ensemble . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.7.2 Mixed ensemble . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

1.8 Quantum Liouville equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

1.9 Microcanonical distribution in quantum statistics . . . . . . . . . . . . . . . . . 28

1.10 Partial density matrices� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

1.11 Entropy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
1.11.1 Gibbs entropy. Entropy and probability . . . . . . . . . . . . . . . . . . 32
1.11.2 The law of entropy growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2 Gibbs distribution 43

2.1 Canonical distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.2 Maxwell distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.3 Free energy from Gibbs distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.4 Gibbs distribution for systems with varying number of particles . . . . . 52

2.5 Thermodynamic relations from Gibbs distribution . . . . . . . . . . . . . . . . 55

3 Classical ideal gas 60

3.1 Boltzmann distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.2 Boltzmann distribution and classical statistics . . . . . . . . . . . . . . . . . . . 61

3.3 Nonequilibrium ideal gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.4 Free energy of Boltzmann gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66



viii Contents

3.5 Equation of state of Boltzmann gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.6 Ideal gas with constant specific heat . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.7 Equipartition theorem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.8 One-atom ideal gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4 Quantum ideal gases 75

4.1 Fermi distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.2 Bose distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.3 Nonequilibrium Fermi and Bose gases . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.4 General properties of Fermi and Bose gases . . . . . . . . . . . . . . . . . . . . . 79

4.5 Degenerate gas of electrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.6 Relativistic degenerate electron gas� . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.7 Specific heat of a degenerate electron gas . . . . . . . . . . . . . . . . . . . . . . . 86

4.8 Magnetism of an electron gas in weak fields . . . . . . . . . . . . . . . . . . . . . 88

4.9 Magnetism of an electron gas in high fields� . . . . . . . . . . . . . . . . . . . . 92

4.10 Degenerate Bose gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.11 Statistics of photons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5 Condensed matter 101

5.1 Solid state at low temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.2 Solid state at high temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.3 Debye theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.4 Quantum Bose liquid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.5 Superfluidity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.6 Phonons in a Bose liquid� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.7 Degenerate interacting Bose gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.8 Fermi liquids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.9 Electron liquid in metals� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6 Superconductivity 133

6.1 Cooper instability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

6.2 Energy spectrum of superconductors . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6.3 Thermodynamics of superconductors . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6.4 Coulomb repulsion� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.5 Ginzburg–Landau theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151



Contents ix

7 Fluctuations 160

7.1 Gaussian distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

7.2 Fluctuations in basic physical properties . . . . . . . . . . . . . . . . . . . . . . . . 164

7.3 Fluctuations in ideal gases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

8 Phase transitions and critical phenomena 170

8.1 Mean-field theory of magnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

8.2 Quasi-averages� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

8.3 Fluctuations in the order parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

8.4 Scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

9 Linear response 195

9.1 Linear response to mechanical perturbation . . . . . . . . . . . . . . . . . . . . . 195

9.2 Electrical conductivity and magnetic susceptibility . . . . . . . . . . . . . . . 201

9.3 Dispersion relations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

10 Kinetic equations 208

10.1 Boltzmann equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

10.2 H -theorem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

10.3 Quantum kinetic equations� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
10.3.1 Electron-phonon interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . 218
10.3.2 Electron–electron interaction . . . . . . . . . . . . . . . . . . . . . . . . . . 222

11 Basics of the modern theory of many-particle systems 225

11.1 Quasiparticles and Green’s functions . . . . . . . . . . . . . . . . . . . . . . . . . . 225

11.2 Feynman diagrams for many-particle systems . . . . . . . . . . . . . . . . . . . 233

11.3 Dyson equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

11.4 Effective interaction and dielectric screening . . . . . . . . . . . . . . . . . . . . 241

11.5 Green’s functions at finite temperatures . . . . . . . . . . . . . . . . . . . . . . . . 244

A Motion in phase space, ergodicity and mixing 248

A.1 Ergodicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

A.2 Poincare recurrence theorem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254

A.3 Instability of trajectories and mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

B Statistical mechanics and information theory 259

B.1 Relation between Gibbs distributions and the principle of maximal
information entropy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259

B.2 Purging Maxwell’s “demon” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263



x Contents

C Nonequilibrium statistical operators 270

C.1 Quasi-equilibrium statistical operators . . . . . . . . . . . . . . . . . . . . . . . . . 270

C.2 Nonequilibrium statistical operators and quasi-averages . . . . . . . . . . . 273

Bibliography 277

Index 279



<<
  /ASCII85EncodePages true
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /DEU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2540 2540]
  /PageSize [595.276 841.890]
>> setpagedevice




