INTERNATIONAL SERIES OF MONOGRAPHS ON PHYSICS - 171

Quantum Field Theory
and Critical Phenomena

FIFTH EDITION

JEAN ZINN-JUSTIN

OXFORD SCIENCE PUBLICATIONS



INTERNATIONAL SERIES OF MONOGRAPHS ON PHYSICS

Series Editors

R. Friend University of Cambridge
M. Rees University of Cambridge
D. Sherrington University of Oxford

G. Veneziano CERN, Geneva



INTERNATIONAL SERIES OF MONOGRAPHS ON PHYSICS

172. J. Kiibler: Theory of itinerant electron magnetism, Second edition

171. J. Zinn-Justin: Quantum field theory and critical phenomena, Fifth edition

170. V.Z. Kresin, S.G. Ovchinnikov, S.A. Wolf: Superconducting state - mechanisms and
materials

169. P.T. Chrusciel: Geometry of black holes

168. R. Wigmans: Calorimetry — Energy measurement in particle physics, Second edition
167. B. Mashhoon: Nonlocal gravity

166. N. Horing: Quantum statistical field theory

165. T.C. Choy: Effective medium theory, Second edition

164. L. Pitaevskii, S. Stringari: Bose-Einstein condensation and superfluidity

163. B.J. Dalton, J. Jeffers, S.M. Barnett: Phase space methods for degenerate quantum
gases

162. W.D. McComb: Homogeneous, isotropic turbulence - phenomenology,
renormalization and statistical closures

160. C. Barrabeés, P.A. Hogan: Advanced general relativity - gravity waves, spinning
particles, and black holes

159. W. Barford: Electronic and optical properties of conjugated polymers, Second edition
158. F. Strocchi: An introduction to non-perturbative foundations of quantum field theory
157. K.H. Bennemann, J.B. Ketterson: Novel superfluids, Volume 2

156. K.H. Bennemann, J.B. Ketterson: Novel superfluids, Volume 1

155. C. Kiefer: Quantum gravity, Third edition

154. L. Mestel: Stellar magnetism, Second edition

153. R.A. Klemm: Layered superconductors, Volume 1

152. E.L. Wolf: Principles of electron tunneling spectroscopy, Second edition

151. R. Blinc: Advanced ferroelectricity

150. L. Berthier, G. Biroli, J.-P. Bouchaud, W. van Saarloos, L. Cipelletti: Dynamical
heterogeneities in glasses, colloids, and granular media

149. J. Wesson: Tokamaks, Fourth edition

148. H. Asada, T. Futamase, P. Hogan: Equations of motion in general relativity

147. A. Yaouanc, P. Dalmas de Réotier: Muon spin rotation, relaxation, and resonance
146. B. McCoy: Advanced statistical mechanics

145. M. Bordag, G.L. Klimchitskaya, U. Mohideen, V.M. Mostepanenko: Advances in the
Casimir effect

144. T.R. Field: Electromagnetic scattering from random media

143. W. Gotze: Complex dynamics of glass-forming liquids - a mode-coupling theory
142. V.M. Agranovich: Ezcitations in organic solids

141. W.T. Grandy: Entropy and the time evolution of macroscopic systems

140. M. Alcubierre: Introduction to 3+1 numerical relativity

139. A.L. Ivanov, S.G. Tikhodeev: Problems of condensed matter physics - quantum
coherence phenomena in electron-hole and coupled matter-light systems

138. I.M. Vardavas, F.W. Taylor: Radiation and climate

137. A.F. Borghesani: Tons and electrons in liquid helium

135. V. Fortov, 1. Takubov, A. Khrapak: Physics of strongly coupled plasma

134. G. Fredrickson: The equilibrium theory of inhomogeneous polymers

133. H. Suhl: Relazation processes in micromagnetics

132. J. Terning: Modern supersymmetry

131. M. Marino: Chern-Simons theory, matriz models, and topological strings

130. V. Gantmakher: Electrons and disorder in solids

129. W. Barford: Electronic and optical properties of conjugated polymers

128. R.E. Raab, O.L. de Lange: Multipole theory in electromagnetism

127. A. Larkin, A. Varlamov: Theory of fluctuations in superconductors

126. P. Goldbart, N. Goldenfeld, D. Sherrington: Stealing the gold

125. S. Atzeni, J. Meyer-ter-Vehn: The physics of inertial fusion

123. T. Fujimoto: Plasma spectroscopy

122. K. Fujikawa, H. Suzuki: Path integrals and quantum anomalies

121. T. Giamarchi: Quantum physics in one dimension

120. M. Warner, E. Terentjev: Liquid crystal elastomers

119. L. Jacak, P. Sitko, K. Wieczorek, A. Wojs: Quantum Hall systems

117. G. Volovik: The Universe in a helium droplet

116. L. Pitaevskii, S. Stringari: Bose-FEinstein condensation

115. G. Dissertori, I.G. Knowles, M. Schmelling: Quantum chromodynamics

114. B. DeWitt: The global approach to quantum field theory

112. R.M. Mazo: Brownian motion - fluctuations, dynamics, and applications

111. H. Nishimori: Statistical physics of spin glasses and information processing - an
introduction

110. N.B. Kopnin: Theory of nonequilibrium superconductivity

109. A. Aharoni: Introduction to the theory of ferromagnetism, Second edition

108. R. Dobbs: Helium three



. Y. Kuramoto, Y. Kitaoka: Dynamics of heavy electrons

. D. Bardin, G. Passarino: The Standard Model in the making
. G.C. Branco, L. Lavoura, J.P. Silva: CP Violation

. H. Araki: Mathematical theory of quantum fields

. L.M. Pismen: Vortices in nonlinear fields

. L. Mestel: Stellar magnetism

. K.H. Bennemann: Nonlinear optics in metals

. S. Chikazumi: Physics of ferromagnetism

. R.A. Bertlmann: Anomalies in quantum field theory

. P.K. Gosh: Ion traps

. P.S. Joshi: Global aspects in gravitation and cosmology

. E.R. Pike, S. Sarkar: The quantum theory of radiation

. P.G. de Gennes, J. Prost: The physics of liquid crystals

. M. Doi, S.F. Edwards: The theory of polymer dynamics

. S. Chandrasekhar: The mathematical theory of black holes

. C. Mgller: The theory of relativity

. H.E. Stanley: Introduction to phase transitions and critical phenomena
. A. Abragam: Principles of nuclear magnetism

. P.AM. Dirac: Principles of quantum mechanics

. R.E. Peierls: Quantum theory of solids






QUANTUM FIELD THEORY AND CRITICAL PHENOMENA
FIFTH EDITION

JEAN ZINN-JUSTIN

IRFU/CEA, Paris-Saclay University
and

French Academy of Sciences

OXFORD

UNIVERSITY PRESS



OXFORD

UNIVERSITY PRESS

Great Clarendon Street, Oxford, OX2 6DP,
United Kingdom

Oxford University Press is a department of the University of Oxford.
It furthers the University’s objective of excellence in research, scholarship,
and education by publishing worldwide. Oxford is a registered trade mark of
Oxford University Press in the UK and in certain other countries

© Jean Zinn-Justin 2021
The moral rights of the author have been asserted

First Edition published in 1989
Second Edition published in 1993
Third Edition published in 1996
Fourth Edition published in 2002
Fifth Edition published in 2021

Impression: 1

All rights reserved. No part of this publication may be reproduced, stored in
a retrieval system, or transmitted, in any form or by any means, without the
prior permission in writing of Oxford University Press, or as expressly permitted
by law, by licence or under terms agreed with the appropriate reprographics
rights organization. Enquiries concerning reproduction outside the scope of the
above should be sent to the Rights Department, Oxford University Press, at the
address above

You must not circulate this work in any other form
and you must impose this same condition on any acquirer

Published in the United States of America by Oxford University Press
198 Madison Avenue, New York, NY 10016, United States of America

British Library Cataloguing in Publication Data
Data available

Library of Congress Control Number: 2021931817
ISBN 978-0-19-883462-5
DOI: 10.1093/0s0/9780198834625.001.0001

Printed and bound by
CPI Group (UK) Ltd, Croydon, CRO 4YY

Links to third party websites are provided by Oxford in good faith and
for information only. Oxford disclaims any responsibility for the materials
contained in any third party website referenced in this work.



To Nicole



Preface

Introduced as a quantum extension of Maxwell’s classical theory, quantum electrodynam-
ics (QED) has been the first example of a local quantum field theory (QFT). Eventually,
QFT has become the framework for the discussion of all fundamental interactions at
the microscopic scale except, possibly, gravity. More surprisingly, it has also provided
a framework for the understanding of second order phase transitions in statistical me-
chanics. In fact, as hopefully this work will illustrate, QFT is the natural framework for
the discussion of most systems involving an infinite number of degrees of freedom with
local couplings. These systems range from cold Bose gases at the condensation tem-
perature (about ten nanokelvin) to conventional phase transitions (from a few degrees
to several hundred) and high energy particle physics up to TeVs, altogether more than
twenty orders of magnitude in the energy scale.

Therefore, although excellent textbooks about QFT had already been published, I
thought, many years ago, that it might not be completely worthless to present a work in
which the strong formal relations between particle physics and the theory of critical phe-
nomena are systematically emphasized. This option explains some of the choices made
in the presentation. A formulation in terms of field integrals is adopted to study the
properties of QFT. Less important, perhaps, in general the space-time metric is chosen
Euclidean, as is natural for statistical mechanics, and in particle physics often convenient
for perturbative calculations, and necessary for numerical simulations. The language of
partition and correlation functions is used throughout, even in applications of QFT to
particle physics. Renormalization and renormalization group (RG) properties are sys-
tematically discussed, whereas limited space is devoted to scattering theory. Only formal
aspects of QED are considered, since excellent textbooks cover this subject extensively.

For what follows, note that, in a deep quantum relativistic context, one can set h = ¢ =
1, and energies are then proportional to momenta and masses, and inverse of distances.

In QFT, the basic analytic tool to calculate physical quantities is an expansion in pow-
ers of the interactions. The initial (or bare) Lagrangian of QED generates an expansion
in terms of the bare fine-structure constant ag = e2/4whe. In a straightforward perturba-
tive calculation, one discovers that all physical quantities are infinite, the locality of QED
generating short-distance singularities (one speaks about ultraviolet (UV) divergences).

This situation has to be contrasted with what happens in classical or non-relativistic
quantum mechanics (QM); there, the replacement of macroscopic by point-like objects
leads, in general, to no mathematical inconsistencies, and is often a very good approxi-
mation: the absence of this property would indeed have made progress in physics quite
difficult. To summarize: in the latter theories, phenomena at very different scales, to a
good approzimation, decouple. Most surprisingly, this is no longer the case in QFT.

In QED, a remedy to the infinity problem was found empirically: one first reqularizes
QED (i.e. one renders the perturbative expansion finite) by artificially modifying the
theory at short distance, or equivalently at large momentum, at a scale characterized by
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a large momentum cut-off A (in general, introducing non-physical short-distance proper-
ties). Inspired by methods of condensed matter physics, one then re-expresses all physical
quantities in terms of the measured fine structure constant and the physical masses of
particles, in place of the original (bare) parameters of the Lagrangian. After this change
of parametrization, the cut-off is removed, and somewhat miraculously, order by order
in perturbation theory, all other physical quantities have a finite limit. Moreover, the
limit is independent of the precise form of the regularization. This strange method,
called renormalization, did soon find an experimental confirmation: it led to predictions
agreeing with increasingly impressive precision with experiments.

Therefore, it became then natural to search for other renormalizable QFTs, to describe
all interactions. This led to another major achievement: a renormalizable QFT for all
three, strong, weak, and electromagnetic interactions. The so-called Standard Model
(SM), whose formal structure was proposed more than forty years ago, completely de-
scribes physics at the microscopic scale, and has been comforted in 2012, in a spectacular
way, by the discovery, at the Large Hadron Collider of the European Center for Nuclear
Research (CERN), of the last missing particle of the model, the Higgs scalar boson.

The impressive success of a strategy based on looking for renormalizable QFTs, that
led to the SM, then slowly promoted renormalizability as a kind of additional law of
nature. In particular, once the SM of weak, electromagnetic and strong interactions was
established, much effort was devoted to cast gravity in the same framework. Despite
ingenious attempts, no renormalizable form of quantum gravity has been found yet.

In a massless renormalizable QFT, it is necessary to introduce a reference physical
energy scale at which the physical coupling constants are defined. It was realized early
on, first as a mathematical curiosity, that an RG could be associated with a change of
the reference scale at constant physical properties. The RG describes how the physical
(or effective) coupling constants vary with the reference scale.

Eventually, it was realized that this property could also be used to discuss the short-
distance properties of some physical processes. In asymptotically free QFTs (where the
free QFT is an ultraviolet (UV) RG fixed point), these effective couplings become small
at large-Euclidean momenta and, therefore, perturbation theory, improved by RG, can
be used. In particle physics, the theory of strong interactions, based on SU(3) gauge
symmetry, shares this property. Later, Weinberg argued that the existence of UV RG
fixed points (like in non-Abelian gauge theories, or non-linear ¢ models), that is, the
existence of limits for the effective short-distance couplings, was a necessary condition
for the consistency of a QFT on all scales. However, most of the field theories proposed
to describe strong, electromagnetic and weak interactions are not asymptotically free.

Of course, the existence of other non-trivial fixed points cannot be established in
the framework of perturbation theory. However, many numerical simulations of field
theories on the lattice, which make non-perturbative explorations possible, have failed to
discover non-trivial fixed points. Therefore, presumably, the present SM, which describes
so precisely particle physics at present scale, is not consistent on all scales, and has to
be modified at shorter distance.

This also suggests that the property of renormalizability has a different origin.

Somewhat surprisingly, in statistical physics, QFT has also become an essential tool
for the understanding of the critical behaviour of a large class of second-order phase
transitions with short-range interactions. Near the critical temperature, cooperative
phenomena generate a large scale, associated with the so-called correlation length. More-
over, the large-scale properties of the system become independent of most of the details
of the microscopic dynamics. First attempts to explain these properties were based on
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usual ideas: a description only involving macroscopic degrees of freedom adapted to the
scale of the correlation length. Such a description naturally emerges in simple approx-
imations like mean-field theory. It is consistent with the general probabilistic idea that
averages over a large number of independent stochastic variables obey a Gaussian distri-
bution. The corresponding general ideas were summarized in Landau’s theory of critical
phenomena. However, it slowly became clear that the predictions of such a theory were
too universal, conflicting with numerical calculations of critical exponents, experimen-
tal data and exact results in two dimensions. These results supported the concept of a
more restricted universality: broad classes of systems have indeed the same large dis-
tance properties, but, unlike in mean-field theory, these properties seemed to depend on
a small number of qualitative features, like dimension of space, number of components of
the order parameter, symmetries, and so on. Actually, an analysis of the leading correc-
tions to mean-field or Gaussian approximations indeed reveals that, at least in low-space
dimensions, the short distance never completely decouple, a most unusual situation.

To explain this remarkable phenomenon, that is, that large distance properties of sec-
ond order phase transitions are, to a large extent, short-distance insensitive, although
degrees of freedom on all scales remain coupled, Wilson, partially inspired by some prior
attempts of Kadanoff, introduced the RG idea: starting from a microscopic Hamiltonian,
one integrates out, recursively, the degrees of freedom corresponding to short-distance
fluctuations, and generates a scale-dependent effective Hamiltonian. Universality then
relies upon the existence of IR fixed points in Hamiltonian space. One of the spectacular
implications is that the universal properties of a large class of critical phenomena can
be accurately predicted by the same QFT methods that had been invented for particle
physics. At leading order in the critical domain, the physics of the fixed-point Hamilto-
nian can be reproduced by renormalizable (or super-renormalizable) QFTs.

Predictions obtained from a RG analysis of simple field theories like the (¢?)? QFT
have been successfully compared to experiments as well as numerical data from lattice
models. The same QFT methods have been shown to describe vastly different physi-
cal systems at criticality, like ferromagnets, liquid—vapour, binary mixtures, superfluid
helium and, even more surprisingly, statistical properties of polymers.

If QFT has led to an understanding of the concept of universality and made the
calculation of many universal physical quantities possible, conversely, critical phenomena
have shed a new light on the origin of renormalizable QFTs and of the renormalization
process in particle physics.

Let us describe again, in general terms, the renormalization method. Starting from an
initial Lagrangian, assumed to be renormalizable, expressed in terms of bare parameters,
one generates an expansion in powers of the interactions. The perturbative expansion
is then plagued by UV divergences. To render the perturbative expansion finite, one
introduces a large-momentum cut-off A, which generates an artificial, and somewhat
arbitrary short-distance structure, with non-physical properties. One then calculates
quantities at the physical scale and tunes the bare parameters as functions of the cut-off,
in such way that observables at the physical scale have a finite infinite A limit. Since
the bare parameters have generally no finite infinite A limit, this led some physicists to
the paradoxical conclusion that the Lagrangian in relativistic QFT is non-physical. The
insistence for taking the infinite cut-off limit was motivated by the wish to construct a
renormalized QFT physically consistent on all scales. Formalisms were developed (like
the Bogoliubov—Parasiuk—Hepp—Zimmermann (BPHZ) formalism) to generate directly
a renormalized perturbation theory, in which the Lagrangian was reduced to a device
for generating Feynman rules. However, another interpretation of the bare QFT and
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the renormalization procedure, directly inspired from the functional RG as applied to
critical phenomena by Wilson, has gained strength over the years. At very short distance
(the Planck scale ?7), the familiar notion of local QFT loses its meaning. However, the
necessary non-local effects, which render the more fundamental theory finite, are limited
to this microscopic scale (the equivalent of the condition of short-range forces in statistical
systems). Dynamical effects, of a nature which at present can only be guessed, generate
at distances large compared to the microscopic scale (equivalently, at lower energies)
physics associated with the appearance of very low mass particles (compared to the
Planck mass, for example, all known particles are almost massless). At large distance,
physics can be described by an effective local QF T, whose action is a linear combination of
all local monomials consistent with symmetries, and other possible requirements. With
increasing distance, at least in a mean-field like approximation, all interactions scale
as dimensional analysis (or power counting) indicates. Eventually, non-renormalizable
interactions become very small, dimensionless renormalizable interactions survive, and
unprotected terms, with positive dimension, like mass terms, diverge.

Actually, this picture has to be corrected, because the UV divergences and the neces-
sity of introducing a large-momentum cut-off (a substitute for the unknown microscopic
physics) show that microscopic scale and the physical scale do not completely decouple.
The flow of interactions has to be described by a RG that interpolates between the mi-
croscopic scale and the physical scale. Still, as we shall argue, the flow of renormalizable
interactions is only logarithmic, while the other terms have a power-law behaviour. Thus,
the mean-field analysis of the hierarchy of interactions remains qualitatively correct.

This scheme has the following consequences: it explains the emergence of renormaliz-
able QFTs. The role of renormalization theory is to prove, order by order in perturbation
theory, that physics at the physical scale is, to a large extent, but not completely, short-
distance insensitive (and thus insensitive to the precise cut-off implementation), but in a
more subtle way as in classical physics. However, the initial (bare) parameters have to be
considered as being given, and one has, therefore, to prove, beyond perturbation theory,
that the change of parametrization, assumed in the renormalization theory, from bare to
physical effective parameters, is possible. In particular, this leads to the triviality issue
for IR-free theories (like QED): the physical charge decreases logarithmically with the
cut-off and, therefore, the cut-off cannot be sent to infinity. The corresponding coupling
constants are expected to be small (this is consistent with the small value of «). More-
over, most QFTs cannot be made consistent on all scales. The possibility of very small
non-renormalizable interactions, since proportional to the inverse of the power of cut-off,
has to be considered. General Relativity may be of this nature.

The origin of the Higgs boson, which is involved in most of the parameters of the
SM, and the necessary fine tuning of its mass term in the Lagrangian, become essential
physics issues. In contrast to critical phenomena in which a control parameter, like the
temperature, can be adjusted to make the correlation length large, in particle physics
the existence of small mass particles has to be explained by general properties of the un-
known fundamental theory. This is the famous hierarchy problem. Spontaneous breaking
of a continuous symmetry, gauge principle, and chiral invariance (but whose natural im-
plementation seems to require additional space dimensions) are the known mechanisms
which generate massless particles. Supersymmetry can be helpful to deal with scalar
bosons. At present, the set of general conditions to be imposed on any fundamental
theory, that is, in the language of critical phenomena the complete description of the
universality class of particle physics has not been formulated. This is also a fundamental
problem of the SM.
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On the other hand, since the large distance physics is, to a large extent, short-distance
insensitive, the real nature of the fundamental theory may remain, in the foreseeable
future, elusive, in the same way as a precise knowledge of the critical exponents of the
liquid—vapour phase transition gives limited information about real interactions in water.

This work, which does not claim to shed any light on these difficult problems, simply
tries to describe particle physics and critical phenomena in statistical mechanics in a
unified framework.

Chapters 1-7 deal with functional integrals, perturbation theory, functional methods
and discuss general properties of scalar boson QFTs. Chapters 8-13 provide an introduc-
tion to renormalization theory with the simple example of the ¢* QFT in four dimensions,
and RG equations are derived. Composite operators and the short-distance expansion
are discussed. Relativistic fermions are described. Renormalization properties of theories
with symmetries are studied, and specific applications to particle physics are emphasized.

Chapters 14-19 are devoted to critical phenomena in macroscopic phase transitions:
general properties, mean-field approximation, and mainly applications of QFT methods
and RG, with the calculation of universal quantities, in particular, with Wilson—Fisher
€ expansion, large N techniques and non-linear o-model for O(N)-symmetric models.

With Chapters 20-26, we return to particle physics. Chapter 20 deals with spontaneous
fermion mass generation. We then discuss gauge theories, Abelian and non-Abelian. In
particular, Chapter 22 briefly describes the SM of particle physics. Chapter 26 introduces
Becchi-Rouet—Stora—Tyutin (BRST) symmetry, the Zinn-Justin (ZJ) equation and the
proof of the renormalizablity of gauge theories. Chapter 27 contains a short introduction
to supersymmetry. Chapter 28 gathers the few elements of classical and quantum gravity
needed in the work.

In Chapters 29-31, we focus on two-dimensional field theories, of relevance both for
particle and statistical physics. Chapter 29 is devoted to QFTs defined on homogeneous
spaces, and Chapters 30 and 31 describe exactly-solvable two-dimensional QF Ts.

Chapter 32 provides an introduction to finite-size effects, and Chapter 33 to finite
temperature relativistic QFT. Chapters 34-36 deal with stochastic evolution equations,
and their application to critical dynamics in phase transitions. Chapters 37-42 describe
the role of instantons in QM and QFT, the application of instanton calculus to the
analysis of large-order behaviour of perturbation theory, and the problem of summation
of the perturbative expansion. In particular, Chapter 41 applies this information to the
evaluation of critical exponents and several other universal quantities.

I am fully aware that this work is largely incomplete. My ignorance or lack of under-
standing of many important topics is of course mostly responsible for this weakness. A
lack of space has also forced me to remove an introduction to large random matrices, and
prevented me from adding some other topics. Anyway, I believe that a complete survey
of QFT and its applications is beyond the scope of a single physicist.

This work incorporates notes for lectures delivered in numerous summer schools, most
notably, Cargese 1973, Bonn 1974, Karpacz 1975, Basko Polje 1976, and Les Houches
1982, as well as for graduate lectures in universities like Princeton, Louvain-la-Neuve,
Berlin, Lausanne, Cambridge (Harvard), Ecole Normale Supérieure, Paris 7, and so on.

Conversely, since some relevant material that I have gathered over the years can no
longer find a place in this work, some elements have been published in four reviews
(in the form of Physics Reports) and in three companion volumes, Refs. [6, 64] and J.
Zinn-Justin, From random walks to random matrices (Oxford Univ. Press 2019).

Finally, comments or corrections are most welcome, and can be sent to the email
address: jean.zinn-justin@cea.fr.
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1 Gaussian integrals. Algebraic preliminaries

Since our study of perturbative aspects of quantum mechanics and quantum field theory
(QFT) is largely based on functional (path or field) integrals and functional techniques,
topics that may not be necessarily familiar to all readers, we begin this physics textbook
with a discussion of the algebraic properties of Gaussian measures and Gaussian expec-
tation values for a finite number of variables. The important role of Gaussian measures
is not unrelated to the central limit theorem of probabilities, although the interesting
physics is generally hidden in essential deviations from Gaussian distributions.

We first recall a few algebraic identities about Gaussian expectation values, in par-
ticular, Wick’s theorem. We emphasize the role of cumulants. We discuss the steepest
descent method, which reduces certain type of integrals to series whose terms are given
by Gaussian expectation values.

The discussion of boson systems (see Chapter 4) also requires defining integrals over
some type of formally complex conjugate variables.

By contrast, to discuss fermion systems, one first needs Grassmann or exterior algebras,
and the corresponding generalization of the notions of differentiation and integration.

Both for complex and Grassmann integrals, we calculate Gaussian integrals and Gaus-
sian expectation values, and prove generalized Wick’s theorems.

Finally, as a preparation for the coming chapters, we recall the notions of generating
functions and Legendre transformations.

All algebraic identities are derived for a finite number of variables, but the coming
chapters will show that the extension to infinite systems is simple.

Notation. In most of this work, for vectors and matrices, boldface will denote a matrix
or a vector in its entirety, and the corresponding italics with indices will denote elements.

1.1 Gaussian integrals: Wick’s theorem

In this section, we briefly review a few basic algebraic properties of Gaussian integrals.
We first consider an n-dimensional Gaussian integral over real variables x;, i = 1,....,n,
of the form,

Z(S):/ dna e 52, (1.1)

where S5 is the real positive quadratic form,
n

SQ(X) =1 Z xiSijxj ,  with Sij = Sji; and S > 0. (12)

- 2
i, 5=1

Since the matrix S is strictly positive, it can be diagonalized by an orthogonal transfor-
mation matrix O, and has positive eigenvalues s;. Changing variables, z; — x} with

ZOUZE]‘Z.I;, |d6t0|=1,
J

a transformation of Jacobian unity, we obtain a product of independent z/ integrals.

Quantum Field Theory and Critical Phenomena 5E. Fifth edition. Jean Zinn-Justin, Oxford University
Press (2021). © Jean Zinn-Justin. DOI: 10.1093/0s0/9780198834625.003.0001



2 Gaussian integrals. Algebraic preliminaries 1.1

Each integral yields a factor 1/27/s;. The result thus involves the product of all
eigenvalues, that is, the determinant. The result is

Z(S) = (2m)"/? (det S) /% (1.3)

Moreover, since both the initial integral and the determinant are analytic functions of
the coefficients of the matrix S, the identity can be extended by analytic continuation to
complex matrices (the global sign then requires some special care).

We now consider the more general integral

Z(S,b) = /d”x e~ H20)TPx - Ghere b x = Zbixi. (1.4)
i=1

To calculate Z(S,b), one first looks for the minimum of the quadratic form, given by

0
3:52-

(Sg(X)—b'X):O = ZSija:j:bi.
J
The solution is
€T, = Z Az‘jbj , with AS=1. (15)
J

One then changes variables x — y, setting

xi:ZAijbj-l-yi = —5(x) +b-x=ws(b) — Sa(y), (1.6)
J
with
1 n
ij=1

The integral becomes
Z(S,b) = ewz(P) / A"y e=520) = (27)"/2 (det S) /2 ew2(P) (1.8)
Gaussian ezxpectation values. We consider the Gaussian expectation values,
(Th,Thy - Thy) = 2718, 0) /d"a: Ty Thy - Ty €20 (1.9)

in which the normalization is determined by the condition (1) = 1.
From expression (1.4), one derives

iZ(S,b) = /d"mmk e~ S0 +bx (1.10)
oby,

Repeated differentiation with respect to b then leads to the identity

o o 0
by, Obr,, Dby,

<xk1xk2 T xkz> = (27T)_n/2 (det S)1/2 |: Z(Sv b):|

b=0
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Replacing the integral Z(S,b) by its explicit form (1.8), one obtains

0 0
(T, - Tp,) = {...ew(b)} (1.11)
! ¢ Obg,  Oby, =0
More generally, if F(x) is a power series in the variables x;, then
— U)Q(b)
(F(z)) [F (9/0b) e ] ‘b:o : (1.12)

Wick’s theorem. Using the identity (1.11), one derives a first form of Wick’s theorem.
Each time 0/0b acts on the exponential in the right-hand side, it generates a factor b. A
second differential operator has to act on the same factor, otherwise the corresponding
contribution vanishes when one sets b = 0. This leads to the following expression for the
expectation value of the product xy, - - - 21, with the normalized Gaussian weight e~52();
one considers all possible pairings of the indices k1, ...,k (¢ must thus be even); to each
pair k,, kq, one associates the element Ay . of the matrix A. Then,

(T, - T,) = E Dkpkpy D, kp, » (1.13)
all possible pairings
Pof{ky,....ke}

= Z (Thp, Thp,) *** (Thp,  Thp,) - (1.14)
all possible pairings
Pof {ki,....k¢}

Equations (1.13) and (1.14), which express Wick’s theorem, generalize immediately to
an infinite number of variables [1] and, therefore, are useful in statistical and quantum
theories, in their functional integral formulation.

1.2 Perturbative expansion. Connected contributions
1.2.1 Perturbation theory
We consider the more general integral

Z(\) = /d”a: exp (—S2(x) — AV (x)), (1.15)

in which S3(x) is the quadratic form (1.2), V(z) a polynomial in the variables z;, and A a
parameter. To calculate the integral, we expand the integrand in powers of A\. Formally,

Z()\) — i (_I:;)k /d"l‘ e—SQ(X) Vk(x)

k=0

The successive terms in the expansion are proportional to Gaussian expectation values
of polynomials, which can be evaluated with the use of Wick’s theorem (1.13):

(N

Z(\) = Z(0) .

(VF(2)), (1.16)
k=0
where (o) means Gaussian expectation value. Since the function e~ has a power series

expansion in x, we also obtain a formal expression of the integral by applying the identity
(1.12) with F = eV (wy(b) being defined in equation (1.7)):

Z(\) = 2(0) {eXp [—)\V (gbﬂ ew2<b>} (1.17)

b=0
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1.2.2 Connected contributions or cumulants

In the expansion (1.16), the coefficient of X is (V(z)). At order A\? appears the expec-
tation value (V(z)V (x)). Using Wick’s theorem, we note that some contributions have
a factorized form when pairings remain internal to each V(z) factor. Their sum is sim-
ply (V(2))(V(z)). We call connected the genuine remaining contributions and use the

notation (e) :
(V) = (V(2)).)? + (V*(2)), ,

o
((V(z)), = (V(z))). The argument generalizes to higher orders. At order k, we find a
set of disconnected contributions, corresponding to all possible decompositions of k into
a sum of positive integers k = ki + kz + - - - + kp. The corresponding contribution

(VE(2)), (VF2(2)), - (VP (@),

has, when all k; are different, a coefficient 1/k! from perturbation theory, multiplied by a
combinatorial factor associated with all possible ways of gathering & objects into clusters
of ki + ko,

_\)k !
( 1:!) X kl!kf... W (VEL(@)), (VR (@), - (Vo (), .

Instead, if k; appears m times in the decomposition, one finds the same contribution
m! times and, therefore, one has to divide by m!. Summing all the contributions, one
obtains

(1.18)

_ (=N ok
vwm:mam:mz@+§}7iwvuw(
k=1
The new function W(A), which is the sum of all connected expectation values, plays an
important role in statistical physics and QFT.

1.3 The steepest descent method

To evaluate contour integrals in the complex domain, one can sometimes use the steepest
descent method, which reduces their evaluation to Gaussian integrals. We consider the
integral

I()\):/ drz e SGI/A, (1.19)

where S(x) is an analytic function of the variables z;. In the limit A — 04, the integral
is dominated by the saddle points x® solution of (V = (9/dx1,...,0/0x,)),

VS(x)l,_. = 0. (1.20)

x=x5

To calculate the contribution of a leading saddle point x°, one changes variables x — y,
and sets
ks

e © Qg O,

x=x5

One then expands S(x) in powers of A (and thus of y):

.....

A 2 o AR/2 k
S(X) = S(xg)-i-EZSZ(J)yzyj +ZT Z Sl(l) iwYir " Yig - (1.21)
,J k=3 U1 ,eenslk

ey
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The change of variables is such that the term quadratic in y in S/ is independent of .
The integral becomes

W) = \/2 e_s("s)/’\/d”y exp [_% Zsi(j?)yiyj _ R(y)}, with
i
e )\k/2—1 k
Ry) =Y = D S v i (1.22)
il,...,ik

k=3

One then expands the integrand in powers of v/A. At the leading order, one obtains

—1/2 .

IO ~ (2mA)"/2 (det s<2>) e SEI/A (1.23)
A—0

At higher orders, the calculation involves Gaussian expectation values of polynomials,

which can be evaluated using Wick’s theorem.

1.4 Complex structures and Gaussian integrals

We will now introduce a formalism useful to describe boson systems (see Section 4.1).
We consider the set of 2n complex variables {z;,Z;}. The variables z; and z; are two
independent variables, only formally conjugate, which provide a complex parametrization
of phase space , related to the real position ¢; and conjugate momentum p; by

zi=—i(pi+iq) N2, Z=ilpi—igq)/V2. (1.24)
We consider the Gaussian integral,

Z(8) = / (ﬁ d;i:i> exp(— i zisijzj>, (1.25)

i=1 ij=1

in which S is a complex matrix with non-vanishing determinant. It can be calculated by
changing to the real variables (p;, ¢;), defined by equation (1.24) (then, dz;dz; = idp;dg;),
or by a change of variables like } . S;;z; = z;. One finds

Z(S) = (detS)™". (1.26)

The generic Gaussian integral is

n

i=1

i=1 ij=1

The calculation of the integral proceeds as in the real case. One defines the complex
matrix A = S~!. The terms, linear in z; and Z;, can be eliminated by the change of
variables z; — v;, z; — v;, with

Zi :vi+ZAijbj 5 Zi :T}Z—’_ZE]A]Z (128)
j J

The result is

Z(S,b,f)) = (det S)_l exp(i bzA”bj> (1.29)
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Wick’s theorem. We consider expectations of polynomials in z, Z with the normalized
weight exp(—>_, ;% Sij2;)/Z(S). They can be generated by differentiating the expres-
sion (1.29) with respect to b; and b;, and then setting b =b = 0.

Each derivative with respect to b has to be paired with a derivative with respect to
b, otherwise the contribution vanishes for b = b = 0. Only monomials with an equal
number of factors z and Z have a non-vanishing expectation value. Eventually, one derives
Wick’s theorem for complex integrals in the form

(2iyZj, 20, Z4,) = > Aijip Digjp, - Digjip,

all permutations
Pof {ji,....je}

= Z <Zi12jp1><zi22jpz>.”<Zil’2jPz>' (130)

all permutations

Pof {j1,....7¢}
Conjugation. We define a conjugation, analogous to complex conjugation, by the
transformation that acts as complex conjugation on complex numbers and exchanges z;

and z;. For example,
_ .
Z ZiSiij — Z Zisiij .
i,j i,
We call a function of the 2n z, Z variables formally real if it is invariant under such a
conjugation. For example,

Z ziSiij = Z Zz'S;ijj = ZEZ‘S;iZj 5

4,J ,J %,
and, thus, the matrix S is Hermitian. One then verifies that every formally real function
integrated over a conjugated pair z, z, again yields a formally real function.

1.5 Grassmann algebras. Differential forms

Theories involving fermions require a parallel formalism (Section 4.5). Since fermion wave
functions or field correlation functions are antisymmetric with respect to the exchange
of two arguments, the construction of generating functionals requires the introduction of
anticommuting classical functions, and thus Grassmann variables [2].

Grassmann algebra. A Grassmann (or exterior) algebra 2 over R or C (real or com-
plex) is an associative algebra constructed from a unit 1 and a set of generators 6; with
anticommuting products:

0;0; +6;0;, =0, Vi, g . (1.31)
As a consequence:

(i) if the number n of generators is finite, the elements of the algebra form a vector space
of finite dimension 2™ over R or C. All elements can be written as linear combinations
of the elements A,, v =1,...,2™ of the form

A, € {1 and {91‘192‘2 -~-0ip}, with i1 <ip < --- < ip, 1<p< n} (1.32)
(i) 2 is a graded algebra: to each monomial 0;,6;, - - - 6; , one can associate an integer

p that counts the number of generators in a product. In particular, if A4, and A, are two
monomials of degree p and ¢, respectively, then

ApA, = (—~1)P1A,A, .

(iii) Elements of 2 are invertible if, and only if the term of degree 0 in the expansion
on the basis (1.32) does not vanish.
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For example, the element 1 + 6 is invertible and its inverse is 1 — 6, but 6 is not
invertible. The inverse can be calculated by expanding in a formal power series starting
from the inverse of the term of degree 0.

(vi) All elements in a Grassmann algebra, considered as functions of a generator 6,
are first degree polynomials, that is, affine functions.

Grassmannian parity. In the algebra 2, a simple automorphism P can be defined:
P(0;)=-60; = P*=1. (1.33)
Then, on a monomial of degree p, P acts like

P (6;,---0;,) = (—1)76;, --- 6, (1.34)

.
The reflection P divides the algebra 21 in two eigenspaces 2A* containing the even or odd
elements

P (2AF) = £+

In particular, A is a subalgebra, the subalgebra of commuting elements.

1.5.1 Differential forms

Notation. In this section, we use the convention of summation over repeated upper and
lower indices.

Grassmann algebras can be used to represent explicitly differential forms (see also
Section 28.1.3). The language of differential forms will not often be used in this work.
However, it is interesting to recall one concept, the exterior derivative of forms whose
generalization appears in the context of BRST symmetry (see Section 26.2). We consider
totally antisymmetric tensors €, .. ., (z), which are functions of n commuting variables
xt. Associating n Grassmann generators 0" with the variables z#, we can write the
corresponding [-form

Q= Q#ly---ym (m)aul R s (1'35)

where | < n, otherwise, the form vanishes.
One defines the differential operator d acting on forms by

0]
=pr__
d=6 ol (1.36)

We note that if Q is an [-form, dQ2 is an (I + 1)-form (see Chapter 28 for details). One
immediately notes that the square of d vanishes:

o ., 0

2 _pp_~
d b oxt  Oxv

=0, (1.37)

because the product 6#6" is antisymmetric in p < v.

It is a cohomology operator. A form Q that satisfies dQ2 = 0 is called closed and a form
Q that can be written as Q = d?’ is called ezact. The property (1.37) implies that any
exact form is closed.

Note that, in the case of differential forms, one often writes the generators of the
exterior algebra dz* instead of §*, and then uses the wedge notation A for the product
to indicate that it is antisymmetric.
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1.6 Differentiation and integration in Grassmann algebras

To be able to construct parallel formalisms for bosons and fermions based on functional
integrals, it is necessary to define differentiation and integration in Grassmann algebras.

1.6.1 Differentiation in Grassmann algebras

A straightforward generalization of the usual rules of differentiation is inconsistent, due
to the non-commutative character of the algebra. A suitable definition is obtained in the
following way: considered as functions of a specific generator 6;, all elements A of 2 can
be written as

A=A +0;A,y,
after some commutations, where A; and A, do not depend on 6;. Then, one defines
0A
=A,. 1.38
20, 2 (1.38)

Note that the differential operator 9/90; shares one property of the form differentiation
(equation (1.37)): its square vanishes, (9/96;)? = 0.

Left and right differentiation. Equation (1.38) defines a left differentiation in the sense
that the action of 9/00; consists in bringing 6; on the left in a monomial and suppressing
it. Similarly, a right differentiation could have been defined by commuting 6; to the right.

Chain rule. One verifies that the chain rule applies to Grassmann differentiation. If
a(0) belongs to A~ and z(6) belongs to 2T, one finds

ﬁ()_%ﬁ+@ﬁ
007\ = 9000 " 00 0x

For the second term in the right-hand side, the order between factors matters.

(1.39)

Formal construction. One can verify that any Grassmann differential operator D (also
called anti-derivation) acting on 2 and defined as in equation (1.38), satisfies the two
algebraic formal rules:

(i) Tt is a linear mapping of 2, considered as a vector space, into itself:

D(/\1A1 +A2A2) =)\ D(A1)+>\2 D(Ag), for Al,)\g eR orC. (140)
(ii) By contrast with Leibniz’s rule, it satisfies the condition
D (A142) = P (A1) D(Az) + D (A1) Az (1.41)

The unusual form of equation (1.41) compared to the differentiation rule for commuting
variables is required if one wants D to anticommute with P:

DP + PD =0, (1.42)

which means that the image of A% by D belongs to A¥.
Note that if A belongs to At and F(z) is an ordinary function of real or complex

variables, then,
D[F(A)] = D(A)F'(A), for AcA". (1.43)

Finally, note that the form differentiation (1.36) shares all these properties, but acts on
different variables.
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Anticommutation relations. A short calculation shows that if D and D’ are two oper-
ators satisfying conditions (1.40) and (1.41), then the anticommutator

A= DD'+ D'D (1.44)
is a usual differential operator:

A ()\1141 + )\2142) = )\1A (Al) + )\QA (A2> s

A(A1As) = A (A1) As + A1 A (A). (1.45)

Furthermore,
AP = PA. (1.46)

These properties, which are the consequence of the addition of relation (1.42) to the
definitions (1.40) and (1.41), makes it possible to extend the notion of Lie algebra, and
are directly relevant to the discussion of supersymmetries (see Section 27.1).

1.6.2 A basis of differential operators

Since a differential operator satisfies conditions (1.40) and (1.41), it is completely defined
by its action on the generators 6;. In addition, any differential operator left-multiplied
by an element of 2" still satisfies conditions (1.40) and (1.41). We conclude that any
differential operator can be expanded on a basis of operators 9/96; defined by

0

with left coefficients in 2. It is simple to verify that the differential operators 9/96;
coincide with the operators defined by equation (1.38). The nilpotent differential op-
erators 0/00;, together with the generators #; considered as operators acting on 2 by
left-multiplication, satisfy the anticommutation relations (identical to the relations be-
tween fermion creation and annihilation operators)

0 0 0 0 0 0

20,00, " 00,00, " Y0, " a0, =% (1.48)

Hﬂj + 9391 =0,

Note the symmetry between the operators 6; and 9/06;.
The algebra of operators can be identified by introducing the linear combinations

d
Df = =+,
i 08,
which satisfy
{Dy, D} =+20;;, {Df, D;}=0. (1.49)

This shows that the operator algebra is the direct sum of two Clifford algebras.

1.6.3 Integration in Grassmann algebras

It is also convenient to define integration over Grassmann variables, for which the integral
symbol notation is used, although integration and differentiation are identical operations,

0
/d@iA =g A vAex. (1.50)

The integral or derivative symbols are used depending on the context.
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General properties. We will now show that this operation satisfies the formal properties
we expect from a definite integral. Quite generally, we associate an operator I to a given
differential operator D, which has the following defining properties: it is a linear operator
acting on 2, that is,

T(AM A1+ A2Az) = A1 T(Ar) + A1 (A2), (1.51)
and satisfies the three properties,
ID =0, (1.52)
DI=0, (1.53)
and
D(A)=0=I(BA) =1(B)A. (1.54)
In addition, it changes the grading in the same way as a differential operator:
PI+IP =0.

Let us explain the conditions (1.52-1.54): condition (1.52) expresses that, in the absence
of boundary terms, the integral of a total derivative vanishes; condition (1.53) expresses
that if we integrate over a variable, the result no longer depends on this variable. Finally,
condition (1.54) implies that a factor whose derivative vanishes can be taken out of the
integral.

In the case of Grassmann algebras, if D? = 0, D itself satisfies all conditions. The
differential operators 9/90; indeed have a vanishing square.

1.6.4 Change of variables in a Grassmann integral
We consider the integral

/do £(0), (1.55)

and perform the (necessarily) affine change of variables:
0=abd +0, (1.56)

in which parity conservation implies that a € AT and b € 2A~. The element a must be
invertible, that is, its term of degree zero in the Grassmann variables must be different
from zero. Then, using definition (1.50), one finds

/d9 F(0)=at /de’f(e’a+b) = /de’ (gg/)lf(e(e’)), (1.57)

where the latter form is independent of the specific parametrization (1.56). We have
derived a very important property of Grassmann integrals: the Jacobian is a~!, while in
the case of commuting variables it is a.

Generalization. More generally, a change of variables
92‘ :91‘(9/)7 9“6‘; EQ[_,
for which the matrix 96;/ 89; has an invertible part of degree zero, leads to a Jacobian
that is the inverse of the determinant of 96;/90:

dfy -~ d6, = do} ---de,J(9'), (1.58)
with .
09 09);
J = det 90, ~ (det 80;) . (1.59)

The determinant is defined because all elements of the matrix 9¢;/06) belong to A*.
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The result can be derived by changing variables one at a time and using equation
(1.57) repeatedly: 61 — 607, then 05 — 65, until, finally, 6,, — 0,,. One obtains

Lo 00, o, o0,
1 lp,,...0, 99210050,  On—1loy,. 00 0, Onlop,. 0r

One recognizes one form of the Jacobian for complex variables, but for the change of
variables 6] — 0;. Indeed, if we introduce the matrices

MP) =
i~

7i7j§p§n7

using the chain rule (1.39), it is possible to verify the recursion relation

00!, A
96y, 0;,....0! 96y,

n—-1 7Ly

6941 n—171—1 80;
. a6, ML g,

n—1 i,j<n

= det M™ a1t

The expression (1.59) follows.

Ezample. A straightforward verification of equation (1.58) is provided by the following
example:

1:/d91~-~d9n9n-~-91.

After the linear change of variables 6 — ',
0; =Y M;0;,
J

the result relies upon the identity

OO0 =00, det M.

1.6.5 Mized change of variables

One can meet integrals involving both commuting and anticommuting variables (bosons
and fermions). Calculations may then involve mixed changes of variables.

Denoting by 6,6’ and x,z’, the anticommuting and commuting variables, respectively,
we set (respecting parity):

zo = xo(2',0") € AL(0"), 0; = 0,(«',0") eA_(0"). (1.60)

We introduce the matrix M of partial derivatives,

A B
with P P Y 20
Lq g % i
Aa - 3 Bai: 3 ia — — 3 Dlz .
"7 Oa, o0, © o, 7 00

It is convenient to change variables in two steps:
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(i) One first passes from (6, x) to (6,2"). This step generates the Jacobian

Ji = det a—x‘} =det (A —BD™'C). (1.61)
x|,

(ii) One then goes from (0, ") to (0’,2’). The second step just gives, as explained
previously, the Jacobian
Jy = (detD) ™" . (1.62)

The complete Jacobian J, also called the Berezinian of the matrix of partial derivatives,
is thus
— D(.’I}, 9) _ -1 —1
J= m = J1Jo = BerM = det (A —BD C) (detD) " . (1.63)
For the Jacobian to be non-singular, the matrices A and D must be invertible (and,
therefore, their contributions of degree 0 in €’ also).

Trace of mired matrices. In the case of the integration over ordinary commuting
variables, if one performs a change of variables infinitesimally close to the identity,

T, = ) +efa(x)),

from the general identity Indet = trln (see Section A2.1), one infers that the Jacobian,
expanded at first order in &, becomes (one can also use the result (1.69) and Wick’s
theorem (1.78))

8f(,1 +0 (e?).

ox

Oz, Ofa o
J:detaxg :1—|—€traxg—|—0(s):1+eza:

In the mixed case,

1, =) +efa(a,0), 0; = 0. +epi(x',0), (1.64)

we use the identity (1.63). We set

oo e (3 ).

and obtain

afa (9901'

62Ea f 391 '

J=1+e(trA; —trDy)+0 (%), trAl—trDlzz (1.65)
a

Therefore, to maintain the connection between Jacobian and trace, one is led to define
the supertrace of a mixed matrix, for which the notation Str will be used, as the difference
of traces

StrM; =trA; —trD;. (1.66)

It is simple to verify that the supertrace, like the usual trace, has a cyclic property,

Str M1M2 = Str M2M1 .
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1.7 Gaussian integrals with Grassmann variables

We consider now a Grassmann algebra B in which the generators are separated into two
conjugated sets. We denote by ; and 6;, ¢ = 1,...,n, the corresponding generators.

Complex conjugation. In many situations, a complex conjugation can be defined, which
exchanges 6; and 6;. It has the properties of the Hermitian conjugation of operators: it
acts by complex conjugation on complex numbers and

0l =0;, 6l =0;, (AAy)' =454l VA, 4, eB. (1.67)

An invariant quantity, like the integration measure d6,;dé;, is called formally real. It is
possible to verify that if, in an integral, the integrand is formally real and one integrates
over a pair of conjugated variables #; and 6;, the result is still formally real.

The Gaussian integral. We calculate Gaussian integrals with, again, the motivation: a
reduction of more general integrals to a finite or formal infinite sum of Gaussian integrals.
We first consider the integral

Z(S) = / d6,d6,d6,dbs - - - db,,dé,, exp< > eisijej), (1.68)

i,j=1
with S;; complex. The quadratic form and, thus, the integrand is formally real if

14 1% 14
3 (0:550)" =Y 85556, = > 6:5T6;
ij=1 ij=1 ij=1
that is, if the matrix S is Hermitian.
According to the rules of Grassmann integration, the result is simply the coefficient
of the product 6,0, ---6,6, in the expansion of the integrand. The integrand can be
rewritten as

n n n n n
exp( Z 9_15”&]> = H exp<9_i Z 5”9]> = H <1 + gl Z 5”0]> .

i,j=1 i=1 j=1 i=1 j=1
In each factor, only the term proportional to € contributes to the integral. In the expan-
sion of the product, the terms that give non-zero contributions to the integral thus are
of the form B B

> SujuSntju s 8150005, - 016,
permutations
{71, dn}

A commutation of the generators to put them in the standard order 6,,6,, - - - 6,6, gener-
ates a sign, which is the signature of the permutation. One then recognizes the coefficient
as the determinant of S;;. Thus,

Z(S) = detS. (1.69)

The result is the inverse of the one obtained with complex commuting variables. In
perturbative expansions, this leads to a sign (—1)¥ in front of the Feynman diagrams
with L fermion loops.

For det S # 0, a simpler calculation relies on the change of variables 6; — 6,

> S0 =0 (1.70)
j
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Then, using the relations (1.58) and (1.59) for the Jacobian, one finds
Z(S) = det S / 40 dé; - - - do!,df,, exp ( > Mé)
i=1

=detS / [T d6:d6; (1+ 6,6;) = detS.
i=1

1.7.1 General Gaussian integrals

We introduce two other sets of Grassmann generators {n;} and {7;}, i = 1,...,n, and
consider the larger Grassmann algebra € generated by the set of the 4n generators
{6, 0;,m;,7;}. Following the strategy of Section 1.1, we first calculate the integral

Za(n,n) = /Hdeidéi eXp{ > Si0i0; + > (mib; + 9i77i)], (1.71)
i ij—1 i=1

in which the integrand is an element of €, and .S;; is a complex matrix with det S # 0.
Again we define A = S~!. The calculation, as before, relies on a change of variables
04— 0,06, with

0; =0, — ZAijnja 0; = 0; — Z TITAVIR
J J
and leads to the result
n
ZG(’I],?’?) = detSexp(— Z ’l’]lAUﬁJ> (172)
ij=1

Using the notation (e) for expectation values with respect to the Gaussian weight of
equation (1.71), with our definition of Zq, one finds (note the sign in equation (1.74)),

0

Zo = ), 1.
5 Za = detS (6) (1.73)
0 _

Zag = —0;). 1.74
520 det S (~0;) (1.74)

Wick’s theorem for Grassmann integrals. Gaussian expectation values are defined by

<§i19j1 §i20j2 e 0_1779]71>

1 Y . ~
= det S /(H d9id9i)0i19j1 -~-0in9j” GXp( Z HiSijGj) (175)

i,j=1
From equations (1.73) and (1.74), it follows that
= = - 0 0 0 0
det S (0;,0;,0:,0,, ---6; 0, )= | — cee— Z 17,77} , 1.76
< J1%i2Yj2 J > {0% o, a1, On;, a(n,1m) 0 ( )
and, using the result (1.72),
<§i10j1 §i29j2 e g_ingjn>
o 0 o 0 [ =\ } }
= — e — exp | — ITTANTY (1.77
{3773‘1 oni, O, Oni, ”2;1 T H=7i=0 )
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After explicit differentiation (which is the same as integration), one obtains

<éi1(9j1 e 9in9j"> = det Ajzik = det <élk(9ﬂ>
= > sen(P)Aj i D D (1.78)

permutations P
of {]177Jn}
where sgn(P) is the signature of the permutation P, which is Wick’s theorem for Grass-
mann algebras. The result differs from the expression (1.30), obtained in the case of
complex commuting variables, only by the factor sgn(P).
Perturbative expansion. Expressions (1.73) and (1.74) form the basis of perturbation
theory. To calculate the integral

Z(n,n) = /Hdéid@' exp[ Z S;;0:0; +V(0,0) + Z (7:6; + 91‘771‘)}7 (1.79)

i,j=1 i=1

one can formally expand in a power series in V' and integrate term by term. One then

finds
Z(n, 1) = exp {V (—8877,;7” Za(n, 1) (1.80)

1.7.2 Pfaffian and determinant

One can also calculate Gaussian integrals of the form

2n
1
Z(A) = /d92n...d92d91 eXp<2 3 eiAijej), (1.81)

ij=1

where, since the product 6,6; is antisymmetric in (ij), the matrix A can be chosen to be
antisymmetric:

A+ A; =0, (1.82)

Expanding the exponential in a power series, one notes that only the term of order n
that contains all products of degree 2n in 6,

1 n
Z(A) = ST, /dGZn"'dol (Z aiAij9j> , (1.83)
4,J

gives a non-zero contribution. In the expansion of the product, only the terms containing
a permutation of 6y ---60s, do not vanish. Then, ordering all terms to factorize the
product 6165 - - - 05, one finds

1
Z(A) = onp) Z sgn(P)AilizAi3i4 T Ai2n71i2n ) (184)
permutations P
of {i1,...,52n }

where sgn(P) = +1 is the signature of the permutation P. The quantity in the right-hand
side is called the Pfaffian of the antisymmetric matrix A:

Z(A) = Pf(A). (1.85)
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With Grassmann integral techniques, one can prove the classical algebraic identity,

Pf?(A) = det A (1.86)
Indeed, Z%(A) can be written as
Z%(A) = /d02n ---df; db),, - - - db) exp [é Z (0:4i;0; + 0;A;;05) |- (1.87)
.9

We change variables, setting

1 .
Nk = ﬁ (Or +1i6%)

The Jacobian is (—1)". Also

0:0; + 0:0; = fin; — 7jn; , (1.88)
dnp -+ dydija -+ dijy = (=1)"" [ ] dnadi. (1.89)

Using the antisymmetry of the matrix A, one then finds

PfQ(A) = /dmdﬁ1 <+ dnoy iz, exp <Z ﬁiAijT]j> =detA.

,J

Wick’s theorem. Omne can prove another version of Wick’s theorem for expectation
values with the weight exp[)_,; 0;A;;6;/2]. One finds

<0i1 9’i2 . 0i‘2p> = Z Sgn(P)<0iP1 9iP2 > e <0iP2p—l 01'}3217 >7 (190)

all possible pairings
P of {il,...,iQP}

where sgn(P) is the signature of the permutation P.
1.8 Legendre transformation

The Legendre transformation relates Hamiltonian and Lagrangian in classical mechanics,
the free energy and the thermodynamic potential in statistical physics, and the generating
functionals of connected correlation and vertex functions (to which contribute only one-
line-irreducible Feynman diagrams). We recall here the definition (assuming for simplicity
a finite number of variables) and explain a few basic properties.

We consider a real function W(h) of n variables h;, which has first- and second-order
partial derivatives, and such that the matrix of elements 9*W/0h;0h; is positive:

Vv eR" and |v| >0 Zv 82Wv >0
; i A Ui :
. Oh;Oh,
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The Legendre transform of the function W(h) is a function I'(m) defined by the two
equations,

W(h) +T(m) =Y him;, (1.91a)
ow
mi = G- (1.91b)

The positivity of the matrix of second derivatives ensures that, when equation (1.91b)
can be inverted, it has a unique solution h(m).

The Legendre transformation is involutive. Indeed, a differentiation of equation (1.91a)
with respect to m yields

amz Z amz oh; (W(h) - Z himi)

or
8mi '
Then, comparing the derivatives of equation (1.92) with respect to m with the derivatives
of (1.91b) with respect to h, one finds that the matrix §°I'/0m;0m; is the inverse of the
matrix 0?°W/0h;0h;:

:O’

m fixed

and, thus,

P =

(1.92)

o?°wW 9T
= Z 5 1.
Xk: 8h16hk 8mk8mj 0 J ( 93)

and, thus, the matrix 82F/8mi8mj is also positive.
Stationarity of W + T'. If W(h) depends on one additional parameter i, one finds

or ow Oh; 0 ( >
o a + W(h) — hzml = 0,
Ot lmpixed O |nfixed EZ: O Ohi | fixea (k) 22:
and, thus,
8—F 6—W =0. (1.94)
aM m fixed 8/1‘ h fixed

Legendre transformation and real steepest descent method. We consider the generating
function W (h) of the cumulants of a distribution e=%:

W) — / dng e 9G)+hx (1.95)

We recall that, in the perturbative sense, W(b) is the sum of connected contributions
(equation (1.18)). We calculate W by the steepest descent method. The saddle point
equation is

05 (x)
— h; =0, 1.96
oz, T (1.96)
and, in the leading order approximation,
W(h)+S(x)—h-x=0. (1.97)

Moreover, the matrix of second derivatives must be positive when the saddle point is real.
Therefore, at leading order, W(h) and S(x) are related by a Legendre transformation
and I'(m) = S(m). Up to a trivial constant shift, the relation is exact in the case of
Gaussian distributions.

In the sense of power series, the Legendre transformation generalizes to complex and
Grassmann variables.



2 Euclidean path integrals and quantum mechanics (QM)

In most of this work, we study QM and quantum field theory (QFT) in Fuclidean for-
mulation. This means that we mainly discuss matrix elements of the quantum statistical
operator e PH  where H is the quantum Hamiltonian and § the inverse temperature,
rather than those of the quantum evolution operator et/

The statistical operator, which is proportional to the density matrix at thermal equi-
librium e ## /Z where Z(8) = tre P is the quantum partition function, describes
‘evolution’ in imaginary time, and, in this sense, most of its algebraic properties are the
same as those of the real time evolution operator, explicit expressions being obtained by
analytic continuation 8 + it/h [3]. Therefore, in this chapter, to keep track of the i
factors of real-time evolution, we first set § = t/h.

Our basic tools to study first QM, and then QFT, are functional integrals [4], that is,
path [5, 6, 7] and field integrals.

The path integral formulation of QM is well-suited to the study of systems with an
arbitrary number of degrees of freedom. It makes a smooth transition between non-
relativistic QM and QFT possible.

Another property plays an essential role in this work: the Euclidean field-integral
formulation emphasizes the deep connection between QFT and the statistical physics
of macroscopic systems [8], in particular, systems with short-range interactions near a
continuous phase transition.

The operator e ## has a useful property: it provides a tool to study the structure of
the quantum ground state. For example, if H is bounded from below, the ground state
energy Fj is given by

Fo=— lim ~Intre=5" (2.1)

0= im 3 ntr . .
In addition, if the ground state is unique and isolated, e=#H projects, for § large, onto
the ground state vector |0) (in the quantum bra—ket notation):

e P~ e=FEo 0y (0]. (2.2)

B—00

Therefore, the corresponding Euclidean functional integral often leads to a simple and
intuitive understanding of the structure of the ground state of systems with a large
number of degrees of freedom. Moreover, it gives a natural interpretation to barrier
penetration effects in the semi-classical approximation.

Also, it is generally easier to define mathematically the path integral representing the
operator e ¥ (the Feynman-Kac formula) than e=*7t/",

The main disadvantage of the Euclidean presentation of QM is that classical expres-
sions have a somewhat unusual form, because time is imaginary. We shall speak of
Euclidean action, FEuclidean Lagrangian, and Euclidean time.

In this chapter, first we derive the path integral representation of the matrix ele-
ments of the quantum statistical operator for Hamiltonians of the simple separable form
p?/2m + V(q). The path integral makes it possible to define a functional measure and,
correspondingly, expectation values called correlation functions, which are generalized
moments and related to quantum observables, after an analytic continuation in time.

Quantum Field Theory and Critical Phenomena 5E. Fifth edition. Jean Zinn-Justin, Oxford University
Press (2021). © Jean Zinn-Justin. DOI: 10.1093/0s0/9780198834625.003.0002
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Note that, in the Euclidean formulation, when the potential becomes time dependent,
the direct quantum interpretation is lost (going back to real time, one finds a potential
depending on an imaginary time) while the path integral may still have an interpretation
in the framework of one-dimensional classical statistical physics.

We calculate explicitly the path integral corresponding to the Euclidean action of
harmonic oscillators to which is added a time-dependent external force. The result can
then be used to generate Gaussian correlation functions, but also to reduce the evaluation
of path integrals, in the case of analytic potentials, to perturbation theory.

We show, in a first example, that path integrals are especially well-suited to the study
of the classical limit, by relating quantum and classical partition functions. We use
the semi-classical approximation of the partition function to derive Bohr—Sommerfeld’s
quantization condition.

In the Appendix, we describe a useful representation of the two-point function.

2.1 Markovian evolution and locality

Markovian evolution. Let U(t,t'), t > t', be a bounded continuous operator in Hilbert
space, which describes evolution between two times ¢’ and ¢, and satisfies the Markov

property,
Ut, "YU ¢)y=Utt), t>t">t, with U, t')=1. (2.3)

This property is also characteristic of the kind of stochastic processes we examine in
Chapter 34, and implies that the evolution between ¢’ and time ¢ depends only on the
state of a system at time ¢, but not on the details of preceding evolution.
We further assume that U(t,t’) is differentiable with a continuous derivative and set
oU (t,t')

5| " —K(t)/h.

Differentiating equation (2.3) with respect to ¢, in the limit ¢ = ¢, one obtains,

ou
hE(t,t’) =-K@t)U(t,t). (2.4)
The Markov property (2.3) makes it possible to express the operator U(t”,t’) as a product

of operators corresponding to arbitrarily small time intervals € = (¢ — ¢') /n. Indeed,

U@ ') = [[ Ul +met' + (m—1)e], with ne=t"—1, (25)

m=1

where the product is time ordered according to the rule (2.3).

The operator K. So far, the arguments are rather general. We now specialize the
operator K. If K is anti-Hermitian, of the form K = iH, where H is a quantum Hamil-
tonian, then U is unitary and has the form of a quantum evolution operator. Moreover,
when the operator K is time independent, it is the generator of time translations, and
the formal solution of equation (2.4) is U (t,t') = e~ i(t=t)H/h

By contrast, in this chapter, we mostly choose K Hermitian and positive. Moreover,
if K is time independent, and of the form of a quantum Hamiltonian H, and if we set
t —t' = hp, then U is a quantum statistical operator of the form e ##  proportional to
the density matrix at thermal equilibrium at temperature 7' = 1/4.
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In this case, we still call the variable ¢ time (or Euclidean time), although from the
point of view of quantum evolution it is an imaginary time. Indeed, the continuation
t — it formally transforms the statistical into the evolution operator.

When K is time dependent, the direct connection with quantum physics is lost. How-
ever, the formalism can still be applied to classical statistical physics in the continuum,
where ¢ is a position and the operator U(t + €, ) the analogue of the transfer matrix.

Nevertheless, the algebraic part of the calculations that follow applies to all situations.

Note that, in Chapter 34, other operators (Fokker—Planck Hamiltonians) appear that,
in general are neither Hermitian nor anti-Hermitian.

Position operator and matriz elements. We introduce a distinguished basis, the basis
in which the quantum position operator ¢ is diagonal. Using the standard QM bra—ket
notation, we denote by |g) the eigenvector of the quantum operator § with eigenvalue q.

In terms of matrix elements, equation (2.5) becomes

(" U, t)]q") = / 1:[ dgr [T (ar U (tks th—1)  qr—1) (2.6)
k=1

k=1

with the conventions
te=t'+ke, =0, am=4q"

In the expression, we take the limit n — oo at ne fixed, reducing the calculation of
(q"|U",t)|q’) to the asymptotic evaluation of the matrix elements (q|U(t + ¢,t)|¢") for
e— 0.

Locality of short-time evolution. If the operator K is local in the basis in which the
position operator ¢ is diagonal, which means that its matrix elements (g1 |K(t)|g2) have
a support restricted to ¢; = go, then, for ¢ — 0, only the matrix elements of {¢'|U]|q)
with |¢ — ¢/| small contribute significantly to expression (2.6), and one can define a path
integral representation of (¢"|U(t" t')|q’).

In particular, this property holds for operators of the form K(t) = K(p, ¢;t), where p
and ¢ are the momentum and position quantum operators with the commutation relation
[G, ] = ih, such that the classical quantity K (p,g;t) is polynomial in p and analytic in q.

2.2 Statistical operator: Path integral representation

We apply the preceding considerations to the special class of local Hamiltonians of the
separable form:
H=9?2m+V(q,t), [dua,Dp] = ihdags (2.7)

where p and q are d-component quantum operators, and m is the mass of a particle. We
specialize to the separable form, because the quantization of the corresponding classical
Hamiltonian,

Hgy = p2/2m + V(qa t)v (28)

does not involve the problem of products of non-commuting operators. More general
operators are discussed starting with Chapter 3.

We have seen that, to calculate the matrix elements of the evolution operator, we
need to evaluate them only for short time intervals, with enough precision, and then use
equation (2.6).
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2.2.1 Short-time evolution

In the |q) basis, equation (2.4), expressed in terms of the matrix elements (q| U |q’),
takes the form of a Schrodinger equation in imaginary time:

_h;<qU@JqM”={—;nVé+VmJﬂ<MU@qu®7 (2.9)

(Vq =(0/0q1,...,0/0qq)) with the boundary condition (§(?) is the d-dimensional Dirac
function),

(@ U, t)|d") =6 (a~q).
When the potential V' vanishes, (q| U(¢,t') |q’) is obtained by a Fourier transformation:

d
U 1) = [ e [ (@) b - (= (0 2m)|
m vz 1m(q—q)°
= (27rh(t—t’)) exp [_hQ(t—t’) . (2.10)

To solve equation (2.9) in the small ¢ = ¢ — ¢’ limit, we set

(qlU(t, ') |q") = exp[—o(q,q’;t,t")/R].

From equation (2.9), we infer

oo 1 9 h o
— = Vig,t) + — .
5 5 (Vqo) " +V(q,t) + 5 Voo
The function ¢ is dominated by the free contribution. We thus expand it for € small as,
Ioaoal\ (q - q/)2 d 1oyl
olq,q’;t,t') = M= + §h1n(27rh€/m) +o1(q,q’;t,t") + o(e), (2.11)
where o1 = O(e). Neglecting higher-order terms, we obtain the equation (9; = 9/0t),
[(t—t)0:+ (a—d) - Vglo1 = (t —t')V(q,t). (2.12)
We introduce the linear trajectory
/ T—t /
a(r) =4’ + —;(a—d), (2.13)

which goes from q' to q at constant velocity and note that it is a solution of the ho-
mogeneous part of equation (2.12) as a function of ¢ and ¢ at 7 fixed. The solution of
equation (2.12) can then be written as

o1(aqit,t) = / ar V (q(r), 7). (2.14)

t

The free contribution can also be expressed in terms of the trajectory (2.13) as

’

%mm—qwﬂp¢q=%l}hm&u)

(¢ = dg/dt). This leads to the expression
/ l m d/2 1 ! 1, .2
(@U@ ) = (=) expd— [ dr [fmad(r) +V(a(r),1)] +o(e) - (2.15)
t/

It can be verified that the normalization is such that, for ¢ — 0, (q|U(¢,t') |q') has
5@ (q—q') as a limit.
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A

q(t)

i | % | | t
te—1 tk tk+1\\\tn_z tnor t7

Fig. 2.1 A continuous, piecewise, linear path contributing to the integral (2.16)

2.2.2 The path integral
From equation (2.6), one derives

("1, ¢')|q") = lim

n—oo

(277:;15 dn/2 / IE dqu exp [—S(q, 5)/h] , (2.16)

with .,
t
S(q,e) = / dt [2me(t) + V (a(t), 8)] + no(e), (2.17)
t/
where q(t) now is the piecewise, linear, continuous trajectory defined by (Fig. 2.1),

q(t) = ar + i(011c+1 —qg), forty <t <tpyq.
tot1 — Ui
In terms of the function q(t), which interpolates in time the variables qr = q(t), the
integral over the variables qi is also the integral over points of the path q(t).
One can then verify that higher orders in € in equation (2.17) give vanishing contribu-
tions in the small ¢, ne fixed, limit and, therefore,

’

lim S(q,a):S(q)E/t dt [2me(t) + V(a(t),1)] - (2.18)

at ne fixed

We call §(q) FEuclidean action. It is expressed as a time integral of the Fuclidean La-
grangian (the Lagrangian in imaginary time when V'(¢) does not depend on time explic-
itly), Legendre transforms of the Hamiltonian (2.8) (see Section 1.8).

The continuum limit of expression (2.16) can thus, formally, be written as

a(t”)=q"
(@ U 1) |) = / [da(t)] exp [~S(a)/A]. (2.19)

q(t’)=qa’
The right-hand side is called path integral, because the integral involves a summation
over all paths satisfying the prescribed boundary conditions, with a weight exp [-S/h].

Notation. Note that we shall always write the integration measure [dq(t)] with brackets
to distinguish path integrals from ordinary integrals.
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Moreover, in the symbol [dq(t)] is buried an infinite normalization factor,

N = (2:;15)%/2 . (2.20)

Therefore, we calculate only expectation values, which amounts to normalizing a path
integral by dividing it by a reference path integral with the same kinetic term, the free
motion V = 0, or the harmonic oscillator, for example.

Brownian trajectories. The most singular term in o (equation (2.11)) for ¢ — 0 is
m(q — ¢')?/2¢ (independently of the potential). The support of the matrix element
(qlU(t,t') |d') is thus restricted to |q' — q] = O(y/¢). For |d' — q| = O(y/%),

o1(q, q;t') = eV ((a+q)/2,t)+0(e%) = 2e(V(q)+V(a)) +0(e?) = eV (q, t)+0(*/?),

because the potential is assumed to be analytic (we could generalize to piecewise-analytic
potentials). Hence, a replacement of o1 in the expression (2.14), for instance, by eV (q, t),
modifies o by a contribution of order £3/2, which is negligible.

This support property shows that in the action (2.18) the two terms play quite different
roles. The kinetic term [ d¢ ¢? selects the class of paths contributing to the path integral,
those for which [q(t + ) — q(£)]° /¢ remains finite when & goes to 0. More precisely, one
finds that the expectation value of [q(t + &) — q(t)]? is proportional to |e|h/m for ¢ — 0
(see Section A2.2 for a proof in the continuum limit). The kinetic term really is a part
of the functional measure. It is essential to the very existence of the path integral.

By contrast, the potential weights paths according to the value of q(t) at each time,
and determines the physical properties of the theory.

Brownian paths and leading contributions. The paths contributing to the path integral
are typical of the Brownian motion (for details see Chapter 34); in particular, they are
continuous but not differentiable, in contrast with what the formal expression (2.18)
suggests. Still, the notation (2.18) is useful because the paths that give the largest
contributions to the path integral (2.19) are in the neighbourhood of the paths that
minimize the action (2.18) and, thus, solutions of the classical, Euclidean equations of
motion. These paths are such that (functional derivatives are defined in Section 2.5.3)

oS
and the operator associated with the kernel 625/8¢;(t1)dq;(t2) is positive. These paths

are classical, differentiable Euclidean paths. This observation is at the basis of semi-
classical approrimations.

:O,

Quantum evolution and path integral. When the potential is time independent, the
path integral representing the matrix elements of the time-evolution operator can be
recovered by an analytic continuation to real time ¢ — it. One then formally obtains,

a(t")=q"
@V ea) = [ datt]esp(iAa)/1). (221)
a(t)=q’
where A is the classical action, time integral of the Lagrangian,

A(q)z/t dt L(q(t),at)), with L(q(t),q(t)) = sma*(t) —V(a(t)). (2.22)

’
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2.3 Explicit evaluation of a path integral: The harmonic oscillator

This work will exhibit later numerous examples of situations where functional integrals
play an essential role. Here, we begin with a simple problem, the calculation of the
path integral associated with the Hamiltonian of the one-dimensional quantum harmonic
oscillator. This example illustrates that Gaussian path integrals can be calculated ex-
plicitly in the continuum, without returning to the limiting process involving discrete
time intervals.

We consider the quantum Hamiltonian (w > 0 constant),

1 1
H = —p? + —mw?§. (2.23)
m

The corresponding Euclidean classical action is

Solq) = /t’ [%mq'z(t) + %mwzqz(t)] dt, (2.24)

which is a quadratic form in ¢(¢). When inserted into equation (2.19), the expression
leads to the Gaussian integral,
/! Y/ / q(t//)=q”
WU )10y = [ ldat] e [-Sofa)/h) (225

q(t’')=q’

First, to determine the dependence on the boundary conditions ¢’, ¢, we change variables
q(t) — r(t) (a constant shift at fixed t) setting,

q(t) = qe(t) +r(),
in which g, is the solution of the classical (Euclidean) equation of motion,
me(t) —mw?qe(t) =0, with ¢(t) =4, ¢(t")=q". (2:26)
The new path r(¢) then satisfies the boundary conditions
rt')=rt")=0. (2.27)

The action becomes

t”
So(q) = So(ge) + So(r) +m [ [de(t)P(t) + w?qe(t)r(t)] dt.
tl
Integrating by parts, [ ¢./ = rg. — [ rde, taking into account equation (2.26) and the
boundary conditions (2.27), one notes that the terms linear in r cancel and the action
(2.24) reduces to

So(q) = So(ge) + So(r).

One obtains
(@"|Uo(t" ') |q) = N(w, ) e Solae)/h (2.28)

where

N(w, 1) = / [dr(t)] exp [ /t’ dt (f’Q(t) + w21"2(t)) , (2.29)

with r(t') = r(¢") = 0.

e
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Evaluation of the classical action. Setting 7 = t"” — ', one can write the solution of
equation (2.26) as

qe(t) =

To calculate Sy(g.) one can again integrate by parts, [ G dt = qq — [ qgdt, and use the
equation of motion (2.26). The result is

mw
Solqe) = ———— 2 72 h — 924" . 231
00 = s [0 44 o — 24 20

sinh(wr) [¢ sinh(w(t” — t)) + ¢" sinh(w(t —t'))] . (2.30)

The remaining path integral. To complete the calculation, one still must evaluate the
last Gaussian integral over r(¢). The integral no longer depends on ¢’,¢” and yields
a normalization factor, function only of w and ¢’ — ¢'. Since this involves an infinite
normalization factor, we postpone the calculation until Section 2.6.1. The final result is

(@’ Uo(t", 1) ) = (

X exp {—

mw )1/2

27h sinh wt
mw

Frehor [(¢”% + ¢") coshwr — 2¢'q"] } . (2.32)

2.4 Partition function: Classical and quantum statistical physics

In this section, Hamiltonians are assumed to be time independent and to have a discrete
spectrum.

2.4.1 The quantum partition function

The quantum partition function Z(8) = tre P has a path integral representation that
is immediately inferred from the representation of the statistical operator. One finds

2(8) = tre "M = trU(hB/2, ~hB/2) = / dq (g U(hB/2, ~hB/2) |q)
— [lda) exp[-Sta)/n (233

where the paths now satisfy periodic boundary conditions: ¢(—h8/2) = q(h5/2), and one
integrates over all values of ¢(%3/2). It is actually convenient to rescale time ¢ — t/h.

The action then reads
B/2
S(q)/h = y dt [Ame®(t)/n* + V(a(t))] . (2.34)
—B/2

The harmonic oscillator. Equation (2.28) makes it possible to relate the normalization
of the path integral to the partition function Zy(8) of the harmonic oscillator. Taking
the trace of Uy(RB3/2, —h3/2), one finds

Zo(8) = tr Uo(hB/2, —hB)/2) = / dq (g| Uo(hB/2, ~hB/2) |q)

wh 1/2
= N(w.f) (mw tanh(ﬂhw/Q)) ' (2.35)

The large B limit. One can also set the boundary conditions at ¢ = 0 and ¢t = £.
Since the action is time-translation invariant the result is the same. However, in the
formal large 8 limit (relevant for the ground-state energy), in the first case one obtains
an explicitly time-translation invariant formalism on the whole real line while in the
second case, one is led to integrate over paths on the positive real line with the boundary
condition ¢(0) = 0. The first formalism is clearly simpler.
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2.4.2 Classical and quantum statistical physics

We consider a classical one-dimensional lattice model, where the real variable g;, charac-
terizes the configuration at site k. We choose a lattice with n sites and periodic boundary
conditions (g, = ¢o). The partition function is defined by

Z(n,e) = /< H e~eViar) qu> exp [—&(g,€)], (2.36)
k=1
where the configuration energy, divided by the temperature, is given by

n

1 2
& = — — Qk—1)" - 2.37
(¢,€) 25;(% Q1) (2.37)
The partition function can also be considered as a time-discretized form of the path
integral (2.33). The parameter ¢ plays, somewhat, the role of the temperature, and V(q)
determines the distribution of ¢ on each site.
We introduce the function
1
S(a,4) = 5-(a—4) + 3¢V (@) + 32V (9), (2-38)

and the kernel ,

T(q,q) = e—S(@:d)
Using the bra—ket notation of QM, one can express the kernel in terms of elements of a
transfer matriz T, which has also the form of a quantum operator,

T(¢,4) = (¢ Tlq) (2.39)
In terms of T, the partition function (2.36) can be written as
Z(n,e) =tr'T". (2.40)

In one dimension, one expects a non-trivial collective behaviour only at low temperatures,
where € — 0. Then, one finds
T ~ V2reeH (2.41)
e—

where H is a quantum Hamiltonian, which in terms of the quantum position and mo-
mentum operators (with i =1 and [§, p] = 1), takes the form

H = 1p* + V().
For € — 0, the eigenvalues and eigenvectors of the transfer matrix are related in a simple
way to those of H. In the thermodynamic limit n — oo, the transfer matrix is dominated

by its largest eigenvalue, which corresponds to the ground state energy Ey of H. The
free energy W = In Z per unit length is

1 1 1
nW oo (n,e) eEy + 5 n(2me)

On the other hand, combining equations (2.40) and (2.41), one infers that, when € — 0
with ne = f fixed, Z(n,e) becomes proportional to the quantum partition function

Z(B) = tre ™M = lim (2re)"/2 Z(n, ¢).
e—0

We have found an interesting relation between quantum statistical physics in zero dimen-
sion (one particle) and classical statistical physics in one dimension. This relation ex-
tends to higher space dimensions: d-dimensional classical statistical physics and (d — 1)-
dimensional quantum statistical physics. Finally, we observe that the large 8 limit, which
is the zero-temperature limit of the quantum model, is also the thermodynamic limit of
the classical model.
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2.5 Correlation functions. Generating functional

In the classical statistical model (2.36), the m-point correlation function is given by

(i1 Gir* Qin ) = Z_l(n,ﬁ)/< 11 koT(Qk—LQk)) GirGis " Qi - (2.42)
k=1

We assume the order 0 < 11 <1y < -+ <4, <n, and we express the m-point correlation
function in terms of the transfer matrix (2.39). We then integrate over all ¢ variables
except ¢i,, Gy, - - - ¢i,, and find,

m
(@inGiz Qi) = 271 (n,€) / 11 da. (@i | T 1gi,,) g,

s=1

Timiimil |qim—1 > Qi oy """ <Qi2‘ Tiziil |qi1> qiy -

X (i,
The position operator ¢ is diagonal in the |¢) basis and, therefore,
(dT" lg)q = {dIT"qlq)-
We conclude the n-point function can be rewritten as,
(GirGis Qi )y = 2 (n,€) tr T ImFGTIm~im=1g. . T2 701G,
For ¢ — 0, we can introduce the Hamiltonian H. It is also convenient to change notation,

associating discrete values of a continuous variable ¢ to site positions by t; = eir (and
B = ne). We then obtain

ZUM (b1t tn) = (q(t)g(t) -+~ qtm)) 5
~ Z—l(ﬂ) tr e~ (B—tn+t1)H g e~ (tm—tm_1)H G- e~ (t2—t1)H (j} ) (2.43)

From the direct definition (2.42), it follows that correlation functions have, for ¢ — 0,
ne = (3, eix = tx fixed, the path integral representation

(a(t1)g(ta) -~ q(tm)) g = Z_l(ﬁ)/[dQ]Q(tl)"'Q(tm)e_S(Q)a (2.44)
with
8/2
Sw= [ alen+vao).
%

Note here that the analogy between classical and quantum statistical physics is not com-
plete. Indeed, the classical correlation functions have no direct quantum analogue. Only
the expectation values (¢™(¢)) are both quantum and classical observables. However,
this does not prevent the analogy between quantum and classical systems to extend to
a less trivial subset of correlation functions in higher space dimensions, in the case of
systems isotropic in space.

Moreover, the analytic continuations of the classical correlation functions ¢; +— ity are
the dynamic correlation functions of the quantum theory.
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2.5.1 Thermodynamic limit

In the classical statistical model, the limit 3 — oo (zero temperature of the quantum
model) is the thermodynamic limit. Assuming that the ground state is unique (this is
always true in QM with a finite number of degrees of freedom and a regular potential),
one finds

(q(t)q(ts) - q(tm)) = (0] G e~ (tm—tm—_1)(H-Eo) G- e (t2—t1)(H—Eo) Gloy. (2.45)
In particular, the expectation value of ¢(t) then is

{g(t)) = (01 ¢10) -

The connected two-point correlation function (the generalized second cumulant) is de-
fined by

W (t1,t2) = ((a(t1) — (@) (a(t2) — (@) = (a(tr)a(t)) — (@)°. (2.46)

Then,
W (11, t5) = (0] G e~ 2=tDE=E0) 410y — (0] 4]0)°.

Denoting by Ey, Ey < Ey < E5--- the successive eigenvalues of H, and |k) the corre-
sponding eigenvectors, one finds for large separations |ty — t1| — o0,

W(Q) (tl,tg) _ e—|t2—t1\(E1—Eo) (<O| qA |1>)2 + 0 (e—\tg—t1|(E2—E0)) )

The connected two-point function decreases exponentially with a rate which, in lattice
units, is

The decay of the two-point function is traditionally characterized by the correlation
length &. Here, one finds
1 1

S B Bee

In the continuum limit € — 0, the correlation length in lattice units diverges. Keeping
the variables ¢1,ta,..., 8 fixed when € — 0, corresponds to measuring distances on the
lattice in correlation length units, that is, in macroscopic units.

The existence of a non-trivial large-distance physics is the direct consequence of the
divergence of the correlation length. A continuum limit can thus be defined, which is
somewhat universal in the sense that it does not depend on the initial lattice structure,
and on the precise way time is discretized. This is the first example of a situation we
encounter again in the context of second order phase transitions.

Ground state degeneracy. With the conditions we have assumed, the ground state is
unique. The existence and some properties of phase transitions, which we start discussing
in Chapter 14, are related to a possible ground state degeneracy.
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2.5.2 Generating functional of correlation functions

We consider a path integral defined in terms of the Euclidean action S(gq), to which we
add a coupling to an external force [9],

Sla.b) = S(a) - [ debioyace)
and satisfying periodic boundary conditions, ¢(—3/2) = q(£/2). Then,
Z(b,B) = trU(hB/2,—hB/2) = / [dg(t)] e~ S@b)/h, (2.47)

The quantity Z(b, 8) is the generating functional of correlation functions: if one expands
the path integral in powers of b(t), one finds

20,6 =20.0% /dt1 ety 20ty t)b(t) - b(t), (2.48)
n=0

where

1

20ty t) = (o) alta)) = Z 57

5 / [dg(t)] e S@O/ M g(ty) - g(t,).  (2.49)

2.5.83 Functional differentiation and correlation functions

In this chapter, and in many places in the work, we use functional derivatives. We define
them here.

To recover the correlation functions Z(™ (equation (2.48)) from the generating func-
tional Z(b), we can use the functional differentiation operator §/6b(t). Functional differ-
entiation obeys the standard algebraic rules (linearity and Leibniz’s rule):

0 5
;%ﬂ&@+zﬂm:§@ﬁﬂw+@®&®% -
5oy 210220 = Z10) 55 22(0) + zg(b)abé(t) Z,(0),
and, in addition, 5
S P = ot —w), (2.51)

where 6(z) is Dirac’s d-function.
For example, a functional differentiation with respect to b(t) of Z(b,8) (equation

(2.47)), yields

g 208) = [ dala(t) exp [=S(a.0)/1).

Therefore, by differentiating p times with respect to b(t), one can generate any product
q(t1) - - - q(tp). Taking the b = 0 limit, one obtains correlation functions corresponding to
the Euclidean action S(q),

Lo
P

/dq Hq )exp [—-S(q)/A] (2.52a)
b=0

=Z2(0=0,0) {q(t1)q(t2) - q(tp)) - (2.520)

More generally, a differential operator F(%d/6b(t)) generates in the right-hand side the
expectation value of the functional F(q).
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2.6 Harmonic oscillator. Correlation functions and Wick’s theorem

We consider the Hamiltonian (harmonic oscillator coupled to an external force)

1 1
H=—"p>+ -muw?q¢* — qb(t). 2.53
5P+ omed qb(t) (2.53)

The Hamiltonian corresponds to the Euclidean action

T/2

Salg,b) = / dt [3m®(t) + gmwq*(t) — b(t)q(1)] - (2.54)
—7/2

We now calculate explicitly the Gaussian path integral corresponding to the action (2.54)

(see equation (2.19)), with periodic boundary conditions,

2.9 =V = [ gwleel-Sa@im. (5)

This quantity is also the generating functional of statistical correlation functions (equa-
tion (2.47)) of the Gaussian model discussed in Section 2.3.

To eliminate the linear term from the action, we adapt the method followed in Section
1.1. We change variables ¢(t) — r(t) setting

q(t) = qc(t) +r(t), ¢(7/2) =qe(=7/2) = r(r/2) =r(-7/2). (2.56)

The action becomes

/2

Sa(g,b) = So(r) + Sa(ge, b) + / dt [mi(t)ge(t) + mw?r(t)qe(t) — b(t)r(t)] -

—7/2

In the term linear in r, we integrate by parts, and use the periodic boundary conditions
(2.56). Then,

/2 /2
/ At #(1)ie(t) = r(1/2)de(r/2) — r(—7/2)de(—7/2) — / dt (1) (t)
—7/2 —7/2
‘r/2
= (/2 (d(7/2) — de(—/2) / dt r(1)iia(t).
—7/2

The term linear in r vanishes if the function ¢.(t) satisfies the classical equation
—Ge(t) + w?qe(t) = b(t)/m,
with the boundary condition ¢.(7/2) = ¢.(—7/2). The solution can be written as
1 T/2
qc(t) = — At —w)b(u)du,
m.J_r/2

where the function A is the solution of the equation

—A(t) + W?A(t) = 6(),

with the periodic boundary conditions A(7/2) = A(=7/2), A(1/2) = A(=7/2).
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One finds X
A(t) = 5~ cosh(w(r/2 = [t])). 9.
(1) = S Sinn(or 2y oS (r/2 = 11]) (2.57)
In the limit 7 — oo, the function reduces to
1
Aft) = e 2.58
®) 2w ¢ ( )

The classical action becomes

T/2 T/2
Sc(ge,b) = / dt [gmgz2(t) + gmwqZ (1) — b(t)qe(t)] = _%/ dt ge()b(t)

—7/2 —7/2
1 T/2
=—— dt dub(t) At — u)b(u).
m —7/2

The remaining integral over r(t) just yields tr Uy(7/2,—7/2) (equation (2.32)). After
setting 7 = Af3, one finds (equation (2.35)),

trUo(7/2,=7/2) = Z0(8),
where Zy () is the partition function of the harmonic oscillator. Therefore,

Za(0.8) _ sarin _ g | 1 [ _
EAG) =e D/h = exp 5 /hﬁ/zdudvA(v w)b(v)b(u)| . (2.59)

2.6.1 Correlation functions, Wick’s theorem

Replacing Zq (b, B) by the explicit expression (2.59), and differentiating twice, one obtains
the two-point correlation function
52

(q(t)q(u))y = Z5H(B)R? WZG((’; B)

More generally, the arguments of Section 1.1 apply: as a characteristic property of the
Gaussian measure, all correlation functions can be expressed in terms of the two-point
function as stated by Wick’s theorem (1.14) (¢ must be even):

(q(t1)q(t2) - -q(te))g = > {altp)alte,)) - (altr_)altr)), - (2:61)
all possible pairings
Pof{1,2,...,0}

NI (2.60)
b=0 M

Harmonic oscillator: The partition function. We can now determine the dependence
of the partition function Zy(8) on the parameter w. Indeed, differentiating the path
integral, one obtains

9 w2 ) _ hf cosh(whf3/2)
Hence, )
Z0(8) = lemh(ﬁmm)'

For dimensional reasons, N’ is a pure number. It can be obtained by taking the limit
B — 0o, where one should find e"#Fo. The complete result, thus, is

1 e—Bhw/2
Z0(8) = 2sinh(fhw/2) 1 — e Bhw’

which, indeed, is the partition function of the harmonic oscillator. This also completes

the calculation of the normalization in expression (2.32), as a consequence of the relation
(2.35).

(2.63)
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2.6.2 Harmonic oscillator: Paths and square integrable functions

Sometimes, mainly in semi-classical calculations (solitons, instantons), an alternative
method of calculation is useful, which we explain here in the example of the harmonic
oscillator. Since we expect problems with infinite normalizations, we first work with the
discretized form and then describe it in the continuum. We set here A = m = 1. Then,

n 2
qk — qk—1 1 .
Solq) = E 7( 9e ) + istqi , with go = ¢, .
k=1

Due to the periodic boundary conditions, the system is translation invariant, and thus
the quadratic form in the variables g is simple to diagonalize. We introduce a discrete
Fourier representation, setting

n—1
1 2irke/
= — estmRE/m 2.64
qdk \/ﬁ Ce, ( )
£=0
with the reality conditions
co=Cy, Cpn_g==Cq. (2.65)
Then,
n—1
Solg) = Z ¢ [(1 = cos(2ml/n)) /e + tw’e] ¢, (2.66)
£=0

where the orthogonality relations

1 n—1 ) _
L Z o2imke/n _ )1 for ¢ '0 (mod n),
n 0 otherwise ,

k=0
have been used. These relations also show that the transformation is unitary, and the
Jacobian of the change of variables is a phase factor.

The integral now has the form (1.29), but the relation (2.65) implies that only about
half of the complex variables are independent. One finds

n—1 —-1/2
Zy = (26)7"/2 [ H (1 — cos(2ml/n)) /e + %oﬂs . (2.67)
=0

The product can be calculated explicitly. Setting
cosh® =14 w?e?/2,

one obtains

n—1

127 2 ]
g) [(1 — cos(27r£/n))/s + w 5] = o (coshnf —1).

In the e — 0 limit, with ne = 3 fixed, nf — Sw, and one recovers the partition function
of the harmonic oscillator,
e—Buw/2

20(8) = 1w
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Continuum calculation. The calculation with discrete variables suggests how to per-
form a continuum calculation. In the continuum limit, the change of variables (2.64)
becomes the expansion of ¢(t) on normalized periodic square integrable functions:

1 .
q(t) = ﬁ Z cy GQMHM, with c_p,=2¢;.
)4

The Jacobian is unity and the measure simply
[dg(t)] + deo [ ] deg deg . (2.68)
£>0
The function Sy becomes
So = 2w} + Z co(w? +47%0%/6%)cy .
1
The integration then is straightforward:
1 -1
= 1 2 gn242)52 . 269
o(9) o L T 7 + 4776/ 7)] (2.69)

The infinite product diverges and must be normalized. The free Hamiltonian is not
available because the partition function does not exist. However, it is possible to compare
different values of w, or calculate the derivative

0 1 2w 15}

%mzo(ﬁ) = L ;) w2 + Ar2(2 /B2 - ~ 2tanh(wB/2)’

which is the result (2.62).
2.7 Perturbed harmonic oscillator
We now consider the Hamiltonian (in this section we set i = 1)
H = 1p” + 30°¢* + Vi(q), (2.70)

where we assume only that Vi(q) is expandable in powers of ¢:
Vi(g) = Z vnq".
n

The corresponding partition function is given by

B/2
2= [ des{= [ B0+ Rt i) af @

To evaluate the path integral (2.71), one can generalize the identities (1.15) and (1.17).
We apply identity (2.52a) to the path integral (2.55):

2(9) = {exp [— / 5;2 atvi ((szf(t)ﬂzdb’ ﬂ)}

(2.72)
b=0
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We then replace the partition function Zg (b, 8) by its explicit expression (2.59), calcu-
lated in Section 2.6 (equation (2.59)),

2 = e (g ) o s fawaosts o]

If Vi(¢) is a polynomial, a more explicit form is obtained by expanding (2.73) in powers
of Vi(q). Perturbation theory is then reduced to calculating Gaussian expectation values:

(=D*
Z(8)/20(8) =>_ / dtydty - dty (Vi(a(t1)) -+ Vi(a(te)) ), -

k=0

(2.73)

b=0

where (o), means the expectation value with respect to the Gaussian measure. The
arguments given in Section 1.1 immediately apply here also, and the successive terms in
the expansion can be calculated using Wick’s theorem (1.14), in the form (2.61). This is
the basis of perturbation theory.

Equal-time correlation functions. The perturbative expansion involves the Gaussian
expectation values of equal-time products, which, with the help of Wick’s theorem, can
be expressed in terms of (¢%(t))o. Because the paths contributing to the path integrals
are continuous, this expectation value is defined. However, equal-time expectation values
containing time derivatives are not, because the paths are not differentiable. An example
is provided by a particle in a magnetic field (see Section 3.3.1).

FEzxample. The quartic anharmonic oscillator. We consider the Hamiltonian
H = %p2 + %w2q2 + ¢, (2.74)
and expand the partition function to second order in A:
o 4 Lo b 4 4 3
Z(B)/20(B) =1~ )\/ dt (q*(t)), + A / dtrdta (g*(t1)q" (t2)), + O (A%).
-B/2 -B/2
Then, using Wick’s theorem (2.61), we infer

(g'(8), =3 ((¢*(1))) = 3A%(0),

and

(q*(t1)g*(t2)), = 9 ((*(t1)), )* ((P(t2) >o)2+72 (g (t1)), ({a(t1)a(t2))o)” {d*(t2)),
+24 ((qt1)q(t2))o)"
= 9A*(0) + T2A%(0)A2(t; — tg) + 24A*(t; — o).

Combining these expressions and using the periodicity of A(t), we find

8/
Z(B)/20(B) = 1 — 3ABA?(0) + 2A252A4(0) + 368\2A%(0) / i dt A%(t)
-8/2

B/2
+12)\26/ / dt A*(t) + O (A?). (2.75)
B/2

In particular, the first three terms exponentiate, in agreement with the general result
(1.18).
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The classical limit and perturbation theory. A perturbative expansion can be generated
for any decomposition of the potential into the sum of a quadratic term and a remainder,
as in equation (2.70). However, if one wants to associate the perturbative expansion with
a formal expansion in powers of 7, then one concludes from expression (2.19) that the
action, and thus the potential, have to be expanded around a minimum. Denoting by qo
a minimum of the potential, we then write

V(g) =V(go) + 3V"(90)(q — 90)> + Vi(a — o).

The expansion in powers of the coefficients of V] can then be organized as an expansion in
powers of £, called a loop expansion. Some problems associated with a possible degeneracy
of the classical minimum are examined in Chapter 39.

Correlation functions and perturbation theory. We have explained how to calculate, in
the form of a perturbative expansion, the path integral for any Hamiltonian of the form
p?/2m + V(q) in terms of the path integral (2.55). The method can immediately be
generalized to the corresponding correlation functions.

2.8 Semi-classical expansion

In the formal limit 2 — 0, one expects the quantum partition function to converge
towards the classical partition function. We verify this property here by calculating the
leading order and the first correction of the semi-classical expansion of the partition
function (2.33). In particular, since i has a dimension, the expansion parameter must
take the form of & divided by an action. The calculation exhibits the explicit expansion
parameter.

We then use this result to generate semi-classical Wentzel-Kramers—Brillouin (WKB)-
like approximations for the spectrum.

2.8.1 Quantum partition function

For i — 0, the leading term in the action (2.34) is the kinetic term and the dominant
contributions come from constant paths. It is thus convenient to first calculate the matrix

elements
a(B/2)=qo

(ol e lao) = [ [da(t)] exp [~S(a) /1] (2.76)
q(=B/2)=qo

In the path integral, we change variables ¢(t) — ¢(t) + qo in such a way that the integral

becomes

q(B/2)=0
(ol e lan) = [ O[S @) (2.77)
with
B/2
3(q) = Xo(q) + /ﬁ/z dtV(qo + q(t)), and (2.78)

5/2 1 <2 2
Sol@) = [ dtbmi(0)/h.
—B/2

With these new boundary conditions, ¢(t) is of order & and the potential can be expanded
in powers of ¢ as

V(go+q(t)) = V(go) + V'(q)q(t) + V" (q0)a*(t) + O(h®).
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Then, we expand the integrand,

B8/2
1 - V'(g0) / at {g(1))

—B/2

@) [ dtdulattlan) - V(@) [

—B/2 -8/
and calculate the successive terms ({e) is a notation for the expectation value with respect
to e~>0). First, we note that {q(t)) = 0. The two-point function corresponding to X,
with the proper boundary conditions, is proportional to A(t,u) = A(u,t), the solution
of

(g0l €™ |go) = N'(B) e PV (D)

B/2 B/2

dt (¢*(t)) + O(h%) |,

—A(t,u) = 0(t —u), with A(=B/2,u) = A(B/2,u) =0.
It follows that

m
7 (at)a(w)) = Alt,u) = —3lt —u[+ 38— ut/B, (2.79)
a form that can be substituted in the expansion.

The normalization N (3) is given by

N(B) = (g =0 o~ Bp*/2m g =0),
and is obtained from the free expression (2.10), where t —¢’ is replaced by A (and d = 1).

One finds .
N(B) = g,/%- (2.80)

The complete result takes the form of the simple integral (after an integration by parts),
1
2(6) =14/ % / dgexp [-BV(q) — B*R*V" (q)/24m + O(h*)] . (2.81)

Discussion.
(i) For i — 0, one recovers the classical partition function with a Boltzmann weight
obtained by integrating e A7 (.9 over p, where H is the classical Hamiltonian, H =

p?/2m + V(q):
_ (e _supg 1 [ m ~BV(q)
Za. () _/ 2mh ¢ “w\ 27 /dq ¢ ’

(ii) Defining the thermal wavelength by

Ath, = I/ B/m,

and a length scale typical of the variations of the potential, and which increases when
B — 0 (high temperature),

lpot. <V {(V(@)) / (V"(a)) ],

we note that the ratio between the classical term and the first quantum correction is of
order Aen./lpot.. At high temperatures (i.e., 5 small), the thermal wavelength is small,
and statistical systems have a classical behaviour. On the contrary, at low tempera-
ture, quantum effects eventually dominate. Note that this analysis applies to regular
potentials, at this order twice differentiable, but not to other potentials like the idealized
potentials often used in QM examples (square well, and so on).

(iii) Formally, the classical limit leads to a kind of dimensional reduction: the quantum
partition function corresponds to a path integral, that is, an integral over one-dimensional
objects. By contrast, the corresponding classical function is given by an integral over the
zero mode, which is just one point, that is, of dimension 0.
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2.8.2 WKB spectrum

The spectrum in the WKB limit, that is, a limit in which # — 0 at fixed energy (in

contrast with perturbation theory where the energies are also of order /), can be obtained

from the semi-classical expansion of the partition function described in Section 2.8.1.
In the case of a Hamiltonian with a discrete spectrum, the partition function can be

written as
Z(B) =tre PH = Ze_BE" .
n=0

The Laplace transform of Z(3) is then

GE) = [ a5 Pz =Y

0

where the result in the right-hand side is obtained by analytic continuation from suffi-
ciently negatives values of the energy variable F.
After continuation to complex values of E, one obtains the eigenvalue distribution
1

—(G(E +10 — O 0(F — Ey,)

iy (G(E +i0) - ! Z
For what follows, it is convenient to consider the 1ntegrated distribution (0(s) is the step
function, 6(s) = 0 for s < 0, O(s) =1 for s > 0),

E
/ 1 / -
/de %(G(E +1i0) — G(E' —i0)) ZHE E,)
In particular, if we choose E = Ej, a value of the spectrum, then
/ AE' S (G(E' +i0) ~ G(E' ~i0)) =k +1/2, (2.82)

where we have set §(0) = 1/2, a prescription motivated by a more careful analysis.
Approximating Z(8) by the leading term of the semi-classical result (2.81), from equa-

tion (2.82) we infer
Go.(E) = %\/m/2/dq V(g — E| V2.

We take the discontinuity of G (E) on the cut. The exact discrete distribution is re-
placed by a continuous distribution, a result that is not surprising for a classical approxi-
mation. Nevertheless, from the integrated distribution, we can extract an approximation
for the eigenvalues valid for large quantum numbers, because our approximation is also a
high temperature approximation, where physical quantities are dominated by eigenvalues
with large quantum numbers. We find

I 1
% / dE' (G (E' +1i0) — Gor. (E" — i0)) = 7 /qu(E —V(g))V2m[E - V(q)].
Equation (2.82) then yields the Bohr-Sommerfeld quantization condition:

/qu(Ekf )\/QmEkf = hm k+

The left-hand side is finite for A — 0: one verifies that, indeed, this approximation is
an approximation for large quantum numbers Ej, = O(1), kA = O(1), while the distance
between eigenvalues goes to zero with A.

The successive terms in the expansion of the partition function yield corrections to
this leading order result.



A2 Additional remarks

A2.1 A useful relation between determinant and trace

In Section 1.6.5, we have used the identity Indet = trln. For general complex matrices,
the proof of the identity is elementary, and is based on reducing the matrix to a triangular
form, a transformation that is always possible.

To indicate how one can prove algebraically the result for operators, we consider the
Gaussian path integral

Z(\) = /[d(J(t)]EXP {—é/dh dto q(t1) K (t1,t2; N)q(t2) |, (A2.1)

where A is a parameter, the complex kernel K representing the operator K is a symmetric
function of (¢1,t2), and ReK is a strictly positive operator. The Gaussian integration
yields,

Z(A) « [det(K)] 72 . (A2.2)

Using the definition (A2.1), we calculate the logarithmic derivative,

dinZ dK (t1,t2; A
- —§</dt1 dty q(tl)WQ(t2)>>

dA

where the expectation value (e) refers to the Gaussian measure in expression (A2.1).
Then,

dnz _, dK_
= —5tr—— .

<q(t1)Q(t2)>:K_1(t1at2) = 27 A

Therefore, comparing with the derivative of expression (A2.2), one obtains

dmz  ,d L dK .
= —=x—Indet(K) = —str —K™".
P 2y mdet(K) = = tr 33
For an invertible, differentiable operator M(\),
4 M) = ML) S My (A2.3)
dA o dA ’ '

It follows that

d
5y [Indet(K) — trln(K)] =0.

Integrated, the equation implies, but only for any symmetric operator K, the identity

Indet K =trlnK. (A2.4)

The result can be generalized by replacing the path integral by field integrals, and also
integrating over complex fields to remove the restriction to symmetric operators.
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A2.2 The two-point function: An integral representation

The two-point correlation function plays a special role in QFT and statistical physics. It
has a useful representation that reveals some of its properties.

We assume that the quantum Hamiltonian H is Hermitian, bounded from below and,
to simplify the notation, has a discrete spectrum with a unique ground state.

The connected two-point function (equation (2.46)) can be written as

W (t) = (q(0)g(t)) = (0] ™1™ G 1™ |0) = ((0] 4 ]0))*.
Introducing the basis in which H is diagonal, we can expand it as

W) = Z 10 ¢ |n)|? e~ CEn==)lt | with eg <&y <eg---<ep--- , (A2.5)
n>0

where the state vectors |n) and the energies ¢, are, respectively, the eigenfunctions and
eigenvalues of H.

As a consequence of the Hermiticity of H, the eigenvalues are real and the exponentials
in the sum of the right-hand side have positive coefficients. The expansion (A2.5) leads to
the representation of the Fourier transform Z(® (w) of the connected two-point function,

WO (w) = /dtw2> it 22 O|q|“>|. (42.6)

n>0 - EO)

Two properties of W (w) follow: it is a meromorphic function of w? with poles only on
the real negative axis. Moreover, the pole residues are all positive; it follows that Z 2 (w)
cannot decrease faster than 1/w? for w? large. More precisely, the limit of the derivative
of W) (t), when t — 04, is given by

d
. a (2 _ AT A
Jim 27t = (0144, H][0).
Since the left-hand side is real, one can replace the operator in the right-hand side by its

Hermitian part:

Jim 5290 = 3 011 7] 10).

For a Hamiltonian quadratic in the momentum variable of the form H = ﬁf)Q + O(p),
the commutators can be evaluated explicitly, and one obtains

1 d 1
g la = —— 1 o (2) = ——
alg Hj =~ = [Jim 525 =—5 .

Combining this result with the representation (A2.5), one finds
1 S2
= ST Il o)
n>0

and, therefore, from (A2.6),
1

w—ro0 Mw?2

72 (w)
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The result is not surprising. The behaviour for w large is related to short-time evolution
and we have shown that the most singular part of the matrix elements of e ## is then
determined by the free part p?/2m of the Hamiltonian.

Finally, when the spectrum of H has a continuous part, the sum in (A2.6) is replaced
by an integral, the poles are replaced by a cut with a positive discontinuity, but the other
conclusions remain unchanged. The relativistic generalization of representation (A2.6)
is called the Kéllen-Lehmann representation [10].

Thermal correlation functions. The preceding calculation can easily be generalized to
the finite temperature, or finite length from the classical point of view:

ZAt) = Z271(B) tre” Bt H et g = z(8) = tre FH

One verifies that the result is the same:
1

d
lim —Z® () = ——.
A G ? 0= "5,

This implies, in particular,
2 1
t4+¢)—qlt > ~ le|l—,

((alt+2) = a®)) ~ lel=
confirming that the generic paths contributing to the path integral are Brownian paths.
A2.3 Time-ordered products of operators
We express all expressions in the real-time formalism and use the framework of simple
QM, because the generalization to QFT is just a matter of changing notation. We start
from expression (2.44), after continuation to real time, and want to directly recover a form

analogous to the operator form (2.43). We also immediately take the thermodynamic
limit. We define the n-point correlation function as

200 (b1, b, 1) = / [dg) q(tr) - qt) HA@/. (A2.7)

We then order times,
f<ty< <ty (A2.8)
and decompose the time interval into (n+ 1) subintervals (—oo, t1), (t1,t2), .. ., (tn, +00).

The total action is the sum of the corresponding contributions:

n+1 t;
Ag) = Z/t [3m@*(t) — V(q(t))] dt, with tg=—0co, t,41 =+oo. (A42.9)

We rewrite the path integral (A2.7) with the help of the identity

[Tatt = [ TTdadla(t) - a)as.

The path integral then factorizes into a product of path integrals corresponding to the
different subintervals.
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Returning to the very definition of the path integral (equations (2.18) and (2.19)), we
note that the numerator in expression (A2.7) is exactly (recalling the ordering (2.3))

(0] eitnfl g e=iltn—tn-D)H .. g=ilta—t)H g o=itH |)

Introducing the operator Q(t), the Heisenberg representation of the operator ¢,
Q(t) = e g e, (A2.10)

we can write

ZM (ty,ta, .. ) = (0] Q(tn) - - Q(t1) |0) . (A2.11)

The order of the operators on the right-hand side reflects the time ordering (A2.8).

We introduce a time-ordering operator T, which, to a set of time-dependent operators
A1(ty),...,4(t;), associates the time-ordered product (T-product) of these operators. For
example, for [ = 2,

T [Al(tl)AQ(tg)] = A (tl)Ag(tQ)e(tl — tg) =+ AQ(tQ)Al (tl)e(tQ — tl).

We can then rewrite expression (A2.11), irrespective now of the order between the times
1y ytn,
ZW (1 tg, ... ) = (0] T[Q(t1)Q(t2) - - - Q(£,)] |0) . (A2.12)

The n-point function (A2.7) can be expressed as the vacuum expectation value of the
time-ordered product of Heisenberg operators. These time-ordered products are the
analytic continuation of the imaginary time correlation functions. They generate Green’s
functions from which one can derive scattering amplitudes (see Section 6.3.2).

More generally, at a finite temperature 1/3, one finds the time-dependent correlation
functions of quantum statistical physics

Z0(ty,ta, . tn) = 271 (B) e {e P T[Q(1)Q(t2) -+~ Q(tn)] } - (A2.13)



3 Quantum mechanics (QM): Path integrals in phase space

In Chapter 2, we have defined a path integral representation of the matrix elements of
the quantum statistical operator e ## in the case of Hamiltonians H of the separable
form p?/2m +V (q). We will now extend the construction to Hamiltonians that are more
general functions of phase-space variables [11-13]. This results in integrals over paths in
phase space involving the action expressed in terms of the classical Hamiltonian H(p, q).
However, in the case of general Hamiltonians, the path integral is not completely defined,
and this reflects the problem that the classical Hamiltonian does not completely specify
the quantum Hamiltonian due to the problem of ordering quantum operators in products.

When the Hamiltonian is a quadratic function of the momentum variables, the integral
over momenta is Gaussian and can be performed. In the separable example, the path
integral of Chapter 2 is recovered. In the case of the charged particle in a magnetic field a
more general form is found. It is ambiguous, since a problem of operator ordering arises,
and the ambiguity must be fixed. Hamiltonians that are general quadratic functions
provide other important examples and, therefore, we analyse them thoroughly. Such
Hamiltonians appear in the quantization of the motion on Riemannian manifolds. We
find that the problem of ambiguities is even more severe. We illustrate the analysis by
the quantization of the free motion on the sphere Sy_;.

In the Appendix, we discuss various additional issues related to quantization problems,
including the path integral quantization of systems for which the action generating the
classical equation of motion cannot be globally defined. The problem arises when phase
space, as in the quantization of spin degrees of freedom, or ordinary space, as in the
example of the magnetic monopole, have non-trivial topological properties.

3.1 General Hamiltonians: Phase-space path integral

We first recall how the classical equations of motion, in the Hamiltonian formalism
and in real time, can be derived by a variational principle from an action function of
phase-space variables, position, and conjugate momentum, which we denote by ¢, p. We
then construct the corresponding path integral representation first in real time, then in
imaginary time.

3.1.1 Hamiltonian and Lagrangian

The classical action corresponding to a Hamiltonian H(p, ¢;t) reads (¢ = dg/dt)

Alp, ) = / “at [p()a(t) — H(p(t). a(t):1)] (3.1)

t1

with boundary conditions ¢(t1) = q1, ¢(t2) = ¢2. Indeed, varying the trajectory in phase
space,

SA(pq) . OH dA(p.a) . oM _
o M0 "0 Tmm A0 T 62

one recovers the classical equations of motion in the Hamiltonian formulation.

Quantum Field Theory and Critical Phenomena 5E. Fifth edition. Jean Zinn-Justin, Oxford University
Press (2021). © Jean Zinn-Justin. DOI: 10.1093/0s0/9780198834625.003.0003
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Legendre transformation. Hamiltonian and Lagrangian are related by a Legendre trans-
formation (see Section 1.8). The Legendre transformation is defined here by (¢ and ¢ are
considered as independent quantities)

H(p, q;t) + L(q,q;t) = p(t)q(t), (1)

One verifies that these equations imply
p(t) — % % + (‘LH =
94’ 9q  Oq
and equations (3.2) then are equivalent to the Euler-Lagrange equations derived from
the action (3.1) expressed in terms of the Lagrangian,

Alg) = / "t £(a(0), a(t);1).

t1

_on
o

0,

8.1.2 QM: Path integral for time evolution

In classical mechanics, the Lagrangian is more intuitive, because it is expressed in terms
of physical observables, unlike the Hamiltonian. However, QM is based on a Hamiltonian
formalism, the Hamiltonian governing unitary time evolution.
For a general quantum Hamiltonian H function of position ¢ and conjugate momentum
P operators, with canonical commutation relation [¢, p] = ik, one can use the method of
Section 2.1, based on evaluating the matrix elements of the evolution operator solution
of
. ou / ] / T
zha(t,t):H(t)U(t,t), Ui,t')y=1, (3.3)
for short time intervals. Rather, we postulate as an ansatz, a representation by a path
integral over trajectories in phase space of the form
a(t")=q"
(@"U" )" = / o [dp(t)dq(t)] exp [iA(p, q) /h], (3.4)
q(t’)=q’
where A(p, q) is the action (3.1), and H a smooth function, classical limit of the quan-
tum Hamiltonian H. Expression (3.4) is especially aesthetic, since it involves only the
invariant Liouville measure on phase space and the classical action. In particular, it
is formally invariant under canonical transformations: transformations in phase space
preserving the Poisson brackets,

(p,a) = (P(p,q), Q(p. ), with {p,¢} = {P,Q}.

Again, the extension to several degrees of freedom is simple: one substitutes in the path
integral representation (3.4), the corresponding classical action, and Liouville measure.

Verification. We evaluate the path integral for a short time interval 7 =t — ¢’ limit.
The action becomes

Alp,q) =p(d" — d') — TH(P, Gav.),

where ¢,,. is some average value between ¢’ and ¢”. In a time-discretized form, the
measure in phase space is normalized with respect to 2wh. Then,

(("|UW +7,t)|q) = /dpeip(‘Z”—Wh {1 U

gH(p, qav.)]

= |:]- - Z;—H(_'Lha/aqvqav)] 5((]// - ql) = <q/,| (1 - ZTH/h) |ql> 9

where H, in fact, can be any quantum operator that has the correct classical limit.
Therefore, the path integral (3.4) is, formally, the correct expression, but it is ambiguous.
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Remarks

(i) The preceding discussion illustrates the problem that, since the path integral in-
volves only the classical Hamiltonian, in the replacement of a quantum Hamiltonian by
its classical limit, the order in products of non-commuting operators is lost and thus, the
path integral, beyond its formal expression, is not defined.

A time-discretized form of the path integral involves a precise quantum Hamiltonian,
but then this information is lost in the continuum limit. Therefore, the path integral
must be supplemented with some additional information or limiting procedure.

(ii) The canonical invariance can be true only for a very restricted class of transforma-
tions. We will show elsewhere (Section A3.2) that in the case of a one-dimensional, one
degree of freedom Hamiltonian H, one can always find a canonical transformation that
maps H onto a free Hamiltonian:

. 1
pg — H — PQ — — P2,
2m

One could then naively conclude that semi-classical approximations are always exact. It
is easy to produce counter examples.

Phase space path integral for the statistical operator. The statistical operator is obtai-
ned by changing to imaginary time ¢ — —it in expression (3.4). One finds
1 " / ! q(t”):q”
("IU" 1) d) = / [dp(t)dq(t)] exp [-S(p,q) /D], (3.5)

q(t)=q’'

where S(p, q) is the Euclidean action in the Hamiltonian formalism,
t//
Str.a) = [ dt[-in()i(o) + (o), a(0):1)]. (36)
t/

3.1.8 Separable Hamiltonians: Equivalence

First, we verify that in the case of a simple Hamiltonian like
H =p?/2m + V(q),

where no commutation problem is involved, the real-time continuation of the path integral
(2.19) is recovered after integration over p(t) in expression (3.4).
The classical action is

) = [ a0 = 22 (0)/2m = V(a(0)]. (37)

In the path integral (3.4), the integral over the momentum variables p(t) is Gaussian.
Following the strategy explained in Section 2.6, we change variables, p(t) — r(t), with

p(t) = md(t) + (). (3.8)

The action becomes

Ata.r) = [ a (-21r2(t) b gmi(t) - V(q(t))).

"
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The path integral then factorizes into an integral over r(t),

NE ") = / [dr(£)] exp (-2 /t gg)dt),

that does not depend on the potential V(g), and yields only a normalization factor N/
function of ¢’ and ¢”, and an integral over ¢(¢). One finds,

q(t")=q"

WU ) ) = /

([ aalen (j4w)
with

Alg) = /t dt [2md(t) - V(a(8))] (3.9)

Therefore, we have verified explicitly the equivalence between the representations (3.4)
and (2.21).

3.2 The harmonic oscillator. Perturbative expansion

We first consider the quantum harmonic oscillator coupled linearly to external sources.
We then use the results to define a perturbative expansion for general Hamiltonians.

3.2.1 The quantum harmonic oscillator

As an example, we consider the Euclidean action

S(p.q) = /t dt [=ip(t)q(t) + H(p(t), a(t)) — a()p(t) — b(t)a(1)] , (3.10)

’

where H is the Hamiltonian of the harmonic oscillator (w > 0 constant),
H(p,q) = 5p* + 3w°¢°,

and a(t), b(t) are external sources. We calculate the trace of the statistical operator at
zero temperature, which corresponds to a path integral (3.5) with vanishing boundary
conditions at infinite time. As we have done in Section 3.1.3, we first integrate over p(t),
which amounts to substituting

p(t) = iq(t) + a(t),
and, after an integration by parts, obtain
St@) = [ dt [3@) + *a() - (o0 - ia(®)a(t) - Ja*(0)].
We then use the results (2.32) and (2.59) and find
tr U (400, —00) = tr Uy e~ S@b)/n

with (equation (2.58))

S(a,b) :—%/ﬂ dtdu(b(t)—m(t))%e*wlml(b(u)—ia(u)) —%/ﬂ dta®(t). (3.11)
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Differentiating twice e~5(*?) with respect to a(t) and b(t), and then setting a(t), b(t) = 0,
we obtain the Gaussian two-point functions,

(p(t)p(t)) = jwe =11,
(p(t)q(t')) = —Fisgn(t — ) e I=r1, (3.12)

(a(0)a(t)) = 5o 1=,

where sgn(t) is the sign function: sgn(t) = 1 for t > 0, sgn(—t) = — sgn(¢).
The free action limit. The w = 0 limit with boundaries at infinity does not exist (in
another context, this is called an infrared divergence). Finite time boundary conditions

are required. For simplicity, we choose conditions relevant for the partition function,
q(—5/2) = q(8/2) = 0 (see Section 2.8.1). Then,

Aty =—-Lt—t|+ i —tt'/B, (3.13)
and
pM)p(t') =1/8,
(p(t)q(t)) = —gisgu(t —t') —it' /B, (3.14)
(qt)q(t)) = 38— 5lt =t'| —t'/5.
For more generic boundary conditions, ¢(—3/2) = ¢, ¢(8/2) = ¢",

() =d +@t+8/2)(d" —d)/8, ) =("-4d)/8,

and the connected two-point correlation functions are still given by equations (3.14).

8.2.2 Phase space path integral: Perturbative definition

We decompose a general Hamiltonian into the sum (w > 0 constant)

H(p,q) = 1p* + 30%¢* + Hine. (9. @),

where Hiy, can be expanded as a series in p, q.

Perturbative expansion. We expand the path integral in powers of Hyy.. The first
term is given by the Gaussian expectation value (Hyy. ). Wick’s theorem implies that
general Gaussian expectation values can be expressed in terms of the various Gaussian
two-point functions.

If Hiyy. is separable, that is,

Hine. (p; q) = Hi(p) + Ha(q), (3.15)

only the pp and qq two-point functions taken at ¢ = ¢’ are involved, and expectation values
are defined. This corresponds to the case where no problem of ordering in products of
quantum operators arises. However, when Hi,;. contains products pg, the expectation
value involves sgn(0) (equations (3.12)), which is not defined. This reflects the problem
of operator ordering. From the path integration viewpoint, with the Gaussian measure
associated with the harmonic oscillator, the paths in phase space that contribute are
not regular enough. Finally, only the choice sgn(0) = 0 corresponds to a Hermitian
Hamiltonian.

At higher orders, Wick’s theorem again implies that all expectation values can be ex-
pressed in terms of Gaussian two-point functions. However, the singular terms correspond
to equal-time contributions, which are already present at leading order.
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3.3 Hamiltonians quadratic in momentum variables

We have outlined a few problems one faces when trying to define a general path integral
in phase space. To show that expression (3.6) has, nevertheless, at least some heuristic
value, we now discuss the example of more general Hamiltonians quadratic in momenta.

3.8.1 Quantization in a static magnetic field

The classical Hamiltonian of a particle (in R?) in a potential and a static magnetic field
has the form,

Hanas. = 5 [p + A (@) + V(@) (3.16)

where A is the vector potential and e the electric charge. The Hamiltonian is gauge
invariant (see Chapter 21), that is, invariant in the changes (V = (9/9q,...,9/0q4))

A(q) — A(q) + VA(q), p+ p—eVA(q), (3.17)

which do not affect the magnetic field.

The quantization of the Hamiltonian leads to a problem of order of quantum operators
in the product p - A(q) [14]. The order in the quantum Hamiltonian (X denotes the
quantum operator associated with the classical variable X),

H= o [0+ cA(@) b+ op- A@) +A%Q)] + V(@), (3.18)

is determined by the condition of Hermiticity. Indeed, a change in the order of operators
is equivalent to the addition of an imaginary potential proportional to

A(Q)-P-D-A(Q) =hV-AQ).

In the presence of a magnetic field, the phase of wave functions 1(q) can be changed at
each point of space independently (a gauge symmetry). The U(1) gauge transformation,

b(q) = (q) e NN (3.19)

can be cancelled by adding the gradient term (3.17) to the vector potential.
Path integral representation. The Euclidean action (3.6) becomes,

Sa) = [t [=ip(1) - alt) + Mo (p(0). (1)) (320)
In the path integral,
a(t")=q"
@) \d) —/(t,)_ ~ ldp(t)da(®)] exp [=S(p,a) /], (3.21)

the integral over momentum is still Gaussian. In the action, the terms linear in p can
be eliminated by the change of variables, p(t) — r(¢), with

p(t) = imq(t) — eA(q(t)) + r(t).
After integration over r(t), one obtains an integral over the path q(¢) with the action
o
S(a) = /t "t [me (1) + ieA a(n)) - a(t) + V(a(0)] (3.22)

in which one recognizes the Euclidean (or imaginary time) classical action integral of the
Lagrangian, corresponding to the Hamiltonian (3.16).
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Note that, in this example, the Euclidean action is not real, and thus does not define
a positive measure. Actually, the imaginary contribution ensures consistency of the path
integral with gauge invariance: the transformation (3.17) adds a total derivative to the
Lagrangian and the variation of the action, 4§ is

08 =ie[A(q") — Ad')].-

It follows that the matrix elements (q”|U(¢”,t')|q’) are multiplied by the phase factor
exp [—ie(A(q”) — A(q'))/h], consistently with the gauge transformation (3.19).

Hermiticity and the sgn(0) problem. From the analysis of Section 3.2.2, one expects
a problem related to operator ordering, because the Hamiltonian is not separable (the
analysis is inspired by section 5.2 of Ref. [6]).

To understand where the problem shows up, we expand the path integral corresponding
to the action

S(q) = / dt [262(1) + ieA(a(t) - a(t) + 2PP()], w>0,

in powers of the charge e. At first order, we find a contribution which, using Wick’s
theorem, can be written as ((e) is a notation for expectation value with weight =)

_%e /dt Zj: (di(t)g; (t)) <<{93;1; > '

From equations (2.58, 2.60), we derive
<qi(t1)Qj (t2)> = —%héij Sgl’l(tl — tg) e_w‘tl_b‘ .

Therefore, formally
e 3 s ) (Go) = siesmn(0) [ at(v- Afa(0).

As expected, the result involves sgn(0), because the Hamiltonian is not separable and,
thus, the path integral is not defined. This difficulty also reflects the property that, since
the Brownian paths are not differentiable, a potential involving ¢ is not defined and a
regularization is required (see Chapter 8). For example, one can add a term like 12(¢)?
in the action and take then the v = 0 limit.

Note that the assignment sgn(0) = 0 preserves invariance under time reversal. More-
over, equation (2.58) implies

< laltai() =0,

Therefore, only the choice sgn(0) = 0 is consistent with the commutation between time
derivative and averaging.

Another choice would be equivalent to the addition of a term —Ziesgn(0)hV - A(q)
to the action, proportional to the commutator [p, A(q)], showing the relation between
this ambiguity and the problem of ordering operators. Such a term could be cancelled
explicitly by modifying the action, resulting in a more complicate formalism.

Finally, the operator e ## is Hermitian when the Hamiltonian is Hermitian. From the
point of view of the path integral, the hermiticity condition implies formally the invari-
ance of the path integral under the simultaneous changes S — §* (complex conjugation)
and t — —t (transposition, and thus exchange of boundary conditions). By preserving
this symmetry throughout the calculation, and, therefore, setting sgn(0) = 0, one ensures
consistency with the (Hermitian) choice of quantization (3.18).

We meet this problem again in Sections 4.2, 4.6, and 37.6.1, and in Chapter 34, and
it is implicit in field theories with derivative couplings, like gauge theories.
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3.8.2 General quadratic Hamiltonians

A general Hamiltonian quadratic in p can be derived from a general Lagrangian quadratic
in the velocities. Because, in all examples we encounter, the quantization problem is ini-
tially formulated in terms of a classical Lagrangian, we consider the problem of quantizing
a real-time Lagrangian in n-dimensional space of the form

q,9q *qu gaﬁ -ﬂ, 1§a,ﬁ§n, (323)

where g.5(q) is a positive matrix. Interesting examples correspond to random motion
on Riemannian manifolds, as we shall briefly discuss in Section 34.9. The tensor g,s(q)
then is the metric tensor (for details see Chapter 28). Field theoretical generalizations
are studied in Chapters 19 and 29.

The corresponding classical Hamiltonian is obtained by a Legendre transformation.
The conjugate momenta are

Pa = (% q’ Zg(w

and, therefore, the Hamiltonian is
Q) =Y pad® = L(4:9) = 5 Y Pag™ (@)ps, (3.24)
a a8
where the traditional notation g# for the matrix inverse of g,s has been used:
Z gar (4 =4,
The Euclidean action reads

S(p, /dt[ZZpa da(t Zpa q(t))pp(t)|. (3.25)

Again the integration over p(t) is Gaussian and can be performed. Formally, one finds,

trU = / ) e=S(@
\/det gaﬁ 7
-1 dtzq s (a(8))d° (2). (3.26)

In S(gq) we recognize the Euclidean action mtegral of the classical Lagrangian (3.23) after
continuation to imaginary time. This is not surprising, since the integration over p, is
equivalent to a Legendre transformation.

However, in contrast with the preceding example, the Gaussian integration has gener-
ated a non-trivial ¢(t) dependent normalization factor,

N(gq) o S - (3.27)

det g (q(t)) ’

which, when g, is the metric tensor on a Riemannian manifold, formally reconstructs
the covariant measure on the manifold (see Section 28.3.1).

with
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However, a difficulty appears with the evaluation of the normalization N'(q). We
rewrite the p integral with the action (3.25) as

/ [dp(t)] exp [; / dtde’ ; Pa(t)Kap(t,t )ps (t’)] :

with
Kog(t,t) = 5(t —t)g*" (q(t)).
Using the general identity (A2.4), Indet K = trIn K, one finds formally

N(q) o e K — exp [é‘é(O)’/trlng [q(t)] dt] . (3.28)

Due to the factor §(0), the expression is not defined (§ being the Dirac J-function).
This difficulty is again related to the problem of ordering operators in products. If one
performs a small /i (semi-classical) expansion of the path integral, one finds a divergent
quantum correction (see Chapters 19, 29). This divergence is cancelled by the leading
contribution coming from (3.28), as the calculation of Section 3.3.3 shows. However, the
remaining finite part is not defined in the formal continuum time limit. It is possible
to use a time-discretized form, which reflects a choice of quantization, to calculate it.
Another direct way of understanding this difficulty is to notice that, since in expression
(3.27) the difference |¢ — ¢’| is generically of order /|t — t’|, a replacement of g(qay.) by
any other symmetric function of ¢ and ¢’, which has the same ¢ = ¢’ limit, changes this
quantity at order |¢ — ¢|, in general. The modification of N'(q) then generates a finite
quantum correction to the classical action, typical of a commutation of momentum and
position operators. Some more details about this problem can be found in Section A37.2.
From the point of view of a statistical model corresponding to the discretized path
integral, this means that the continuum limit is less universal than in the simpler flat
g = 1 case. It depends on a number of additional parameters related to the choice
of quantization. However, in many examples, quantization is constrained by symmetry
properties. The same symmetries then also determine the corresponding parameters.

3.3.8 Phase-space formalism: The §(0) problem
If one expands around flat space, setting

gaﬁ _ 6045 + hozﬁ7

adds to the action (3.25) either a harmonic oscillator term or finite time boundaries, it
is possible to expand the path integral in powers of h. The propagators are given by
equations (3.12) or (3.14) multiplied by 6*?. Using Wick’s theorem, one finds that the
first-order correction has the form

5 [ a3 palOn® (aO)patt)) = 5 [ e (P(0) (h(av))
a,f3 n

1
— 552 (VaVsh™(a(t))).
a,B

We note that no 6(0) contribution is generated, but only the unavoidable less singular
sgn(0), resulting from the ambiguity in operator ordering appears in the perturbative
expansion. The divergence thus results from the momentum integration. This exercise

exhibits a situation in which the order of integrations in path integrals matters.
Finally, the first order is the most singular, because it contains the equal-time contri-

butions. When the ambiguity is fixed, the full perturbative expansion is defined.
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3.4 The spectrum of the O(2)-symmetric rigid rotator

To illustrate the discussion of Hamiltonians quadratic in momentum variables, we calcu-
late the spectrum of the O(N) rigid rotator, using the path integral representation (this
model is also the one-dimensional O(NN) non-linear o-model, see Chapter 19). We first
examine the N = 2 case, which is simpler and can be treated exactly. The O(2) rotator
actually provides an example of the peculiarities of the path integral when position space
has non-trivial topological properties.

In the case of a general parametrization of the circle, the Hamiltonian is a quadratic
function of momenta with a position-dependent coefficient, which leads to quantization
problems. However, if the circle is parametrized by an angle 0, the Hamiltonian of the
O(2) rotator becomes simply

1 02
H= EETEveE (3.29)
(00)
and would be a free Hamiltonian if # were not an angular variable. As a consequence,
the spectrum, instead of being continuous, is discrete. The eigenvalues are

B =12, (3.30)

where [ is an integer, the angular momentum.
The path integral representation of the matrix elements of the statistical operator
e PH is analogous to the path integral (§ = df/dt) of the free motion:

0(8)=0"

B
(0" e=PH |9y :/ [d6(t)] exp {—1/ (9(t))2dt} (3.31)
0(0)=6" 2 Jo
However, the cyclic character of the variable also modifies the evaluation of the path
integral. The matrix elements (9”|e=#H |¢') are invariant under a translation of ¢’ and
6", and periodic in both angles. Therefore, the operator e #H can be diagonalized in the
basis of eigenfunctions ¢ = e*?:

1 271- : ’ "
7)2/ do’'de” 0" =9") (9" e=PH |0y | with [ integer .
0

e~ BHI _
(2m

We now introduce the topological charge

I
Q= %/O at q(t).

The charge is topological, because it depends only on the end points of a trajectory.
It characterizes the different classes of mappings of the circle onto itself. Indeed, if a
trajectory goes from 6’ to #” by winding ¢ times around the circle, then

0" _ ¢
or

Q=q+

where the integer ¢ is called the winding number.
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We then consider the path integral

o—BH! _ /9 ::_)j exp{— /0 Car [3(6()* +td(v)| } (3.32)

where the trajectories go from 6 to #” while winding an arbitrary number of times
around the circle. Since [ is an integer, in the path integral the additional contribution
is independent of the winding number.

Evaluation of the path integral. We first solve the classical equation of motion. We
now find the family of trajectories which go from 6’ to 6",

0.(t)=0"+t(0" -0 +2mq) /B, withqeZ. (3.33)

Trajectories corresponding to different winding numbers are topologically distinct, that
is, they cannot be related by continuous deformation. Hence, they have all to be taken
into account, because Brownian paths are continuous and, thus, fluctuations around one
trajectory do not include any other one.

We then shift 0(t), setting 6(t) = 0.(t) +u(t). The path integral (3.31) becomes a sum
of contributions of the form,

e P — Z N3 AL (9” 0+ 2mq)° +il(0' — ") (3.34)
= exp | —=— s il — . .
em? " 25 !
The normalization N (ﬁ) is given by a path integral which is independent of #’, " and
g. Since the integration over u(t) sums fluctuations around the classical trajectory, it is
expected that the angular character of w(t) is irrelevant and, therefore,

N(B) = /27/8

q=—00

We set
0" =0 —2rq+ .

Then,
1 +o00 27 (q+1)

—ily 2
\/ Z 2mq dSD eXP( zﬂ )

The sum yields the Gaussian 1ntegral

exp [-BH] =

exp (—BH,) = dp exp [— (z’l<p + @2/25)] — o B%/2

)

which is the exact spectrum (3.30).

It has been possible to perform an exact calculation because the O(2) group is Abelian,
and the group manifold flat. The discussion of the general O(N) group is more involved,
as we now show, because the group manifold has a curvature.

3.5 The spectrum of the O(N)-symmetric rigid rotator

The Hamiltonian of the O(N) rigid rotator can be written as

H=11? (3.35)
where the vector L, the angular momentum, represents the set of generators of the Lie
algebra of the O(NN) group. If the sphere is parametrized in terms of coordinates ¢¢, the

Hamiltonian takes the form N
H=3Y g”(apm;, (3.36)

where g%/ (q) is the inverse of the metric tensor on the sphere (see also Section 34.9).
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For example, if the sphere is parametrized locally by a vector r in RN of unit length
and components (q, (1 — g2)'/2), the inverse metric tensor reads

97 (a) =387 —¢'¢’. (3.37)

According to the discussion of Section 3.3.2, the corresponding path integral representa-
tion of e A ig then

e ) = [ [Vata@haao] e |4 [ "4t g (a0 CJcEs

in which g¢(q) is the determinant of the matrix g;;. The contribution to the measure
coming from the Gaussian integration over the momenta p; has formally generated the
invariant measure on the sphere. The path integral (3.38) can also be expressed in terms
of a vector r of unit length as

r(B)=r"

B
e PH ¢y = r —r? exp |—1 P2t . .
@ty = [ faxos (1 - ) p[ [ <t>] (3.39

Because, for N > 2, the sphere has curvature, it cannot be mapped onto a flat space
and, thus, the Hamiltonian can no longer be mapped onto a free Hamiltonian. On the
other hand, all loops on the sphere are contractible and there are no longer different
topological classes.

High temperature expansion. We call 6 the angle between r’ and r”:
cosh=r-r" 0<6<m.

We introduce a matrix R(¢), which acts on r(t) and rotates r’ onto r’’ in the plane (r', r”")
in a time 3. Its restriction to the two-dimensional (r/,r”’) plane has the form

cos(0t/B)  sin(0t/B)
—sin(0t/3) cos(0t/B) |-

It is the identity in the subspace orthogonal to the (r’,r”) plane.
We then change variables, r(t) — p(t), setting

r(t) = R()p(t).

We call u and v the two components of p in the (r',r”) plane, u being the component
along r’ and pr the component in the orthogonal subspace. With this notation, we find

p(B)=r'
(x"|e P |r') = / [dp(t)d (1= p*(1))] exp [=S(p)], (3.40)
p(0)=r’
with
B 2
Stp) = [ a [p?T(t) )+ 50 + 55 (a3(0) + 07(0)
+ 2% (o(t)u(t) — u(t)v(t))} , (3.41)

and the constraint
u? +v? +ph=1. (3.42)
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In contrast with the Abelian example, where an exact calculation is possible, we can here
perform only a small 8 (large temperature) expansion, corresponding to the Wentzel—
Kramers—Brillouin (WKB) or semi-classical limit, and valid for large quantum numbers.
We take into account only fluctuations around the classical solution v = 1, pr = 0,
v = 0, neglecting exponentially small contributions in 37 !.

We eliminate the variable u from the action (3.41) by solving the constraint (3.42):

u=(1-v° —p%)1/2

9

and expand the action in powers of pr and v. The leading order is
S(p) =0%/28,

a result that shows that the calculation is valid for § = O(y/3). The next order is given
by the Gaussian integration and requires the quadratic terms in pr and v,

17 -2 2 /92y .2 -2
3| At - @800 + )]
The integral over v(t) is independent of 6 and can be absorbed into the normalization.
The integrals over the components of pr factorize and give identical results: the integral
over pr is the integral over one component to the power (N — 2). Since each component
satisfies the conditions

pi(0) = pi(B) =0,
we expand the functions p;(t) on the appropriate orthonormal basis:
2 .
pilt) =[5 2 prasin(nrt/5).
n>0

The Gaussian integral over the variables p;, then yields

—(N=2)/2

02
" e=BH W\ o | —0%/28 1—
e ) K (B)e Ui( Mﬁ>]

The normalization constant K(f) = (278)~(¥~Y/2 is independent of #. The infinite

product can be calculated:
H 1 62 _sinf
n2r2) 6’

n>0

and, therefore,

g \WN-2/2
<I‘H‘ e—,BH |I‘l> ~ K(ﬁ) (Sing) e—@ /20 ) (3.43)

To extract the eigenvalues of H, we project the expression onto the orthogonal polyno-
mials P}¥ (cos @) associated with the O(N) group, which satisfy

/ do (sin )N 2PN (cos 0) P)¥ (cos 0) = &y , (3.44)
0

and which are proportional to the Gegenbauer polynomials C’;Nﬁ)/ 2,



3.5 QM: Path integrals in phase space 59
For 8 small, we need only the small § expansion of these polynomials:

I(1+N-2)

R (eost) = (1) (1

92-+<)(94)>.
If we assume that, to each value of [, corresponds only one eigenvalue E; of H, then the
following expansion holds,

e PE K(ﬁ)/ df PN (cos ) (6 sin 9)(N_2)/2 e=0/(28)
0
=e PP (1-3(1+ N-2)B+0(8%)), (3.45)

and, therefore,
Ey=FEo+ 31+ N —2)+0(B). (3.46)

Since E; is independent of 8, we can infer from this calculation the exact result, up to
an additive constant Fj.

Ambiguities and symmetry. Concerning this calculation, a comment is in order: we
have explained in Section 3.3 that the path integrals (3.38, 3.39) are not defined, be-
cause the measure gives formally divergent contributions. We have stated that these
divergences are cancelled by divergences in perturbation theory. As a consequence, the
resulting expressions are ambiguous, and these ambiguities reflect the problem of opera-
tor ordering in the quantization of a classical Hamiltonian. Still, we have obtained here
some non-trivial results. The reason is that at every stage of the calculation explicit
O(N) invariance has been maintained. This chooses implicitly among all possible defini-
tions of the path integral a subclass that corresponds to an O(N)-symmetric quantized
Hamiltonian.

We see later, when discussing the non-linear o-model (Chapter 19), that such a Hamil-
tonian is fully determined up to an additive constant. The ambiguities of the quantization
here are entirely contained in FEy.



A3 Quantization. Topological actions: Quantum spins,
magnetic monopoles

Convention. In the Appendix, in order to recover the usual expressions of classical
mechanics, we work in real time.

A3.1 Symplectic form and quantization: General remarks

In the Hamiltonian formulation of classical mechanics, the action has the form (3.6),

) = [t [pe)i(e) = Ho(0).a(0).1)] (43.1)

The term [ pgdt also represents the area in phase space between the classical trajectory
C and the axis p = 0. In the notation of exterior calculus, it can be written as

/ p(t)i(t)dt = / dp Adg. (43.2)
oD D

in which 9D, the boundary of the domain D, contains the classical trajectory C' and
a fixed reference curve. If we now parametrize phase space differently, introducing new
coordinates u,, the right-hand side of the equation becomes

/dpAdq:/ Zwag(u)duaAdUg.
D Dy

In the terminology of forms w = 3_ | 5 wap dua Adug is a 2-form (see Section 1.5), which,
by construction, is obtained by differentiating a 1-form; here,

w=duw’, (A3.3)

W' = p(u) Z j—qdua = Zwadua , (A3.4)

and is called the symplectic form.
Since the square of the operator d acting on differential forms vanishes, the form w is
closed, that is, it satisfies
dw=0. (A3.5)

Ezxample. In Section 4.1, we discuss the holomorphic formalism. We introduce a
complex parametrization of phase space (equation (4.39)) of the form

p—iqg=—iV2z, p+ig=1iV2z.

In terms of z, z, the symplectic form becomes

1
dpAdqg=-dzAdz.
i
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Preceding considerations immediately generalize to several degrees of freedom. Let u,,
be 2n variables parametrizing a phase space for n degrees of freedom. The action A in
the Hamiltonian formulation can be written as

u):/Du)f/BDdtH(u(t),t)7 (A3.6)

where w, a symplectic form, is a closed 2-form,

u) = Zwagdua Adug, withdw =0.
a,B

The condition dw = 0 is sufficient to ensure that the classical equations of motion depend
only on the boundary 0D of the domain D, but not on the interior, as was obvious for
the initial action (A3.1). The equations of motion then take the form

S wap(w)itg (£) = aff@). (43.7)
5 (o]

Locally, equation (A3.5) can be integrated in the same way as dp A dg can be integrated
into pdq. However, if phase space has non-trivial topological properties, it cannot always
be integrated globally, that is, the symplectic form is not eract. This property has
peculiar consequences in QM, since the path integral involves the action explicitly in the
form €™/ For the path integral to make sense, this phase factor must be independent
of the choice of the action A.

This problem shows up in the example of the quantization of spin degrees of freedom
discussed in Section A3.3.1.

Canonical invariance of the symplectic form. We consider the symplectic form
Q= Z dp; ANdg; .
i

We introduce a smooth function 3(Q, ¢) and the transformation (p,q) — (P, Q) defined
by,
pi =0%/0q;, P;=-0%/0Q;. (A3.8)

First, we implement the transformation p — Q. The symplectic form becomes
= Z 8622 dQ; Adg; .

Then, we implement the transformation q — P:
dp, — Z 8822

and, therefore,

Q=Y dP; AdQ;.
J
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A3.2 Classical equations of motion and quantization

We consider a general Hamiltonian H(p, q,t) corresponding to the classical action,

T
A(p,q) = [ dt[p(t)-q(t) — H(p(t),q(t):t)], (43.9)

T

with ¢;(T") = 2} and ¢;(T) = =;.

We specialize to Hamiltonian systems (called integrable) for which the classical equa-
tions of motion can be solved with arbitrary boundary conditions. In particular, this
implies that one can calculate explicitly the action for a classical trajectory as a func-
tion of initial time 7" and position x’, and final time T and position x.

The action A, corresponding to a trajectory {p.(t),q.(t)} in phase space, the solution
of the classical of motions is a function of the initial and final positions, and time:

Ae (X/a X3 T) = A(Pc, qc). (A310)

The analytic continuation of all expressions to imaginary time is simple.
It is well-known, and verified again in the next section (see equation (A3.19)), that the
classical action A. satisfies the Hamilton—Jacobi equations.

A8.2.1 Preliminary remarks

We first recall a few classical results. WE denote by S(Q, q;t) a function satisfying the

Hamilton—-Jacobi equations:
oS oS
— =-H|—,q; A3.11

ot <8q & t) ’ (43.11)

with S(Q, Q;T") = 0, and with additional implicit boundary conditions at ¢t = T”, which
will be explained. We use S to generate a time-dependent canonical transformation in
phase space, transforming the set (p,q) into (P, Q):

p; = 0S/0q;, P,=-05/0Q;. (A3.12)
The implicit boundary conditions follow from the conditions
t=T =P, =p; and Q;=gq;. (A3.13)
We use the relation (A3.11) and apply the first transformation (A3.12) to the action
(A3.9). We obtain
A(p,q) = /TT (Z 275.%( ) + a;) dt. (A3.14)

The quantities q and Q are time dependent. Expression (A3.14) can be rewritten as

T
Ap.a) = [ 55 (att). Qe)st)ae - /T | Z 5o (43.15)

T

Finally, using the second equation (A3.12), one obtains

T

A(p,a) =S(x,Q(T);T)+/ Pi(t)Q;(t)dt . (A3.16)

’
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The equations of motion are now trivial,

Qi =0= Qi(t) = Qi(T"). (43.17)
The conditions (A3.13) determine the solution
Qi(t) =1 . (A3.18)
Therefore, we have shown that
A(x',x;T) = S(x,x';T), (A3.19)

and found a canonical transformation which maps the initial Hamiltonian system onto a
trivial one with a vanishing Hamiltonian. By performing an additional inverse transfor-
mation based on a standard Hamiltonian, like a free Hamiltonian of the form

H=1> p?, (A3.20)

or a harmonic oscillator,
H=1> (pi+4d}), (A3.21)

we can map the original Hamiltonian system onto any convenient Hamiltonian.

A8.2.2 Liouville measure

The transformation (A3.12) leaves the Liouville measure in phase-space invariant. To
prove it, we perform the transformation in two steps (a proof quite similar to the proof
of canonical invariance given in Section A3.1). First, we go from p; to Q;:

H (dpidg;) = H (dg;dQ;) det (%) : (A3.22)

(2 K2

We then eliminate ¢; in favour of P;:

) (=1 2 (=1)
04; _ (”) __ ( o5 ) . (43.23)
OP; dq 0q0Q

i i

Therefore, the second Jacobian cancels the first one (the argument also shows the invari-
ance of the symplectic form ), dp; A dg; (see also Section A3.1).

The analysis suggests that we can perform two transformations (A3.12) on the path
integral representation of the evolution operator, to reduce it to a path integral corre-
sponding to a standard system for which the evolution operator is exactly known:

& |U(T", T)|x) = / H [dgi()dpi(t)] exp [iA(p, )], (43.24)

with ¢;(T") =z}, ¢(T)=x;.

In this way, it would seem that we are able to calculate exactly the evolution operator
of any system for which we know how to solve the classical equations of motion with
arbitrary boundary conditions. In particular, this would apply to systems with one
degree of freedom, with a Hamiltonian H of the form

H=7p?/2m+V(q). (A3.25)
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Unfortunately, it is easy to verify that the result is wrong at least in one-dimensional
QM. Actually, the whole procedure is somewhat ill-defined. Indeed, changes of variables
on the path integral on phase space are even more ambiguous than transformations on
ordinary path integrals in configuration space. We have given some indications of this
problem in Section 3.1. Let us just mention that if we discretize time, we discover
that the transformation is not really canonical, because to a variable g(tx) corresponds
a momentum variable p(tx + At) of a slightly displaced time. This effect, invisible in
the naive continuum limit, completely changes the result. It is thus necessary to work
with the discretized form of the phase-space path integral, but this is cumbersome. On
the other hand, the situation seems to be more favourable in quantum field theory.
The problem we have described above comes mainly from commutation of quantum
operators. We emphasize in Chapter 7 that the commutators are infinite in field theory
and disappear in the renormalization. Therefore, one may expect, as this has been verified
on a few examples with enough symmetries, that the semi-classical approximations of
classically integrable field theories reproduce features of the exact solution.

A3.3 Topological actions

We now indicate how non-trivial topological properties of phase space, irrelevant from
the point of view of classical mechanics, affect quantization.

In Section 3.4, we have evaluated the path integral in an example where space has
non-trivial topological properties. We now discuss two other examples where topology
plays an essential role, in the sense that the action which generates the classical equations
of motion cannot be globally defined. We first quantize angular momentum operators
in the path integral formalism, in a fixed representation. One of the peculiarities of
this system is that phase space itself has non-trivial topological properties. The second
example is provided by the magnetic monopole which gives a non-trivial topological
structure to ordinary space. In both examples, one calls the action topological. Because
a topological action cannot be globally defined, its amplitude is quantized, a property
specific to QM. Indeed, in classical mechanics, a multiplication of the action by a constant
does not affect the equations of motion.

A83.3.1 Spin dynamics and quantization

Classical spin dynamics. We consider a vector S in three dimensions of fixed length s:
S? = s2. We give S the simple dynamics,

ds

— =HxS A3.26

= , (43.26)
in which H is a constant vector. This equation is first order in time and involves two
independent variables corresponding to a point on the sphere. These variables can be
considered as a position and its conjugate momentum. Therefore, phase space is isomor-
phic to the sphere S;. The Hamiltonian is simply

H(S)=H-S. (A3.27)
More precisely, it is simple to verify that if one parametrizes S as

S = s(sinf cos ¢, sin Osin @, cos §),

then equation (A3.26) is generated by the action

A6, ) = / [s(£) cos () — H(p(t), 0())] dt (A3.28)



A3.3 QM: Path integrals in phase space 61

We note in the expression that cosé and ¢ play the role of conjugate variables. How-
ever, two remarks are in order: first we have integrated the symplectic 2-form but, for
this purpose, we have been forced to introduce a parametrization of the sphere that is
singular at § = 0 and 7. When the trajectory contains the north or the south pole of
the sphere, the integral is not defined. The 2-form cannot be integrated globally into a
1-form because the integral [ dydcos@, which is the area on the sphere, is defined only
mod (4).

In classical mechanics, these properties play no direct role, since only equations of
motion are physical.

Note that the symplectic form has other useful representations (e;;5 is the completely
antisymmetric tensor, with €193 = 1),

deosO Ade = 3575 " €5 8;dS; AdSy =20y dz; Adz,
4,3,k i

where z; is a two-component complex vector of length 1, corresponding to the isomor-
phism between Sy and the symmetric space CP; (see Section 39.5):

S = szzimjzj, with ZEZ‘ZZ‘ = 1,
%

i

where o is the set of Pauli matrices. In a special gauge, the vector z can also be written
as ,
21 = /2 cos(0/2),

z = e ¥/ 25in(0/2).

A3.3.2 Quantization of spin degrees of freedom

We consider the path integral representation of the corresponding evolution operator in
QM. The action itself now appears explicitly and the problem discussed in the preceding
section becomes relevant. The path integral exists only if the integrand e*A/” is defined.
Since the total area is defined only mod (47), the integrand must be invariant under
such a change. This implies that 47s must be a multiple of 27h: the parameter s/ is
quantized and can take only half-integer values. This is a generic property in QM: the
amplitude of topological contributions to the action, that is, contributions that are not
globally defined, is quantized. The magnetic monopole of Section A3.3.3, or the Chern—
Simons term in three-dimensional non-Abelian gauge theories, provide other examples of
such a situation.
In the parametrization (A3.28), the action can be written as (we now set h = 1)

A0, p) = / [@(t) (v + cosO(t)) — H(e(t),0(t))] dt, (A3.29)

an expression that differs from expression (A3.28) only by a total derivative: by choosing
v =1/2,0 for s half-integer, integer, respectively, one renders e’ regular near § = 0, 7.

To relate this action to the usual operator formulation of the angular momentum
relations, we first note that, classically,

Se = e*ie (57 = 52)2
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After quantization, S, becomes p,, the conjugate momentum of the angular variables ¢:

1d

It can be verified that the quantum operators S can be written as
Sy — eFiv/? (52 _ pi)l/Z otie/2
Then, using
jG+1)=8*=82+5,5.6.=5"—1/4,
we find the relation between the angular momentum j and the parameter s,
s=j+1/2. (A3.30)

In particular, since s is quantized, we recover a property of QM: quantization of spin.
If we denote by m the eigenvalues of S,, we observe that, in the p-configuration space,
the corresponding eigenvectors have the form e"¥  and the projector K on the basis is

K" ¢'") = i (o) — 2 [b(il?(;// 3)4(;/0//) ;23#/)]‘ (43.31)

m=—j

We can compare this expression with the short-time path integral representation, which

leads to s
K [ et

2(-1)"
(& — " + 2nm)

ocsinfs (9" — "))
n
The sum over n must be regularized, but the factor sins(¢’ — ¢”) is consistent with
equation (A3.31) and the identification (A3.30).
A final word of caution: although the path integral quantization of spin variables is
quite useful to study the classical limit (which is also the limit s — o), the problem of
operator ordering in products leads to the usual ambiguities in explicit calculations.

A83.3.3 The magnetic monopole

Electromagnetism provides another example of the situation encountered in Section
A3.3.1. In a magnetic system, the only physical quantity which appears in the clas-
sical equations of motion is the magnetic field. The contribution of the magnetic term
to the action can be generally written as the integral of a 2-form (involving the magnetic
field), since this form is closed:

Amag‘ = S/ZFM(.’L‘) dLUZ A d.%'j ) with F”(.%') = ZeijkBk((E).
0, k

Because the 2-form F' is closed, one can integrate it locally by introducing a vector
potential, which is a 1-form (see equation (3.22)):

Fij(x) = 0:4;(x) = 0Ai(2), = Amng = e / A(x) - dx.
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However, if the 2-form F is not exact, the vector potential cannot be globally de-
fined. This is precisely what happens when a magnetic field is generated by a magnetic
monopole.

The formal duality symmetry between magnetic and electric fields in Maxwell’s equa-
tions has led Dirac to speculate about the existence of yet undiscovered isolated magnetic
charges, magnetic equivalents of electric charges. An isolated magnetic charge g creates

a magnetic field B of the form
X

B=g R
The field B is also a singular solution to the free static Maxwell’s equations. It has an
infinite energy and hence, in this form, it is irrelevant to physics. However, in non-Abelian
gauge theories with spontaneous symmetry breaking, finite energy solutions (solitons) can
be found, which coincide at large distance with Dirac’s magnetic monopoles.

The integral of the magnetic field over a closed surface containing the magnetic charge
is 47g, as one immediately verifies by using polar coordinates {r, 8, ¢} with the monopole
at the origin:

/ZFij(x)dxiAd$j :g/:—3 x r2dcos § dy = 4mg .
2%

If the vector potential could be globally defined, the integral would obviously vanish.
More directly, if one tries to calculate the corresponding vector potential, one finds, in a

family of gauges,
n-x

Aix) =g ]2]; R T (%))

where n is a constant unit vector. We observe that the potential is singular along the
line of direction n passing through the origin. This line of singularities is not physical
and can be displaced, but not removed.

Again, this property has no classical consequences. However, in QM, since the classical
action can be defined only (mod 4meg), the weight factor e** is only defined if

dmeg =0 (mod 2w) = 2eg = integer,
in which we recognize Dirac’s quantization condition.

Note that when this condition is fulfilled, parallel transport (see Section 21.7) is globally
defined in R3.



4 Quantum statistical physics: Functional integration
formalism

In this chapter, we introduce the representation by functional integrals of the density
matrix at thermal equilibrium in non-relativistic quantum mecanics (QM), with many
degrees of freedom, in the grand canonical formulation.

A class of quantum Hamiltonians can be expressed in terms of creation and annihila-
tion operators, instead of the more usual position and momentum operators, a method
adapted to the study of perturbed harmonic oscillators. In the holomorphic formalism,
these operators act by multiplication and differentiation on a Hilbert space of analytic
functions. Alternatively, they can also be represented by kernels, functions of complex
variables z, Z that, in the classical limit correspond to a complex parametrization of phase
space. The formalism is adapted to the description of many-body boson systems.

A path integral representation of the density matrix at thermal equilibrium, where
paths belong to complex spaces, instead of the more usual position—-momentum phase
space, corresponds to this formalism.

A parallel formalism can then be set-up to describe systems with many fermion degrees
of freedom, with Grassmann variables replacing complex variables.

Both formalisms can be generalized to quantum gases of Bose and Fermi particles
in the grand canonical formulation. Field integral representations of the corresponding
quantum partition functions are then derived.

4.1 One-dimensional QM: Holomorphic representation

We briefly recall the main ideas and properties of the holomorphic representation. To
motivate the construction, we consider the quantum harmonic oscillator

Hy = 3p* + 3w?¢®, w>0, (4.1)

where ¢, p are the position and momentum operators, respectively, with the commutation
relation [, p] = ih. We introduce the annihilation and creation operators a,a’ defined
by

p—iwj=—iV2hwa, p+ivg=ivV2hwa’ = [a,al]=1. (4.2)

In terms of a, a’, the Hamiltonian takes the standard form Aw(a'a+1/2). In what follows,
we omit the constant energy shift hiw/2 and consider

Hy = hwa'a. (4.3)

We then introduce a complex variable z and represent a' and a by the operators z and
0/0z, acting by multiplication and differentiation on a complex vector space of analytic
functions of the form

HOEDY %fnzn, (4.4)
n=0

which have the same commutation relations

a2z, a—9/0z, [0/0z,2=1. (4.5)

Quantum Field Theory and Critical Phenomena 5E. Fifth edition. Jean Zinn-Justin, Oxford University
Press (2021). © Jean Zinn-Justin. DOI: 10.1093/0s0/9780198834625.003.0004
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The Hamiltonian Hy is then represented by

0]

In this representation, the eigenfunctions of Hy are the monomials 2", since

0
hwz— 2" = nhw 2".
0z
The action of the operator Uy(t) = e~ Hot/" (again we first keep the % normalization of
real-time evolution) on analytic functions is

Uo(t)f(z) = e oM f(z) = f(e™ 2). (4.7)

4.1.1 Hilbert space of analytic functions

The vector space of analytic functions can be endowed with a structure of Hilbert space
[15]: the scalar product of two functions g and f is defined by

<%fv=1/d2dze*Zgu>fu» (48)

2w

where this type of complex integrals has been defined and discussed in Section 1.4.
With this scalar product, the operators z and 9/0z are Hermitian conjugate and the
eigenfunctions of the harmonic oscillator form an orthogonal basis:

dzde .
/ ;ﬂz e 2™ = nl Sy (4.9)

a result that follows, for instance, from Wick’s theorem (1.30). In particular, the norm
of a function of the form (4.4) is finite if

1
(F,5) =2 —lfal* < o0

Therefore, square integrable functions belong to a subset of entire analytic functions.
Using the orthogonality relations (4.9), one defines an analogue of Dirac’s §-function:

£(0) = / d2dz —z 5y, (4.10)

um

4.1.2 Operator kernels

Since the functions z™/v/n! form an orthonormal basis, the identity operator can be
represented by the kernel

ezg _ Z 2” ZTL
n=0 \/m \/m -

This property is expressed by the identity

/df’dz/ eZIZ e,Z’g’ f(z/) _ f(Z), (411)

2m

which is a direct consequence of the identity (4.10).



66 Quantum statistical physics 4.1

More generally, any operator function of a and a' can first be written in ‘normal’ order
by commuting all creation operators on the left of all annihilation operators. It becomes
a linear combination of operators of the form

at™a™ s 2™ (0/02)",

in the representation (4.5). To a normal-ordered operator O(z,d/0z), we then associate
a kernel O(z, z), for which we also use the notation of matrix elements (z| O|z) (the
bra—ket notation of QM) obtained by acting on the identity,

O(z,2) = (2| O|z) = O(2,0/0z) e** = O(z,2) e**. (4.12)
Acting with O(z,0/0z) on both sides of equation (4.11), one infers

©oneE - [ A2 7)™ f(2).

2

The kernel associated with the product of the two operators is then given by

dz'dz’ r ot
/ ;': (21 O2|2') 777 (] O1|2) = (2] 0201 |7). (4.13)

From the form (4.8) of the scalar product, one also infers the expression of the trace of
an operator,

trO = / zdz 200, ), (4.14)
2
a form consistent with the cyclic property of the trace, as one can verify by taking the
trace of equation (4.13).
With the definition (4.12), the matrix elements of the Hamiltonian (4.6) and the op-
erator Uy(t) are, respectively,

(2| Ho|2) = hwzze®®, (2| Up(t) |7) = 2 ~". (4.15)

The partition function Zy(3) corresponding to Hy is the trace of Uy(hS). Using equations
(4.14) and (4.15), one finds the expected result,
dzdz .. s e—whB 1

2% g7 S 416
2ir ¢ C 1— o hwp (4.16)

Z0(8) =t Uo(hs) = [

Some properties of kernels.
(i) From the property that z and 9/0z are Hermitian conjugate, follows that Hermitian
conjugation of operators is represented by the formal complex conjugation of kernels:

O—0" & 02 0(z3).

Clearly, with this definition Hy and Uy(t) are Hermitian.

(ii) To an operator O that has the matrix elements O,,, in the harmonic oscillator
basis, is associated the kernel Opmn (2™ /V/m)) (2" /V/n)).

(iii) A somewhat similar representation, in the case of phase-space variables, is the
mixed position—momentum representation (g| O |p), which is obtained by a Fourier trans-
formation on one argument,

MOW=/®%W”MOW%
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4.2 Holomorphic path integral

We now derive a path integral representation of the matrix elements of the solution of
equation (2.4)

haa—[t](t t'y=—-H@®U(tt"), U, t')=1, (4.17)

based on the holomorphic formalism, first in the example of the harmonic oscillator, and
then for more general Hamiltonians [16, 17, 2] (see also the contribution of Faddeev in
Ref. [12]). We expect the path integral to be related to the form (3.21) by a simple change
of variables of the form (4.2) (quantum operators being replaced by classical variables),
but the boundary conditions and boundary terms require a specific analysis.

4.2.1 The harmonic oscillator

We first expand the exact expression (4.15), for small Euclidean time ¢, as
(2| Up(e) |2) = exp(22(1 — we) + O(?)). (4.18)
To calculate Uy for a finite time interval ¢/ — ¢/, we then write it as

Uo(t" —t') = Jim Uy (e=(@"—t")/n) (4.19)

and express the products in terms of kernels using the rule (4.13),

(" Up(t",¢')|Z) = lim / H F dada, exp [~S.(2,2)], (4.20)

n— oo A%

with

n—1 n—1
S:(z,2) = [— Z Zr (241 — 2K) — 2021 + we Z zkzkﬂl , (4.21)

k=1 k=0

and the boundary conditions zy = z/, z, = 2”.
In the formal continuum limit n — oo, ¢ — 0, the expression (4.20) leads to the path
integral representation

ot )12 = [ | EOE e o). (1.22)

2

with (2(t) = dz/dt)

So(z,2) = dtz 2(t) + wz(t)], (4.23)

t

and the boundary conditions z(¢") = 2, zZ(¢') = Z’. The path {z(¢),z(t)} is a trajectory
in phase space in the complex parametrization.

The symmetry of the action between initial and final times, which is not explicit, can
be verified by an integration by parts of the term zZ, but the validity of time integration
within a path integral requires a specific prescription (and the boundary term becomes

—F(t")2(t")).



68 Quantum statistical physics 4.2

The partition function. To calculate the trace of Uy, we return to the discretized form,
because boundary terms are involved. Using equation (4.14), we obtain

. 2 dzdzy _
Z0(B) = trUp(hB/2,—hp3/2) = nlggo/,}:[l 9. CXP [-S:(z,2)], (4.24)
where S; now has different boundary terms,
Se(2,2) =Y [~Zk-1 (2 — z5-1) + hweZp_124] (4.25)

k=1

with the identification z,, = zy and z, = zg.
In the continuum limit, we obtain the path integral representation of the partition
function

2= [ [W] exp [~S0(2,2)]. (4.26)
with 52
So(z.2) = /_ OO+ )], (4.27)

and the periodic boundary conditions z(—f3/2) = z(8/2), 2(—=5/2) = 2(5/2).

4.2.2 Linear coupling to an external source: Generating functional

The expression (4.26) generalizes simply to a system linearly coupled to external sources
b(t) and b(t) with the Hamiltonian

H = hwz0/0z — b(t)0/0z — b(t)z. (4.28)
At order e, the solution Ug(t + ¢, t) of equation (2.4) is 1 — eH(t) and, therefore,
(2| Ug(t +e,t)|2) = €™ [1 —e(wzz — b(t)z — b(t)2)] + O(e?)
=exp [2z — e(wzz — b(t)z — b(t)z) + O(e%)].
In the continuum limit, the action Sy in the path integral (4.22) is replaced by the action
t// B
Sa(z,2) = —z(t)2(t) +/ dt {z(t) [-2(t) +wz(t)] — 2(0)b(t) — b(t)z(t)} . (4.29)
tl

The trace of Ug takes the form (equation (4.14)),

U (hg/2,~h3/D) = [ o2 e Ua(hs /2, -9/ %,2)
_ / [dz(;)i(;lrz(t)} exp [=Sa(2,2)], (4.30)

with 5/
Sa(z,2) = /_6/2 dt {z(t) [-2(t) + hwz(t)] — 2(t)b(t) — b(t)z(t) }
and the periodic boundary conditions z(—8/2) = 2(8/2), 2(—8/2) = 2(8/2).
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We leave the explicit calculation of the Gaussian path integral as an exercise, since an
analogous calculation is presented in the fermion case. The result is

B/2 _
trUg(hB/2, —hB/2) = Zy(B) exp [/[3/2 dt dub(u)A(t — u)b(t)| , (4.31)

where Zy(3) is the partition function (4.16) of the harmonic oscillator and the function

At) = %e_h‘“t [sgn(t) + 1/ tanh(hiws/2)], (4.32)
(sgn(t) = 1 for t > 0, sgn(—t) = —sgn(t), dsgn(t)/dt = 2§(t)) is the solution of the
differential equation _
A(t) + hwA(t) = 6(1), (4.33)
in the interval [—3/2, §/2] with periodic boundary conditions.
In particular, the Gaussian two-point function with weight e~50 (equation (4.27)),
which we call propagator with reference to real propagation, and which is the basic

element of perturbation theory, is given by

(F2)(t))o = 20 (9) gz O Vm dtd“b(twu_t)b(u)] im0

= Aty — 1). (4.34)

The Fourier representation of the propagator is

1 dk etrt
At) = — . 4.
*) 2 / ik + hw (4.35)

Partition function. The partition function Zy(8) (equation (4.26)) can be related to
the propagator by the method of Section 2.6.2. Differentiating the path integral (4.26)
with respect to w, one finds

mEG _ [ et -
ow h/5/2dt< (t)z(t))g = —hBA(0).

A difficulty then arises, because A(t) is not continuous at ¢ = 0; this, again, is the sgn(0)
problem (a problem that can only be solved by a regularization of the path integral).

Integrating, one obtains (using the limit 8 — oo to determine the integration constant)
=z e—hBwsgn(0)/2
o) = 2sinh(hBw/2)

The ambiguity due to sgn(0) has the nature of a constant shift of the Hamiltonian, a
natural consequence of the order problem between the operators z and 9/09z. The rule

consistent with the normal order (4.3) is to set sgn(0) = —1 and yields
1
20(8) = T—=hw - (4.36)

However, such a choice is inconvenient for perturbative calculations, because it breaks
time reversal symmetry, and it is better to choose sgn(0) = 0. This corresponds to a
symmetric form % (20/0z + 0/0zz) and yields the standard harmonic oscillator. The ad-
ditional contribution can then be cancelled, if necessary, by shifting physical parameters.
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4.2.8 General one-dimensional Hamiltonian

Quite generally, one expresses the quantum Hamiltonian H(p, ¢) in terms of creation and
annihilation operators and commutes all creation operators to the left (normal order). In
the Hamiltonian h(a,a), one replaces operators by the corresponding classical variables,
as explained in Section 4.1. One obtains the matrix elements (z| U(t + ¢, 1) |Z) at order
¢ and, following the method of Section 4.2.1, derives the path integral representation

o) = [ |Fe

i ] exp [-S(z,2z)], with (4.37)
o

S(z(t),2(t)) = —z(t')z(t) +/ dt [-z(t)2(t) + h(2(t), 2(t)) /], (4.38)

v

and the boundary conditions z(t") = 2", z(t') = Z'.

Such a path integral can be used to generate a perturbative expansion. However, the
expansion is plagued by singularities, reflections of the quantization problem and the
order between the quantum operators z and 9/9z. In particular, the undefined quantity
A(0) appears. As we have already explained, normal order corresponds to the choice of
sgn(0) = —1, which is somewhat inconvenient, and it is preferable to choose sgn(0) = 0
and to modify h(z, Z) to suppress the unwanted additional contributions.

Real parametrization of phase space. From the classical point of view, momentum and
position variables (p,q) and complex variables (Z, z) are two different parametrizations
of phase space related by

p—iwg = —iV2hwZz, p+iwg =1ivV2hwz. (4.39)

Path integrals, because they involve classical Hamiltonians, extend somewhat this corre-
spondence to QM. If, in the path integral over phase space derived in Chapter 3 (equation
(3.21)), one changes variables (p(t),q(t)) — (Z(t), z(t)), where the variables are related
at all times by the relations (4.39), one finds a form (4.37, 4.38), with

h(z,z) = H(i(z — 2)\/hw/2, (z + 2)/h/2w).

The differences come only from boundary terms and boundary conditions, and this jus-
tifies our starting from first principles again. But once the modifications are known, one
can infer the holomorphic path integral directly from the phase-space integral.

Both formalisms may have problems generated by ordering operators in products.
However, the transformation (4.39) is not innocuous, since even simple Hamiltonians of
the form p? 4+ V(q) have quantization problems after the transformation.

Partition function. The partition function is given by
dz(t)dz(t)
2im

20) = [ G Glutor - - [ | Jexp -5,

2
with
B/2
S(2,%) = / dt [~2(t)(t) + h(=()z(8)] |
—-B/2
and the periodic boundary conditions z(—5/2) = 2(8/2), 2(—5/2) = z(5/2).
It can be calculated by expanding around the harmonic oscillator, h(z,2z) = wzz +

hi(z,z), and evaluating perturbative terms by using Wick’s theorem (1.30) together with
the two-point function (4.32).
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Remark. If the Hamiltonian has the form discussed in Chapter 2,
H = 3p* + 50°¢" + Vi(),

perturbation theory requires only the Gaussian two-point function of ¢(t¢), which is pro-
portional to z(t) + Z(t). We see from the action (4.29) that this sum can be generated
by taking a real source b(t) (b(t) = b(t)) and acting by functional differentiation with
respect to b(t) on Ug. Thus, the expressions (4.31) and (4.32) can be symmetrized in

time. After the rescaling, b(t) — b(t)\/h/2w, one finds

trUg(hB/2,—hpB/2) =

exXp |:; /dtl dtQ b(t1)A(t1 — tg)b(tz) y

1
2sinh(wf/2)

with

_,coshhw(B/2 — |t])
Alt) =h 2w sinh(hwB/2) ’

a result consistent with equation (2.57).
4.3 Several degrees of freedom. Boson interpretation

In the holomorphic formalism, a Hamiltonian Hp, sum of v independent harmonic oscil-
lators with frequencies w; > 0, can be expressed as the differential operator

Hozlhwiziéazi’

acting on analytic functions of v complex variables, which can be expanded in the form

oo 1 174
P(z) =) = > Viyin.in 2ir Ziz " Zi 5 (4.40)
n=0 " i1,i2,...,in=1
where the coefficient 1;,,. 4, is symmetric in its n indices i1, 42, ...,4,. The monomial

ZiyZiy  + Zi, 18 an eigenstate of Hy with the energy hA(w;, + wi, + -+ + w;, ).

Many-body boson interpretation. Due to the additive character of the spectrum of
the harmonic oscillator, the energy eigenvalues also have the interpretation of the total
energy of non-interacting particles. In this alternative interpretation, one-particle states
are associated with the energies fiw;. Moreover, v;,;,. ;. is then the component of ¢ (z)
on an n-particle state and, since ;,4,.. 5, Is symmetric in its n indices, these particles
obey the Bose—Einstein statistics: the holomorphic formalism makes a description of
general boson states, which are linear combinations of states with an arbitrary number
of particles, possible.

We choose the functions ¥(z) to be normalizable with respect to the scalar product

o) = [ (T] 55 e ntaoato) (1.41)

which generalizes the scalar product (4.8). Then,

o0
1
||‘I’||2:Zﬁ Z [Yiria...in
n=0 "

01,82,0-0y0n

2<c>o.
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The normalizable functions (4.40) belong to a Hilbert space of entire functions of v
variables. When ||¥|| = 1, the nth term in the sum gives the probability for the quantum
system to be in an n-particle state, the factor 1/n! cancelling the over-counting of states
implied by the unrestricted summation over all indices {if}.

The kernel of the identity is now

I(z,2) = exp (D i, Zi%) - (4.42)

The kernels of the Hamiltonian and the number operator N follow:

(z|Hop|Z) zzZﬁwzlzl, z|N|Z) zzZzzzl.

The partition function for free bosons that can occupy v different states of energy hw; is
then given by the path integral

20 - [ {d(t;i(“] exp [-80(2.9)]. (4.43)

B2
So(z,z) = / dt Zzl )+ hw;zi(t)] (4.44)

By adding to the action Sy, a polynomial of higher degree in the variables z; and Z;, it
is possible to describe interactions between bosons.

This formalism is well-suited to the study of quantum statistical systems of bosons in
the grand canonical formulation, as discussed in Section 4.4.2.

4.4 The Bose gas. Field integral representation

We now consider a non-relativistic gas of bosons, that is, identical quantum particles
obeying the Bose—FEinstein statistics of mass m, in continuum space. For simplicity, we
assume that the particles have no internal degrees of freedom, like spin.

A formalism with a fixed number of particles is useful for models where the n-body
problem can be solved exactly, or approximately, but more cumbersome in general.

The grand canonical formalism, where the number of particles can vary, and is fixed
only on average, is better adapted in many situations where collective effects are impor-
tant, like in the theory of phase transitions.

4.4.1 Matriz density at thermal equilibrium: Fized number of particles

The density matrix at thermal equilibrium for a fixed number of bosons, can be calculated
from a path integral, simple extension of the form derived in Chapter 2, but where the
boson character is taken into account.

We consider an n-particle Hamiltonian in d dimensions of the general form

H, =T, +Va(x1,...,%,), x; €RY, (4.45)

where T;, is the kinetic term,

h? <
——> "V}, (4.46)
m i=1

with V; = V,, = (0/0,1,0/0,2,...,0/0, ), and where the potential V,(x1,...,%y,) is
a symmetric function of the n’ posmons " The Hamiltonian acts on square integrable
symmetric wave functions of n positions, ¥, (x1,Xa, ..., X,), which belong to the Hilbert
space ), of n-particle boson states.
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The partition function is the trace of the statistical operator e ##  but, in the trace, the
statistical properties of the quantum particles have to be taken into account. This implies
that the trace in the partition function has to be restricted to the relevant subspace by
the insertion of the corresponding projectors. The partition function can be expressed
as a path integral of the form,

Z(n,8) = / [y ()] e=S@/R, (4.47)

with 5
. 2
S(x)/h = /O dt {Z W(xi(t)) F Vo (x1(), -, xa (1)) (4.48)
but averaged over the n! different boundary conditions corresponding to all permutations
P, x;(B) = XP(i)(O)'

4.4.2 Second quantization. Field integral representation

We now discuss the thermodynamics of a gas of quantum particles in the grand canonical
formalism in which the number of particles is fixed only on average by tuning a parameter
1 coupled to the number of particles and called chemical potential. Generalizing the
formalism of Section 4.3, we use a representation of bosons often referred to as second
quantization. We derive an expression for the partition function that has the form of a
field integral, a generalization of the holomorphic path integral (4.44) of Section 4.3.

The n-particle potential. We consider here only potentials that are sums of one-body
and two-body potentials (to simplify the notation, we now substitute x — x):

n

Vn(mlvaa”wxn):Z‘/l(:ri)"_ Z Va(zs, z;), (4.49)

i=1 i<j<n
(Va(z,y) = Va(y, z)) but the generalization to other many-body potentials is simple.

4.4.3 Fock space

We consider the direct sum 65, n = 1, ..., oo of Hilbert spaces. Since the wave functions
are symmetric, we introduce a complex field ¢(z), and a generating functional of n-
particle wave functions (see Section 2.5.3)

U(p) =) % </ Uddxi ¢(mi)>¢n(m1, ), (4.50)

n=0

which generalizes expression (4.40). The scalar product of two functionals is given by
the field integral (see Section 4.4.5)

(11,02) = (B () = [[pad Bttt |- [ateppto]. @5

which generalizes expression (4.41), and which is normalized by the condition

1) = = [lapdd e [~ [ atpoipto)] 1.



74 Quantum statistical physics 4.4

Since the measure is Gaussian, to calculate expectation values one only needs the two-
point function. The kernel in the quadratic form is the identity. Its inverse is also the
identity and, therefore,

(@@)e(y) =D —y).
Using then Wick’s theorem, it is simple to verify that the norm of the functional ¥ is
then given by

U = (U, ¥) = Z% (/Hddﬂcz) [n (@1, )l
n=0 i

When ||¥|| = 1, the nth term in the sum is the probability that the boson system is in
an n-particle state. The complex vector space of functionals with finite norm is called a
Fock space, and this formalism is often called second quantization.

4.4.4 Hamiltonian in Fock space

We denote by H the Hamiltonian in Fock space, whose restriction to n-particle states
is H,, T the kinetic term whose restriction is T}, and Vi, Vs the one- and two-body
potentials, respectively. Thus,

H=T+V, +V,. (4.52)

We then represent the kinetic term T and the potential terms V1 and V5 by operators
acting on ¥ by functional differentiation.
We first calculate

9 0 _ 2 1
/dda: o) Va5 ) = /ddfc ‘P(m)vm; 1)

x/(Hddxicp(xi)> U (X1, Tp1,T).

i<n

The variable z in the right-hand side can be renamed x,. A symmetrization of the
coefficient of [, ., ¢(z;) then yields a factor 1/n and the sum of all gradients squared.
We have reconstructed, up to a factor, the kinetic term (4.46). We conclude that

2
o) = 5 [ ddxso<x>Vi5;mw>. (4.53)

For the one-body potential V1, an analogous argument shows that

Vi¥(p) = /dda? o(x)V1 (w)J@)‘P(sD)-

To generate a two-body potential, it is necessary to differentiate twice with respect to ¢
at two different points. It is simple to verify the representation

2
VoU(p) = %/ddxddy w(x)w(y)%(x,y)ww(w)- (4.54)

We now have a representation of the full Hamiltonian H acting on generating functionals.
The representation of the operator number of particles N is given by

)
d
N /d e > NH=0. (4.55)
In what follows, we consider as full Hamiltonian the sum H — uIN, where the chemical
potential p determines the average value of N.

Because, in this construction, the role of coordinates is played by fields ¢(x), we are
constructing a non-relativistic (in general non-local) quantum field theory (QFT).
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4.4.5 Kernels of operators and field integral representation

Within the holomorphic formalism, we now use functional methods to derive a represen-
tation of matrix elements of the statistical operator as field integrals, generalization of
the path integrals discussed in Section 4.2.1: in the field integral, the summation over
fields replaces the summation over paths. The form of the field integral actually follows
rather directly from results already obtained in QM, provided one interprets the function
p(z) as a set of complex variables depending on a continuous index z and ¥(p) as an
analytic ‘functional’ in the holomorphic formalism of Section 4.1. Note that the matrix
elements of the statistical operator depend on two fields and represent an operator acting
on the space of generating functionals.

We denote by @(x) the field conjugate to ¢(z). The kernel of the identity operator
Z(¢, @), generalization of expression (4.42) and consistent with the definition (4.51) of
the scalar product, takes the form

Z(o.9) = exp | [ a's te)ote)]. (456)

The kernel associated with operators defined in terms of the field ¢(x) and functional
derivatives is then obtained by acting on Z(p,®). Note that the Hamiltonian here is
directly written in normal order. Its matrix elements are

1 N
45 [ dledlyple)oValoy)ple)o(w) | (4.57)
The kernel associated with the particle number operator is

(IN5) = Z(¢.¢) / d p(2) (). (4.58)

Considering the space coordinate x as a continuous index, we can adapt the expressions
of Section 4.2.1, in particular equation (4.38), to this more general situation, in much
the same way as we have generalized the simple integrals of Chapter 1 to path integrals.
We then obtain a field integral, because we no longer integrate over paths, but instead,
over fields {¢(t,z), p(t,x)}. Here, one finds

(@"IUE" 1) |@) = ("] e -OEN/R |57y — /[dsﬁ(t,x)dw(tw)} emSPP (4.59)

with the boundary conditions @(t,z') = @'(z), p(t,z”") = ¢”(z), and the Euclidean
action

0 h
S(p, ) = —p(t. )p(t,2) + / dtd% p(t,2) (—at —5m Vet

1
+ o5 [ dtdzdya(t2)e(t2)Va(z,y)P(t y)e(t y). (4.60)

Vl(xh)_”) o(t,z)
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Setting ¢ = i3, one obtains the statistical operator and then the partition function,

2(8) = [ gt 0)dp(t,2)] expl-S(e. 9 (4.61)
with the periodic boundary conditions

@(7&/2,1‘) = @(5/2733)’ 90(76/27:6) = @(5/2,.%),

and the Euclidean action is

S(e.) = [[atateq(ta) (-5 - 592+ Vato) ~ ) olt.a)
+ %/dtddwddysb(t,x)w(t,w)vz(%y)sﬁ(t,y)sﬁ(t,y) (4.62)

We have derived a representation of the partition function in the form of a field integral
for a non-relativistic QFT (see, for example, Ref. [19]). The generalization to a relativistic
theory is then mainly a matter of implementing relativistic invariance.

U(1) symmetry. The particle number conservation has an interesting consequence for
the field integral: it has a U(1) symmetry, corresponding to the transformations

o(t,z) — etr o(t,z), @t,x)— e i o(t, z),

with s any real constant. We show in Section 15.10 that interesting physics is associated
with the spontaneous breaking of the symmetry.

4.4.6 The Gaussian model
As an illustration, we now calculate the partition function of the Gaussian model, which
corresponds to a gas of independent particles in a one-body external potential V. We
begin with the free gas. We want to show that well-known results are recovered. Although
functional methods are not required for these simple examples, their study will help us
to take into account the effect of additional interactions.

Free Bose gas. In the absence of a potential, the partition function can be calculated
exactly. To take advantage of translation invariance, we expand the fields ¢, ¢ in Fourier
modes. In d-space dimensions,

B(t,x) = / dp P/ 5 (1, p), ot x) = / A &P/ (1 ). (4.63)

The Jacobian is trivial, and the action becomes

$u(6.97) = Cat)? [ ataln g (p) (g + B - n) dttp). (46

We first calculate the partition function in a hypercubic box of linear size L with periodic
boundary conditions and then take the thermodynamic limit. The fields ¢(t,x), @(¢,x)
are periodic functions of period L of all space coordinates. After Fourier transformation,
the corresponding momenta belong to the lattice

p=2rhn/L, necZ,
and the action reads

e - 0 2
So(¢", p) = 2wh2d/dtz ( +2—u)

(t,p)- (4.65)

Sy
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The field integral factorizes and the result is the product over all values of n of a partition
function of the form (4.36). The free energy, Wy(8) = 8~ 1n Z¢(B), is

Wo(B) = _% i (1 et/ (4.66)
nezd

In the thermodynamic limit L — oo, the free energy per unit volume, which is the
pressure II, becomes (dn = dpL/2wh)

_I- __ L[ db ~B(p? /2m—p)
n=1 dWo(ﬁ)——E (27rh)d1n(1—e B(p*/2 H). (4.67)

Note that the Bose gas is stable only if the chemical potential is non-positive.
The derivative of In Z with respect to 3, at Su fixed, yields the average energy density

_ 1 dp p?/2m . (1.68)
Bu fixed - (27Th)d eB(P2/2m7u) -1 .

1 0z
=1 o5

The derivative of In Z with respect to Su (8 fixed) yields the average particle number,
and thus the gas density

1 1 d4
p=L"4(N)= LTB/dtddx (p(t,z)p(t,x)) = (27rh)d/eﬁ(p2/2mp—u)_1 - (4.69)

This equation, called equation of state, is known to exhibit the phenomenon of Bose—
Einstein condensation. At fixed temperature 7' = 1/3, when u increases the density
p increases. When the dimension d of space is larger than 2, since p cannot become
positive, p is bounded by the value p. of the integral calculated for p = 0:

1 d% mT \%/?
< pe = ; =C(d/2) (=5 )
p — p (27Th)d / eBP /27n _1 C(d/ ) <27Th2>

where ((s) is Riemann’s (-function. Conversely, at fixed density, the equation of state
has a solution up to a minimal temperature Ty given by

=20 <<<§/2>>2/d'

To understand the physics at lower temperatures T < Ty, it is useful to return to a large
but finite box, where the momentum modes are discrete. One then discovers that a macro-
scopic fraction of the free Bose gas condenses in the ground state, which corresponds to
the zero-momentum mode. This is the phenomenon of Bose—FEinstein condensation.

In two dimensions, because p. diverges, there is no condensation.

General one-body potential. To calculate the Gaussian field integral, we replace the
Fourier expansion (4.63) by an expansion on the eigenfunctions of the one-body Hamil-
tonian H;. The same arguments then lead to

W(B) = —trln (1 — ePr=PH).
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Similarly,
(N) =t [1 = eBn=PH ! () = tr Hy [1— P87

An analysis, based on the arguments of Section 2.8, shows that, in the semi-classical
limit, the free energy becomes

1 [ d%d%
_ 2 I (1 — eBr—BHi(p.2)
WB) ==3 | Gamys n( ¢ )

where H;(p,x) is the classical Hamiltonian.
A simple example is provided by a harmonic well, of the kind relevant for the magnetic

traps of some Bose-Einstein condensation experiments. For simplicity, we assume that
the trap is spherical. Then,

1 1
H, = %pQ + imw2x2.

In the semi-classical limit, the average number of particles in the trap, for p =0, is
¢(d)
(hBw)®”

an approximation valid for temperatures large enough, 7" > hw. Condensation now
occurs for any dimension d > 1 below the temperature

(N) =

Ty =1/8 = hw((N))"/4.

At lower temperatures, the discrete nature of the quantum spectrum becomes relevant,
the relation between particle numbers and chemical potential can be satisfied up to
= dhw/2, and below T particles accumulate in the ground state.

4.4.7 Pair potentials: The example of the §(x)-function potential

When one is interested only in long-wavelength phenomena, one can often approximate
a short-range pair-potential by a J-function pseudo potential. The action then simplifies
and becomes local (here, we assume V; = 0):

S(e.9) = [ avate[pte.) (~ 51 - 59~ ) plt. o) + § (ple.0)p(0.0)

2m

1. (.70

For simple potentials, the strength g of the interaction is proportional to h2a%=2/m,
where a is the s-wave scattering length. a must be positive, that is, correspond to a
repulsive interaction, for the boson system to be stable.

Note that u is no longer restricted to be negative. For y > 0, the minimum of the ¢, @
potential now corresponds to a non-vanishing value of |¢|. This suggests the possibility
of a phase transition.

In one space dimension, the model is exactly integrable and solvable by Bethe’s Ansatz,
in the sense that all eigenstates of the Hamiltonian are linear combinations of a finite
number of plane waves. If thermal fluctuations are neglected, the model leads to a
classical field equation, called non-linear Schrodinger equation, which is also integrable.

In three dimensions, the model is especially interesting: in the presence of the interac-
tion, the condensation temperature of the Bose gas becomes the transition temperature
for a phase transition where the U(1) symmetry is spontaneously broken. Therefore, it
describes the physics of the helium superfluid transition (see Section 15.10).
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However, note that a Hamiltonian with a J-function potential is only defined in one
dimension. In higher dimensions, it leads to divergences that have to be dealt with
(regularized, see Chapter 8) by adding an artificial short-distance structure. In two di-
mensions, the model is renormalizable, as power counting shows, and not renormalizable
in higher dimensions (see Chapter 8).

In all dimensions d > 0, a problem of quantization also appears. Since

[6/80(), ()] = 5V (0),

it leads to divergences. A careful derivation shows that normal order eliminates all
divergences in one dimension.

Perturbative expansion. As an exercise, we calculate the correction of order g to the
free energy. We need the Gaussian two-point (¢@) correlation function. In partial Fourier
representation, from equations (4.64), (4.32), and (4.34), we infer (9(t) = (1+sgn(t))/2),

~ e—w(p)t 2
A(t.p) = (@' (6.0)P0P) = G (W) * a<1>_1> V) = 5 i

We recognize the sum of the two contributions generated by quantum and thermal fluc-
tuations. After Fourier transformation over time, one finds (equation (4.35))

~ 1 1
Alwp) = (2mh)HY jw +p2/2m —

(4.71)
Using Wick’s theorem, one obtains

W) = Wo(®) - 2 / dt A% (ot 2)p(t,2))) + O(g).

Translation invariance implies that the two-point function at coinciding points is inde-
pendent of ¢,x and thus the integral over space and Euclidean time generates a factor
L?B. Then one faces the sgn(0) problem. The convention dictated by normal order is

1
A(0,p) = eB®?/2m—p) 1’

and the result is then simply the square of the leading order density:

y 2
W) =Wo(9) o1 | s [ |+ 06

High temperature. The periodic boundary conditions in the Euclidean time direction
imply that the field can be expanded on a basis of periodic functions of period 3,

pltr) = 3B o (2), pltm) = 3 A 5 ().

vEZL VEZ

At high temperature, 8 — 0, in the action the time derivative suppresses the contribution
of all non-zero modes. In this limit, the field can be approximated by the zero mode.
Note that high temperature is defined with respect to, for instance, the correlation length
& that characterizes the decay of correlation functions in space directions.
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In terms of the thermal wavelength Ay, the condition, which can be written as

Aw = hy/B/m = /B2 /mT < ¢,

is satisfied at high temperature for finite correlation length, or at finite temperature when
the correlation length diverges, that is, near a second-order phase transition.
The action (4.70) can then be approximated as

Stp.9) =B [ ds ofa) (192 /2m — ) eula) + do po(hn(@))?] . (472)

an action that we study systematically in the context of Euclidean QFT, and which is
relevant to the superfluid phase transition (see Section 15.10).

4.5 Fermion representation and complex Grassmann algebras

To construct a formalism for fermions parallel to the one describing bosons as in Section
4.3, we now introduce Grassmann algebras. Grassmann algebras together with the rules
of differentiation and integration have been described in Sections 1.5-1.7. We assume
that the fermions can occupy a finite number v of states and their number is not fixed.

4.5.1 Analytic Grassmann functions, scalar product

We consider a Grassmann algebra € with two sets of generators {6;,0;},i =1,...,v. We
generalize the considerations of Section 4.3 to fermions. ‘Analytic’ Grassmann functions
are elements of the subalgebra 2l of functions of #; variables only:

o .
879_2-_0, V’L.

Analytic Grassmann functions form a complex vector space of dimension 2”. This is in
direct relation with Fermi—Dirac statistics for a system with v states: each state can
either be empty or occupied by one fermion. Analytic functions have an expansion of

the form
Z n Z wzm in0iy Oy -+ s,

11,12,

Since the product of Grassmann generators is antisymmetric, the complex coefficients
Viyiy.. 4, , amplitude of the vector on an n-particle state, can be chosen antisymmetric in
all indices and this enforces the Pauli principle for fermions.

Scalar product of Grassmann analytic functions. In the same way as for analytic
complex functions (expression (4.41)), a scalar product between two analytic Grassmann
functions 1 and 15 can be defined by (two different forms are possible, see e.g., Ref. [18]),

(Y1,12) = / (H d6;do; ) exp (Ze 0; ) a(0). (4.73)

With this definition, the norm of a vector v is positive and given by

I¥1* = Z — D i,

11,22,..58n
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If the function ¢ has unit norm, the quantity & > Viyiy. i, |* is the probability

to find the quantum system in an n-fermion state.

1151254500

The ‘0°-function. In Grassmann algebras, the role of the Dirac J-function is played by
the function 6 itself, since

/ d907(6) = £(0),

in which f(0) means the constant part of the affine function f(#). The §(#)-function has
the convenient integral representation, analogous to a Fourier transform,

£(0) = / d0.dd % f(9). (4.74)

4.5.2 Operator algebra and kernels

Operator algebra. We have already introduced in Section 1.6.1 the algebra of operators
{6;,0/00;} acting by left multiplication and differentiation on the algebra 2( of Grassmann
functions. They satisfy the commutation relations of the usual fermion annihilation and
creation operators (see relations (1.48)) and are Hermitian conjugate with respect to the
scalar product (4.73).

For example, a Hamiltonian Hj for non-interacting fermions that can occupy v states
of energies fww; is represented by

~ )
Hy=> hw e”aT)i , (4.75)
i=1

as one can verify by explicit calculation,

Ho Y Ciigini i -0, = D (i, +wiy + - +wi, Wiy i, 0,0, - 0,

01,82,..0y0n 11,8250yl

The operator number of particles N, which commutes with the Hamiltonian when the
number of fermions is conserved, is obtained from Hy by replacing all Aw; by 1:

ZV 0
i=1

The identity as a kernel. A representation of the identity Z(6,0) as a kernel (element
of €) follows from the existence of an orthonormal basis:

7(0,0) = [ (1 + 6:6:) = exp (— > 1%) : (4.77)

(2

A direct verification relies on the identity (4.74),

/ Hdegdégz(e,é’)exp<z 9‘;9;) f(0) = / Hdegdég exp(Z AT —92-)) 76"

= f(0). (4.78)
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Operator algebra and kernels. Using the anticommutation relations, we commute all
multiplication operators to the left of all differentiation operators, writing all operators in
normal order. We then use equation (4.78) to associate to each element of this operator
algebra a kernel,

R 9
" 06, 06, 00,

Z(6,6) = 6,,6:, ...0; 0,,0,, ...0, T(6,0), (4.79)

0,0, ...0

i -

which belongs to the Grassmann algebra €.
Such an operator O(#,9/06) defined by its kernel O(f,0),

0(6,0/96) — O(6,0) = (6] © |6) = O(6,6)Z(6,6), (4.80)

then acts on a function as
(Of)(0) = / [ d6:a6; 0(6,6") exp (Z 9;9;) 1(0). (4.81)
The kernel associated with the product 020, is given by
(6] 0,0, |6) = / T] 6.8 (6] O |8 exp (Z 9;9;) @10, 18).  (482)
Trace. The trace of an operator is

trO = /Hdéidei exp (— Zeiei) 01016). (4.83)

Note the difference of sign in the exponentials between expressions (4.82) and (4.83).
One can verify that the sign in (4.83) is consistent with the cyclic property of the trace.

Hamiltonian and number operator. The Hamiltonian (4.75) is then represented by

(0 Ho |0) = 7(0,0) > hw;00; , (4.84)

and the particle number operator by

(0| N |0) =2(0,0))  6:0; . (4.85)

Complez conjugation and Hermitian conjugation of operators. The Hermitian conju-
gation for operator kernels is the Hermitian conjugation in the algebra € as defined by
(equations (1.67)). One can verify that Hy and N are Hermitian.
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4.5.8 An example: One state system
As a consequence of the Pauli principle, the vector space for particles obeying the Fermi—
Dirac statistics (fermions) that can occupy only one state reduces to a two-dimensional
complex vector space: a state can only be empty (the vacuum) or occupied once.

A superposition of the zero-particle and one-particle states is represented by the affine
complex function

P(0) = o+ 10, (Yo,¢1) € C.
If the function ¢ is normalized by the scalar product (4.73), [|[¢]|?> = (¥,v) = 1, |2
and |1 |? represent the respective probability for the system to be in the vacuum state
or in the occupied state. The Hamiltonian
Hy = fw&% , w>0, (4.86)

has the eigenvalue 0 for the vacuum state and hw for the one-particle state. The corre-
sponding kernel is

(0| Ho|0) = me% e = hwbhe % = —hwbh . (4.87)
One can verify that the matrix elements of the operator Uy (t) = e~ *Ho/" are
(60| Uo(t) |6) = 00" (4.88)

With our definition, both kernels are invariant under complex conjugation. From the
explicit expression (4.88) and the definition (4.83), one infers the partition function

Z0(8) = trUp(hB) = / A0 dg e 9000 1 4 o=hwB (4.89)

Negative energy states. If, in the Hamiltonian (4.86), w is negative, the occupied
state has an energy lower than the vacuum. This means that the two states have been
misidentified; they have to be interchanged. A simple transformation deals with the
problem. In the kernel (4.87), one sets n = 0, = 6.

4.6 Path integrals with fermions

The derivation of a path integral representation for the statistical operator of fermion sys-
tems closely follows the method of Sections 4.1 and 4.2.1, with the Grassmann variables
replacing the complex variables.

We first construct a path integral representation for the statistical operator (4.88).
Path integrals are certainly not required to deal with this simple example. However, the
path integral representation is useful, because it can easily be generalized to an arbitrary
number of possible fermion states.

We expand the exact expression (4.88) for a small time-interval ¢ as

(0|Uo(€)|0) = exp [-00 (1 — we) + O (e2)] . (4.90)
The product form (4.82) makes it possible to write the statistical operator at finite time
as

" " _ n
(0" [Us(¢",¢)]0") = lim / H 0,0y exp [-S-(0,0)] , (4.91)
with .
S.(6,0) = G0, + Z Ok (Ors1 — O) —€ > wOibiyr (4.92)
k=0

where e = (t/ —t')/n and 0y = ¢/, 9n =0".



