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Preface

In this book we describe a new non-perturbative approach to the fermionic
many-body problem, which can be considered as a generalization to arbitrary
dimensions of the well-known bosonization technique for one-dimensional
fermions. Our approach is based on the direct calculation of correlation
functions of interacting Fermi systems with dominant forward scattering via
functional integration and Hubbard-Stratonovich transformations — we do
not attempt to generalize one-dimensional operator identities between the
fermionic and bosonic field operators to higher dimensions. The fundamen-
tal ideas of higher-dimensional bosonization have first been formulated by
A. Luther (1979) and by F. D. M. Haldane (1992). In this book we shall
go beyond these ideas and develop a powerful and systematic method for
bosonizing interacting fermions on a curved Fermi surface. We then apply
our method to a number of problems of physical interest which are very dif-
ficult — and in some cases impossible — to solve by means of conventional
diagrammatic perturbation theory.

The restriction to dominant forward scattering means that in real space
the effective interaction between the fermions must be sufficiently long-range.
Physical examples are the Coulomb interaction at high densities, or the ef-
fective current-current interaction mediated by transverse gauge fields. On
the other hand, short-range interactions like the local Hubbard-interaction
cannot be directly treated within our approach. It seems, however, that our
method can be generalized to include (at least perturbatively) scattering pro-
cesses with large momentum transfer. Although we shall restrict ourselves to
normal Fermi systems, with our functional approach it should be straightfor-
ward to take also spontaneous symmetry breaking into account. We would
like to encourage interested readers to contribute to the further development
of our method. At the end of each chapter we have therefore mentioned open
research problems, which might be solvable with the help of extensions of the
methods developed in this book.

I would like to thank at this point everyone who — directly or indirectly
— has helped me to complete this book. First of all, I am grateful to Kurt
Schonhammer for numerous collaborations and discussions, for getting me
interested in bosonization shortly after I had moved to Gottingen, and for
giving me the freedom I needed to pursue my own ideas. The formal devel-
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opment of the functional bosonization approach was partially carried out in
collaboration with Kurt, and without him this approach would have never
been formulated in this simplicity and clarity. More recently I have been col-
laborating with my friend Guillermo Castilla, on whom I could always count
whenever I needed encouragement, advise, or help. We communicate mainly
via E-mail, but my information exchange with Guillermo has been almost as
intense as during our common time as graduate students at UCLA.

I am also grateful to Sudip Chakravarty and Konstantin Efetov for be-
ing my teachers. Under Sudip’s guidance I have learnt to do independent
research. He has taught me to distinguish interesting physics from empty
mathematics, and his very intuitive way of thinking about physical problems
has strongly influenced my personal style of choosing and solving my own
research projects. I have enjoyed very much being a postdoc in Konstantin
Efetov’s international and very active group at the Mazx-Planck-Institut fiir
Festkorperforschung at Stuttgart. During this time I could broaden my hori-
zon and become familiar with the physics of disordered Fermi systems. I have
greatly profited from Konstantin’s profound knowledge in this field.

I would like to thank Peter Wolfle for comments on the manuscript, and
for pointing out some references related to gauge fields. In one way or the
other, I have also profited from discussions and collaborations with Lorenz
Bartosch, Jim “Claude” Cochran, Fabian “Fabman” Essler, Jens Fricke, Lev
Gehlhoff, Ralf Hannappel, Joachim Hermisson, Jens Kappey, Stefan Kette-
mann, Volker Meden, Walter Metzner, Jacob Morris, Ben Sauer, Peter Scharf,
Axel Volker, and Roland Zeyher.

Although I sometimes tend to ignore it, I know very well that there are
more important things in life than physics. This book is dedicated to my
girlfriend Cornelia Buhrke for helping me to keep in touch with the real
world during the nearly two years of writing, and for much more...

Gottingen, December 1996 Peter Kopietz
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Development of the formalism






1. Introduction

...in which we try to explain why we have written this book.

1.1 Perturbation theory and quasi-particles

Perturbation theory for the single-particle Green’s function of an interacting
Fermi system usually works as long as the quasi-particle picture is valid.

The long-wavelength and low-energy behavior of the single-particle Green’s
function G(k,w) of an interacting many-body system is directly related to
the nature of its ground state and low lying excited states [1.1-1.6]. Be-
cause the qualitative features of the low-energy spectrum of a many-body
Hamiltonian are usually determined by certain universal parameters such as
dimensionality, symmetries, and conservation laws [1.7], the infrared behav-
ior of the single-particle Green’s function can be used to classify interacting
many-body systems. Moreover, if G(k,w) is known for all wave-vectors k
and frequencies w, one can in principle calculate all thermodynamic prop-
erties of the system [1.6]. Unfortunately, in almost all physically interesting
cases it is impossible to calculate the Green’s function exactly, so that one
has to resort to approximate methods. The most naive approach would be
the direct expansion of G(k,w) in powers of the interaction. It is well known,
however, that even for small interactions such an expansion is not valid for
all wave-vectors and frequencies, because G(k,w) usually has poles or other
singularities, in the vicinity of which a power series expansion of G(k,w) is
not possible. In many cases this problem can be avoided if one introduces the
irreducible self-energy X' (k,w) via the Dyson equation,

[G(kaw”il = [GO(kaw)]il - E(kvw) ) (11)

and calculates X (k,w) instead of G(k,w) in powers of the interaction. Here
Go(k,w) is the Green’s function of a suitably defined non-interacting system,
which can be calculated exactly. It is important to stress that the Dyson
equation does not simply express one unknown quantity G(k,w) in terms
of another unknown X'(k,w), but tells us that the inverse Green’s function
should be expanded in powers of the interaction.
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In so-called Landau Fermi liquids the above perturbative approach can
indeed be used to calculate the Green’s function. Of course, for strong in-
teractions infinite orders in perturbation theory have to be summed, but
the integrals generated in the perturbative expansion are free of divergen-
cies and lead to a finite expression for the self-energy. The theory of Fermi
liquids was advanced by Landau [1.8] in 1956 as a phenomenological theory
to describe the static and dynamic properties of a large class of interacting
fermions [1.9]. The most important physical realization of a Fermi liquid are
electrons in clean three-dimensional metals, but also liquid 3He is a Fermi
liquid [1.10]. Simultaneously with Landau’s pioneering ideas the powerful
machinery of quantum field theory was developed and applied to condensed
matter systems [1.1-1.5], and a few years later his phenomenological theory
was put on a solid theoretical basis [1.9]. The retarded single-particle Green’s
function' of a Fermi liquid is for wave-vectors k in the vicinity of the Fermi
surface and small frequencies w to a good approximation given by

Zy

Glk,w+i0t) ~ — 2k
w— & + ik

(1.2)

where the number Zj, is the so-called quasi-particle residue, and the energy ék
is the single-particle excitation energy. Because by definition Landau Fermi
liquids are metals, the excitation energy ék must be gapless. This means that
there exists a surface in k-space where ék = 0. In a Fermi liquid this equation
can be used to define the Fermi surface. The positive energy v in Eq.(1.2) can
be identified with the quasi-particle damping, and is assumed to vanish faster
than ék when the wave-vector k approaches the Fermi surface. Note that in
the complex w-plane G(k,w + i0T) has a simple pole at w = &, — i, with
residue Zg. Obviously, the Green’s function of non-interacting fermions can
be obtained as a special case of Eq.(1.2), namely by setting Zx = 1, v = 07,
and identifying ék with the non-interacting energy dispersion measured rel-
ative to the chemical potential. Then the pole at w = ék — i0T with unit
residue is a consequence of the undamped propagation of a particle with en-
ergy dispersion fk through the system. The corresponding pole in the Green’s
function of an interacting Fermi liquid is associated with a so-called quasi-
particle. The important point is that in the vicinity of the quasi-particle pole
the Green’s function of a Fermi liquid has qualitatively the same structure
as the Green’s function of free fermions. In renormalization group language,
the interacting Fermi liquid and the free Fermi gas correspond to the same
fixed point in the infinite-dimensional parameter space spanned by all pos-
sible scattering processes [1.11,1.12]. As explained in detail in Chap. 2, in a
Landau Fermi liquid the quantities Z, ék and g can be calculated from the
derivatives of the self-energy X (k,w).

1 'We denote the Fourier transform of the time-ordered Green’s function at wave-
vector k and frequency w by G(k,w). The corresponding retarded Green’s func-
tion will be denoted by G(k,w +i0"), and the advanced one by G(k,w —i0").
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In some cases, however, the application of the standard machinery of
many-body theory leads to divergent integrals in the perturbative expan-
sion of X (k,w). The breakdown of perturbation theory is a manifestation
of the fact that the interacting Green’s function is not any more related
in a simple way to the non-interacting one. In this case the system can-
not be a Fermi liquid. A well known example are electrons in one spatial
dimension with regular interactions, which under quite general conditions
show Luttinger liquid behavior [1.13-1.15]. In contrast to a Fermi liquid,
the Green’s function of a Luttinger liquid does not have simple poles in
the complex frequency plane, but exhibits only branch cut singularities in-
volving non-universal power laws?. As a consequence, in a Luttinger lig-
uid [G(k,w)]™! cannot be calculated by simple perturbation theory around
[Go(k,w)]~ . Hence, non-perturbative methods are necessary to calculate the
Green’s function of interacting fermions in d = 1 dimension. Besides the
Bethe ansatz [1.16] and renormalization group methods [1.13], the bosoniza-
tion approach has been applied to one-dimensional Fermi systems with great
success [1.13-1.15]. Over the past 30 years numerous interesting results have
been obtained with this non-perturbative method. The so-called Tomonaga-
Luttinger model is a paradigm for an exactly solvable non-trivial many-body
system which exhibits all the characteristic Luttinger liquid properties, such
as the absence of a quasi-particle peak in the single-particle Green’s func-
tion, anomalous scaling, and spin-charge separation [1.17-1.19]. Even now
interesting new results on the Tomonaga-Luttinger model are reported in the
literature [1.20,1.21]. For an up-to-date overview and extensive references on
bosonization in d = 1 we would like to refer the reader to the recent reprint
volume by M. Stone [1.22]. The central topic of this book is the generalization
of the bosonization approach to arbitrary dimensions.

1.2 A brief history of bosonization in d > 1

We apologize in advance if we should have forgotten someone. Maybe some
Russians have bosonized higher-dimensional Fermi systems long time ago,
and we just don’t know about their work ...

The discovery of the high-temperature superconductors and Anderson and
co-workers suggestion [1.23,1.24] that the normal-state properties of these
materials are a manifestation of non-Fermi liquid behavior in dimensions d >
1 has revived the interest to develop non-perturbative methods for analyzing
interacting fermions in d > 1. Note, however, that for regular interactions in
d > 1 perturbation theory is consistent in the sense that within the framework

2 In Chap. 6.3 we shall discuss the behavior of the Green’s function of Luttinger
liquids in some detail.
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of perturbation theory itself there is no signal for its breakdown [1.25,1.26].
Nevertheless, consistency of perturbation theory does not imply that the
perturbative result must be correct. It is therefore highly desirable to analyze
interacting Fermi systems by means of a non-perturbative approach which
does not assume a priori that the system is a Fermi liquid. The recently
developed higher-dimensional generalization of bosonization seems to be the
most promising analytical method which satisfies this criterion in d > 1.

In one dimension bosonization is based on the observation that, after
proper rescaling, the operators describing density fluctuations obey canonical
bosonic commutation relations [1.13-1.15]. But also in d = 3 density fluctu-
ations in an interacting Fermi system behave in many respects like bosonic
degrees of freedom [1.27,1.28]. The first serious attempt to formalize this ob-
servation and exploit it to develop a generalization of the one-dimensional
bosonization approach to arbitrary dimensions was due to Luther [1.29)].
However, Luther’s pioneering work has not received much attention until
Haldane [1.30] added the grain of salt that was necessary to turn higher-
dimensional bosonization into a practically useful non-perturbative approach
to the fermionic many-body problem. Haldane’s crucial insight was that the
degrees of freedom in the vicinity of the Fermi surface should be subdi-
vided into boxes of finite cross section, such that the motion of particle-hole
pairs can be described without taking momentum-transfer between different
boxes into account. In Luther’s formulation only the motion normal to the
Fermi surface can be described in such a simple way. The first applications
of Haldane’s bosonization ideas to problems of physical interest were given
by Houghton, Marston and Kwon [1.31], and independently by Castro Neto
and Fradkin [1.32]. These approaches follow closely the usual bosonization
procedure in one-dimensional systems, and are based on higher-dimensional
generalizations of the Kac-Moody algebra that is approrimately satisfied by
charge and spin current operators. Just like in d = 1, it is possible to map
with this method the fermionic many-body Hamiltonian onto an effective non-
interacting bosonic Hamiltonian. The potential of these operator bosonization
approaches is certainly not yet exhausted [1.33,1.34]. However, unlike recent
claims in the literature [1.34], bosonization in d > 1 is not exact. For example,
scattering processes that transfer momentum between different boxes on the
Fermi surface and non-linear terms in the energy dispersion definitely give
rise to corrections to the free-boson approximation for the Hamiltonian. The
problem of calculating these corrections within the conventional operator ap-
proach seems to be very difficult and so far has not been solved.

In the present book we shall develop an alternative generalization of the
bosonization approach to arbitrary dimensions, which is based on functional
integration and Hubbard-Stratonovich transformations. In this way we avoid
the algebraic considerations of commutation relations which form the basis
of the operator bosonization approaches [1.31,1.32]. The functional integral
formulation of higher-dimensional bosonization has been developed by the
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author in collaboration with Kurt Schonhammer [1.35] during spring 1994.
Since then we have considerably refined this method [1.36-1.38] and applied it
to various problems of physical interest. A coherent and detailed presentation
of these results will be given in this book. A similar functional bosonization
method, which emphasizes more the mathematical aspects of bosonization,
has been developed independently by Frohlich and collaborators [1.39,1.40].
In the context of the one-dimensional Tomonaga-Luttinger model the func-
tional bosonization technique has first been discussed by Fogedby [1.41], and
later by Lee and Chen [1.42].

Compared with the more conventional operator bosonization [1.31-1.34],
the functional bosonization approach has several advantages. The most im-
portant advantage is that within our functional integral approach it is pos-
sible to handle the non-linear terms in the energy dispersion (and hence in
d > 1 the curvature of the Fermi surface). Note that the linearization of
the energy dispersion close to the Fermi surface is one of the crucial (and
a priori uncontrolled) approximations of conventional bosonization; even in
d = 1 1it is very difficult to calculate systematically the corrections due to
the non-linear terms in the expansion of the dispersion relation close to the
Fermi surface [1.15,1.43]. A practically useful method for doing this will be
developed in this book. In Chap. 4 we shall explicitly calculate the leading
correction to the free bosonized Hamiltonian and the density-density corre-
lation function. Moreover, in Chap. 5.2 we shall show how the bosonization
result for the single-particle Green’s function for fermions with linearized en-
ergy dispersion is modified by the quadratic term in the expansion of the
energy dispersion close to the Fermi surface. In this way the approximations
inherent in higher-dimensional bosonization become very transparent.

Another advantage of the functional integral formulation of higher-
dimensional bosonization is that it can be applied in a straightforward way
to physical problems where non-locality and retardation are essential. It is
well-known [1.44] that these important many-body effects can be described
in the most simple and general way via functional integrals and effective
actions. In fact, the complicated effective dynamics of a quantum mechan-
ical system that is coupled to another subsystem can sometimes only be
described by means of a non-local effective action, and not by a Hamilto-
nian [1.45]. For example, the effective retarded interaction between electrons
that is mediated via phonons or photons cannot be represented in terms of
a conventional Hamiltonian. It is therefore advantageous to use functional
integrals and the concept of an effective action as a basis to generalize the
bosonization approach to dimensions larger than one.

Alternative formulations of higher-dimensional bosonization have also
been proposed by Schmelzer and Bishop [1.46], by Khveshchenko and collab-
orators [1.47,1.48], and by Li [1.49]. In particular, Khveshchenko [1.48] has
also developed a formal method to include the curvature of the Fermi surface
into higher-dimensional bosonization. However, so far his method has not
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been proven to be useful in practice. We shall not further discuss the above
works in this book, because we believe that our functional bosonization tech-
nique leads to a more transparent and practically more useful approach to the
bosonization problem in arbitrary dimensions. Finally, it should be mentioned
that recently Castellani, Di Castro and Metzner [1.50-1.52] have proposed
another non-perturbative approach to the fermionic many-body problem in
d > 1. Their method is based on Ward identities and sums exactly the same
infinite number of Feynman diagrams in the perturbation series as higher-
dimensional bosonization with linearized energy dispersion. We shall derive
the precise relation between the Ward identity approach and bosonization in
Chap. 5.1.4.

1.3 The scope of this book

We have subdivided this book into two parts. Part I comprises the first five
chapters and is devoted to the formal development of the functional bosoniza-
tion approach. We begin by reminding the reader in Chap. 2 of some basic
facts about interacting fermions. We also describe in some detail various
ways of subdividing the momentum space in the vicinity of the Fermi surface
into sectors. These geometric constructions are the key to the generaliza-
tion of the bosonization approach to arbitrary dimensions. In Chap. 3 we
introduce two Hubbard-Stratonovich transformations which directly lead to
the bosonization result for the single-particle Green’s function and the boson
representation of the Hamiltonian. The explicit calculation of the bosonic
Hamiltonian is presented in Chap. 4, where we also show that the problem
of bosonizing the Hamiltonian is essentially equivalent with the problem of
calculating the density-density correlation function. We also show that the
non-Gaussian terms in the bosonic Hamiltonian are closely related to the
local field corrections to the random-phase approximation. Chapter 5 is de-
voted to the calculation of the single-particle Green’s function. This is the
most important chapter of this book, because here we describe in detail our
non-perturbative method for including the non-linear terms in the expansion
of the energy dispersion for wave-vectors close to the Fermi surface into the
bosonization procedure. Note that in d > 1 the local curvature of the Fermi
surface can only be described if the quadratic term in the energy disper-
sion is retained. Our method is based on a generalization of the Schwinger
ansatz for the Green’s function in a given external field, an imaginary-time
eikonal expansion, and diagrammatic techniques borrowed from the theory
of disordered systems.

In Part IT we shall use our formalism to calculate and classify the long-
wavelength and low-energy behavior of a number of normal fermionic quan-
tum liquids. In most cases we shall concentrate on parameter regimes where
conventional perturbation theory is not applicable. In particular, we dis-
cuss fermions with singular density-density interactions (Chap. 6), quasi-
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one-dimensional metals (Chap. 7), electron-phonon interactions (Chap. 8),
electrons in a dynamic random medium (Chap. 9), and fermions that are
coupled to transverse gauge fields (Chap. 10.). Finally, in the Appendix we
summarize some useful results on screening and collective modes in arbitrary
dimensions.

Because the method described in this book is rather new, much remains
to be done to establish higher-dimensional bosonization as a generally ac-
cepted, practically useful non-perturbative tool for studying strongly corre-
lated Fermi systems. We would like to encourage all readers to actively par-
ticipate in the process of further developing this method. For this purpose
we have given at the end of each chapter a brief summary of the main re-
sults, together with a list of open problems and possible directions for further
research.

1.4 Notations and assumptions

Let us briefly summarize the conventions that will be used throughout this
work. We shall measure temperature 7' and frequencies w in units of energy,
which amounts to formally setting the Boltzmann constant kg and Planck’s
constant i equal to unity. Note that in these units it is not necessary to
distinguish between wave-vectors and momenta. The charge of the electron
will be denoted by —e, and the fine structure constant is o = % = % The
velocity of light ¢ will not be set equal to unity, because in our discussion
of transverse gauge fields in Chap. 10 it is useful to explicitly see the ratio
v /¢, where vp is the Fermi velocity. The inverse temperature will be denoted
by f = 1/T, and the volume of the system by V. Although at intermediate
steps the volume of space-time V3 will be held finite, we are eventually
interested in the limits of infinite volume (V — o0) and zero temperature
(8 — 00). As pointed out by Kohn, Luttinger, and Ward [1.53], in case of
ambiguities the limit V' — oo should be taken before the limit 3 — oo.
However, we shall ignore the subtleties associated with the infinite volume
limit that have recently been discussed by Metzner and Castellani [1.54].
Although we are interested in the zero-temperature limit, we shall use the
Matsubara formalism and work at intermediate steps at finite temperatures.
In this way we also eliminate possible unphysical “anomalous” terms [1.53]
which sometimes appear in a zero-temperature formalism, but are avoided
if the Matsubara sums are performed at finite temperature and the T' — 0
limit is carefully taken afterwards.

We shall denote bosonic Matsubara frequencies by w,, = 2amT, m =
0,+1,+2,..., and put an extra tilde over fermionic ones, &, = 27[n + %]T,
n = 0,%+1,£2,.... To simplify the notation, we introduce composite labels
for wave-vectors and Matsubara frequencies: k = [k, i0,], ¢ = [q,iwy,], and
G = [q,i®,]. Note that the label ¢ is associated with bosonic frequencies,
whereas k and ¢ involve fermionic frequencies.
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2. Fermions and the Fermi surface

We summarize some basic facts about interacting fermions and introduce
notations that will be used throughout this book. We also describe Haldane’s
way of partitioning the Fermi surface into patches and generalize it such that
the curvature of the Fermi surface can be taken into account.

2.1 The generic many-body Hamiltonian

We first introduce the many-body Hamiltonian for interacting fermions and
point out some subtleties associated with ultraviolet cutoffs.

The starting point of conventional many-body theory is a second-quantized
Hamiltonian of the form

Hmat = ﬁO + f{int ) (21)

Hy = Z Zek"z];gd}k’a ; (2.2)

Hint = 2V Z Z kcrk 1/}]1+q0-12)’11_q0_/12)k’a”1/}k0’ ) (23)
qkk’ oo’

where 1/;;60 and 1/;,10 are canonical annihilation and creation operators for
fermions with wave-vector k and spin o, which satisfy the anti-commutation
relations R R o R R

[wkaa ¢L/g/]+ = 1/%0%1/0/ + w;;lglwka = 5kk’5aa’ . (24)

The quantities f!;"k/"l are the so-called Landau interaction parameters, de-
scribing the scattering of two particles from initial states with quantum num-
bers (k,o) and (k’,0’) into final states with quantum numbers (k+ g, o) and
(k' — g, 0"). This process can be represented graphically by the Feynman dia-
gram shown in Fig. 2.1. Quantum many-body theory is usually formulated in
the grand canonical ensemble where the relevant combination is Hmat — ,uN
Here N = Yok wkadjkg is the particle number operator, and p is the
chemical potential. Thus, the energy dispersion € appears exclusively in the
combination
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/ /
k'lq kl Fig. 2.1. Feynman diagram representing the interac-
0 G tion fkok'" in Eq.(2.3).
fk =€ — U . (2.5)

The value of p at zero temperature is also called the Fermi energy Ep. Al-
though in most physical applications we are interested in three dimensions, it
is very useful and instructive to formulate the theory in arbitrary dimension
d. Then the equation

& =0 (2.6)

defines a d — 1-dimensional surface in momentum space, the non-interacting
Fermi surface. The precise definition of the interacting Fermi surface will be
given in Sect. 2.2. Note that in d = 1 the non-interacting Fermi surface con-
sists of two distinct points +kp, where kp is the Fermi wave-vector. In higher
dimensions the Fermi surface is a d — 1-dimensional manifold, the topology
of which depends on the form of £. There is actually a subtle point hidden
in the above definition: although the energy € is a parameter of the non-
interacting Hamiltonian H, 0, the chemical potential i is by definition the exact
chemical potential of the interacting many-body system. Of course, the precise
value of y remains unknown unless we can solve the many-body problem, but
fortunately it is not necessary to know p in order to calculate physical corre-
lation functions. By defining p to be the chemical potential of the interacting
many-body system, one implicitly adds a suitable counter-term to the bare
chemical potential which eliminates, order by order in perturbation theory,
all terms which would otherwise contribute to X'(k, 0) for wave-vectors k on
the Fermi surface. In particular, all Feynman diagrams of the Hartree type
are cancelled by the counter-term. Such a procedure is familiar from pertur-
bative quantum field theory [2.1]. The consistency for such a construction is
by no means obvious, and has recently been questioned by Anderson [2.2].
For a thorough discussion and partial solution of this problem see [2.3].

It should be emphasized that Eqgs.(2.1)—(2.3) can be interpreted in three
distinct ways, which can be classified according to the effective ultraviolet
cutoff for the wave-vector sums.
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(a) Homogeneous electron gas. First of all, we may define Hyyag to be the
Hamiltonian of the homogeneous electron gas in d dimensions. For example
the Coulomb-interaction in d = 3 dimensions corresponds to e, = k?/(2m)
and fé“"k,", = 4me?/q?, where m is the mass of the electrons. In this case
there is no intrinsic short-distance cutoff for the wave-vector sums.

(b) Relevant band of a lattice model. Because in realistic materials the
electrons feel the periodic potential due to the ions, the allowed energies
in the absence of interactions are subdivided into energy bands, and the
interaction has interband matrix elements. But if there exists only a single
band in the vicinity of the Fermi surface, then it is allowed to ignore all other
bands as long as one is interested in energy scales small compared with the
interband gap. In this case the Hamiltonian defined in Eqgs.(2.1)—(2.3) should
be considered as the effective Hamiltonian for the band in the vicinity of the
Fermi energy. In this model the wave-vector sums have a cutoff of the order
of 27 /a, where a is the distance between the ions. The energy dispersion e in
Eq.(2.2) incorporates then by definition the effects of the underlying lattice,
which in general leads also to a renormalization of the effective mass of the
electrons.

(¢) Effective Hamiltonian for degrees of freedom close to the Fermi surface.
Finally, we may define Hy,a; to be the effective Hamiltonian for the low-energy
degrees of freedom in the vicinity of the Fermi surface, assuming that all
degrees of freedom outside a thin shell with radial thickness A < kr have been
integrated out via functional integration and renormalization group methods
[2.12]. Of course, the operation of integrating out the high-energy degrees of
freedom will also generate three-body and higher order interactions, which
are ignored in Eqgs.(2.1)—(2.3). The quantities € and f;“k/", should then
be considered as effective parameters, which take the finite renormalizations
due to the high-energy degrees of freedom into account. In this picture the
k- and k'-sums in Egs.(2.2) and (2.3) are confined to a thin shell of thickness
A around the Fermi surface, while the g-sum in Eq.(2.3) is restricted to the
regime |g| < A.

All three interpretations of the many-body Hamiltonian (2.1)—(2.3) are
useful. First of all, the model (a) has the advantage that it contains no free
parameters, so that it can be the starting point of a first principles micro-
scopic calculation. The model (b) is more realistic, although the effects of the
underlying lattice are only included on a phenomenological level. Finally, the
model (c) has the advantage that it contains explicitly only the low-energy
degrees of freedom close to the Fermi surface, so that, to a first approxi-
mation, we may locally linearize the energy dispersion at the Fermi surface.
Evidently the model (c¢) cannot be used for the calculation of the precise nu-
merical value of physically measurable quantities that depend on fluctuations
on all length scales. Furthermore, the integration over the degrees of freedom
far away from the Fermi surface usually cannot be explicitly carried out.



14 2. Fermions and the Fermi surface

2.2 The single-particle Green’s function

We define the single-particle Green’s function and the Fermi surface of an
interacting Fermi system. We then discuss in some detail the low-energy be-
havior of the Green’s function in a Landau Fermi liquid.

Because in the rest of this book the spin degree of freedom will not play any
role, we shall from now on simply ignore the spin index. Formally, the spin
is easily taken into account by defining k and k' to be collective labels for
wave-vector and spin. For practical calculations we prefer to work with the
Matsubara formalism, because in this way we avoid the problem of regulariz-
ing formally divergent integrals by means of pole prescriptions, which arises
in the real time zero-temperature formulation of quantum many-body theory.
Furthermore, the Matsubara Green’s function can be represented as an imag-
inary time functional integral [2.4-2.7], so that the entire many-body problem
can be reformulated in the language of path integrals. In this work we shall
make extensive use of this modern approach to the many-body problem.

2.2.1 Definition of the Green’s function

The single particle Matsubara Green’s function G(k) of an interacting Fermi
system is defined by

I¢] B ~ , R A
G(k) = G(k,io,) = —%/0 dT/O drle ionr=7) T [1/%(7’)1/),1(7")} >,
(2.7)

where for fermions the time-ordering operator 7 in imaginary time is defined
by

T [du(r)dh(r)] = 0 = 7/ = 0" )d(r)ibl (')
— 6 =7+ 0" )L el(r) (2.8)

and the average in Eq.(2.7) denotes grand canonical thermal average with
respect to all degrees of freedom in the system. For any operator O the time
evolution in imaginary time is defined by

O(T) _ e‘r(ﬁmat*#N)Oe*"'(ﬁmatfﬂj\?) , (29)

where Hya is given in Eqs.(2.1)-(2.3). The Matsubara Green’s function of
a system of non-interacting fermions with Hamiltonian Hy (see Eq.(2.2)) is
given by
1
Go(k) = (2.10)

B i‘:jn_gk ’
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where the subscript ¢ indicates the absence of interactions. Once the imaginary-
frequency Green’s function is known, we can obtain the corresponding re-
tarded zero-temperature Green’s function by analytic continuation in the
complex frequency plane just above the real axis, i@, — w + i0". For the
non-interacting retarded Green’s function we obtain

1

Golk,w +107) = ——e—o%

(2.11)
This function has a pole at w = &, —i0" with residue Z = 1. The infinitesimal
imaginary part shifts the pole below the real axis, so that the retarded Green’s
function is analytic in the upper half of the complex frequency plane [2.5,2.6].
The corresponding advanced Green’s function Go(k, w—i0") is analytic in the
lower half of the frequency plane, while the time-ordered Green’s function,

1

Golk,w) = w — & + i0tsgn(w)

(2.12)

agrees for w > 0 with the retarded Green’s function, and for w < 0 with the
advanced one. The analytic structure of the time-ordered Green’s function
G(k,w) of the interacting many-body system is similar [2.5,2.6]: It has cuts
above the real negative axis and below the real positive axis, a branch point
at w = 0, and poles in the neighboring Riemann sheets. The simple pole
structure of the non-interacting Matsubara Green’s function Go (k) makes the
analytic continuation trivial. In general it can be quite difficult to perform
the analytic continuation of the interacting Matsubara Green’s function to
obtain the corresponding real frequency function. Nevertheless, we prefer to
work with the Matsubara formalism, because Euclidean time-ordering leads
to the very simple result (2.10) for the non-interacting Green’s function. Note
that the denominator in Eq.(2.10) can never vanish, so that we avoid in this
way the singular integrands with poles on the real frequency axis that appear
in a zero-temperature formalism.

2.2.2 Definition of the interacting Fermi surface

We define the Fermi surface of an interacting Fermi system as the set of points
in momentum space where, in the limit of zero temperature, the momentum
distribution ng has some kind of non-analyticity. The momentum distribution
can be expressed in terms of the exact Matsubara Green’s function as

ng = %ZG(k,i&n) . (2.13)

In the absence of interactions we have ng = f(&x), where

1 1 1
f(B) = an: 5 F T P (2.14)
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is the Fermi function!. In the zero-temperature limit f(E) — O(—E), so
that the momentum distribution reduces to a step function, nx = O(—&k).
Because O(z) is not analytic at 2 = 0, we recover in the absence of inter-
actions the definition of the non-interacting Fermi surface given in Eq.(2.6).
We would like to emphasize that it is by no means clear that the momentum
distribution of an interacting Fermi system has always non-analyticities. In
fact, in Chap. 6.2.5 we shall give an example for a quantum liquid where ng
is analytic. In this case the interacting system simply does not have a sharp
Fermi surface. To avoid misunderstandings, we shall from now on reserve
the word Fermi surface for the non-interacting Fermi surface, as defined in
Eq.(2.6).

2.2.3 Landau Fermi liquids

As already mentioned in Chap. 1, for wave-vectors k sufficiently close to the
Fermi surface and sufficiently small energies, the Green’s function of a Landau
Fermi liquid has qualitatively the same pole structure as the non-interacting
Green’s function. The pole represents an elementary excitation of the system
which approximately behaves like a free particle. This is the quasi-particle.
To formulate the quasi-particle concept in precise mathematical language,
consider a point k” on the Fermi surface (i.e. {g« = 0), and let us measure
wave-vectors locally with respect to this point. The geometry is shown in
Fig. 2.2. The energy dispersion is then given by

Fig. 2.2. Local coordinate system
centered at point k% on an elliptic
Fermi surface. Note that in gen-
eral the local Fermi velocity v® is
not parallel to k.

€8 = thotq - (2.15)

We now expand for small g,

! The Matsubara sum in Eq.(2.14) is formally divergent, and should be regularized

. . i, ot
by inserting a convergence factor €% | see [2.6].
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d
N N 1 o
G=v"a+3 > aiciia; +O(al) 210
ij=1
where 9*
€k
a I 5 = 1
v = Viek|p_s Cij OkiOk; |}_pa 0

Similarly, we expand the retarded self-energy X'(k,w + i0T) defined in
Eq.(1.1),
0X (k% w+i0T)
Ow w0
+ 6X%(q,w +i0") (2.18)

2k +qw+i0T) = q- Vi X(k,i07)|,_,. +w

where in a Fermi liquid §2%(q,w + i07) is by assumption for small ¢ and w
quadratic in these quantities. Note that in this expansion we have set

Z(k*,i0T)=0 | (2.19)

assuming that the chemical potential p is chosen such that Eq.(2.19) is satis-
fied for all points £ on the Fermi surface. As already mentioned in Sect. 2.1,
this is a non-trivial assumption [2.2,2.3].

The quasi-particle residue

Substituting Eq.(2.18) into the Dyson equation (1.1), we see that the Green’s
function of the interacting system can be written as

ZOL

G(k® i07) = 2.20
(k% + g, +1i07) w—Eg — v - q— 205 (qw +i0F) (2.20)
where the so called quasi-particle residue Z is given by
1
A - , (2.21)
1— X (k~,w+i0t)
ow
w=0
and the renormalization of the Fermi velocity at point k% is
v = (Z% = Dv* + Z° Vi X(k,i01)|, _,. (2.22)
Thus, the effective Fermi velocity at k% is
= v +6v* = Z° [v* + Vi X(k,i07)|, _,.]
¢+ Vi X(k,i0" o
_ iy k ( y 1 )|k::k . (223)

O3 (k™ ,w+i0T)
- =
W

w=0

The finite temperature generalization of Eq.(2.21) is [2.8]
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1
(e —
T &0
where @y = 7T is the zeroth fermionic Matsubara frequency. The quasi-
particle residue determines at 7" = 0 the discontinuity of the momentum
distribution ng when k crosses the Fermi surface. To calculate the change in

the momentum distribution at point k% on the Fermi surface, consider
6ng = Nga—q — Nko4q - (225)

For small enough g we may approximate g ~ v®-q and ignore the correction
term 0X% in Eq.(2.20). At finite temperatures we obtain then

ong = 2°(T) [f (0" - q) — f(2" - q)] . (2.26)

In the zero-temperature limit f(E) — O(—FE) and Z*(T) — Z%, so that
dng = Z%gn(v” - q). Note that dng depends only on the projection of g that
is normal to the Fermi surface, because this corresponds to a crossing of the
Fermi surface and can thus give rise to a discontinuity.

The effective mass renormalization

If ViX(k,i0")|,_ge is parallel to v* (for example, for spherical Fermi sur-
faces and rotationally invariant interactions this is the case), we see from
Eq.(2.23) that the renormalized Fermi velocity ¥ associated with point k*
on the Fermi surface can be written as

D = 7% | (2.27)

where the effective mass renormalization factor Zg, is given by

So s+
ZS; — g |:1+ v vk 2(k710 )lk:—ko‘:|

ve]
%V, Z(k,i0")]

1+ e
T _ 92k wtioh) ’ (2.28)
_ 230 wriot)

w=0

with 9% = v®/|v®|. At finite temperatures, Eq.(2.28) should again be gener-
alized as follows,

1+ Y.V Re‘z(k‘,iwo)\k:ka
Za(T) = 1 _ I (ki) ' 220
@o

The effective mass m® is defined in terms of the bare mass m via m*?v% =
mo®, so that

70 = — == (2.30)
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In other words, a small value of Z¢, corresponds to a large effective mass. One
of the fundamental properties of a Fermi liquid is that the renormalization
factors Z« and Z< are finite?.

The quasi-particle damping

Eq.(2.20) is formally exact, provided Eq.(2.18) is taken as the definition of
§X*(q,w +1i0T), expressing one unknown quantity in terms of another one.
Of course, this parameterization is only useful if the correction §3'* becomes
negligible, at least for wave-vectors in the vicinity of the Fermi surface. In
Landau Fermi liquids §¥%(q,w +i0™) is by assumption analytic, so that for
small g and for frequencies w close to ©* - ¢ we may approximate

d
1
Zo65%(q,w +107) = Z465%(q,v* - q +i0F) ~ 5 > qdcq; o (231)

ij=1

where dcf; is a complex matrix that is determined by the various second par-
tial derivatives of the self-energy. Defining the renormalized second-derivative
matrix

¢y = cgy e (2.32)

]

the real part of the renormalized energy dispersion for wave-vectors close to
k® is

d
- _ 1 _
g =1"a+; > ailReclg; + O(ql?) (2.33)
ij=1
Although cf; is real, the matrix dcf; is in general complex, so that the renor-
malized energy dispersion acquires an imaginary part due to the interactions.
Defining

d
o 1 «

ij=1
the interacting retarded Green’s function of the many-body system is for
sufficiently small ¢ and w given by

ZO[

Gk*+quw+i0")~ ————
o= g

(2.35)

2 This working definition is sufficient for most physically interesting systems, al-
though in some rather special cases it is not accurate enough. For example, if
we retain only so-called gs-processes in the one-dimensional Tomonaga-Luttinger
model [2.17,2.18] with spin and set go = 0 (the spinless model is discussed in
Chap. 6.3), then Z“ and Z3 are finite, but the Green’s function exhibits spin-
charge separation, which does not occur in Fermi liquids. I would like to thank
Walter Metzner for pointing this out to me.
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which is equivalent® with Eq.(1.2). This expression has a pole in the complex
frequency plane at w = ég — 1yg with residue given by Z. By contour
integration [2.6] it is easy to see that the pole contribution to the real time
Fourier transform of the Green’s function is

G(k* +q,t) = / %e*‘“tG(ko‘ +q,w+i0")
= —iO(t)Z% €atevat (2.36)

If the damping vy is small compared with the real part ég‘ of the energy,
then the behavior of the interacting Green’s function is, up to times of order
1/~g, qualitatively similar to the behavior of the non-interacting Green’s
function. The pole is therefore said to represent a quasi-particle. Actually, at
times shorter than 1/ ég it is not allowed to keep only the pole contribution
in Eq.(2.36), so that quasi-particle behavior can only be observed in the
intermediate time domain [2.6]

168 <t S1/98 . (2.37)

2.3 The density-density correlation function

We define the density-density correlation function II(q), the dynamic struc-
ture factor S(q,w), and the dielectric function €(q) of an interacting Fermi
system. We also explain what is meant by “random-phase approrimation”.

Besides the single-particle Green’s function, we are interested in the density-
density correlation function I1(q) = II(g,iw,,), which is for ¢ # 0 defined
by*

3 3 . /
H(q>:ﬁiv / dr / dr'e T T [po(r)pig(Y) . (2.38)

where the operator

Pa = Ukiniq (2:39)
k

represents the Fourier components of the total density, and 7" denotes bosonic
time-ordering, i.e.

3 Recall that wave-vectors are now measured with respect to the local coordinate
system centered at k® on the Fermi surface, so that in Egs.(1.2) and (2.35) we
should identify Zre = Z%, €payq = &g, and Yro1q = Vg

4 At g = 0 we should subtract from the time-ordered product in Eq.(2.38) the term
< pq(T) >< p_q(7') >, which in a translationally invariant system vanishes for
any q # 0. Because in the present work we are only interested in the q # 0 part
of the density-density correlation function, we shall omit this term.
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T [pg(1)p—q(7)] = O(T — 7" = 07)pg(7)p—q(1")
+ O =7+ 0M)p_q(T)pg(T) . (2.40)

Note that, in contrast to Eq.(2.8), there is no minus sign associated with a
permutation, so that I7(g) depends on bosonic Matsubara frequencies w,, =
2rmT. We shall also refer to IT(q) as the polarization function, or simply the
polarization. In the absence of interactions IT(g) reduces to the imaginary
frequency Lindhard function,

11(0) = 5 S GukIGulh-+0) =~ 3 LT @an)

iwpm,

The corresponding real frequency function can be obtained via analytic con-
tinuation. The discontinuity of IT(q, z) across the real axis defines the dy-
namic structure factor S(q,w) [2.7]

ImIl(q,w +i0") = 7 [S(q,w) — S(q, —w)] . (2.42)

In terms of the exact eigenstates |n) and eigen-energies E,, of the operator
Hppat — uN defined in Eqs.(2.1)7(2.3), S(g,w) has the spectral representation

@) = 3 S pmPote — (B Ew) (249

where Z is the exact grand canonical partition function. From this expression
it is obvious that S(q, w) is real and positive, and satisfies the detailed balance
condition

S(q7 _w) = eiﬁws(qa w) . (244)
Using 1_%5“} =1+ ﬁ, it is easy to see that the imaginary part of
II(q,w +i07) and the dynamic structure factor are related via

1

1
S(q,w) = {1 + 5o ] —ImIl(q,w +i0") . (2.45)
e 1w

This relation is called the fluctuation-dissipation theorem. For arbitrary com-
plex frequencies z we have [2.7],

o0 N+
g =1 [~ aumltee o)

T™J -

_ /OOO dw[l — e7]S(q,w) L L by i z}

= /oo dw[l — e 7]S(q,w) 2w
0

w—z

A widely used approximation for the density-density correlation function
is the so-called random-phase approximation [2.9], which we shall abbrevi-
ate by RPA. If the quasi-particle interaction in Eq.(2.1) depends only on the
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momentum-transfer ¢ (and not on the momenta k and k' of the incoming par-
ticles), the density-density correlation function within RPA is approximated
by

__ Ih(g)
IIrpa(q) = m ; (2.47)
or equivalently
[Irpa(e)] ™" = [Ho(g)] ™! + fq - (2.48)

Corrections to the RPA are usually parameterized in terms of a local field
correction g(q), which is defined by writing the exact IT(q) as [2.10,2.11]

()]~ = [Ho(g)] ™! + fq —9(a) (2.49)
Defining the proper polarization I, (q) via
[IT.(@)) ! = [Io(q)] ! = g(a) (2.50)
we have
g = — 2@ ___ 1) (2.51)

T 1+ foll(q)  elq)

where the dimensionless function

e(q) = 1+ fqll.(q) (2.52)

is called the dielectric function. Using Eqs.(2.51) and (2.46), we may also
write

—— =1—=fqll(q) =1—fq /Oo dw[l — e~ 7]S(q,w) - (2.53)

e(q) 0 w? + Wy,
Note that Eq.(2.50) has the structure G—! = G;' — X, i.e. it resembles the
Dyson equation for the single-particle Green’s function of a bosonic problem,
with the proper polarization and the local field factor playing the role of the
exact Green’s function and the irreducible self-energy. Although this analogy
has been noticed many times in the literature [2.10-2.15], it has not been
thoroughly exploited as a guide to develop systematic methods to calculate
corrections to the RPA. In Chap. 4 we shall show that higher-dimensional
bosonization gives a natural explanation for this analogy and yields a new
procedure for calculating the dielectric function beyond the RPA.

2.4 Patching the Fermi surface
We now discuss Haldane’s version of subdividing the degrees of freedom close

to the Fermi surface into boxes. This geometric construction opens the way
for generalizing the bosonization approach to arbitrary dimensions.
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2.4.1 Definition of the patches and boxes

This leads to the bosonization of the potential energy in arbitrary dimensions.

Following Haldane [2.30], we partition the Fermi surface into a finite number
M of disjoint patches with volume A9~1. The precise shape of the patches
and the size of A should be chosen such that, to a first approximation, within
a given patch the curvature of the Fermi surface can be locally neglected. We
introduce a label o to enumerate the patches in some convenient ordering and
denote the patch with label a by P§. For example, a possible subdivision of
a two-dimensional Fermi surface into M = 12 patches is shown in Fig. 2.3.
By definition P§ is a subset of the Fermi surface, i.e. a d — 1-dimensional

Fig. 2.3.
Subdivision of a two-
dimensional spherical

Fermi surface into M = 12
patches P}, o = 1,...,12,
and associated boxes K¢ ,.
The vector k® has length
kr and points to the center
of the patch P§. The
dashed arrow represents
the local Fermi velocity v®
associated with patch Pg.

Fig. 2.4. Graph of a squat
box Kj ) with patch cut-
off A and radial cutoff A in
three dimensions. k% points
to the center of patch P§ on
the Fermi surface.
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manifold. To cover the entire momentum space in the vicinity of the Fermi
surface, each patch P§ is extended into a d-dimensional box (or sector)
K \ such that the union U(Jy:l K7 \ comprises all degrees of freedom in the
system.

The definition of the boxes requires the introduction of an additional
radial cutoff A. If we assume that the degrees of freedom with wave-vectors
outside a thin shell of radial thickness A < kr around the Fermi surface have
been integrated out, then in two dimensions the sectors K¢ , can be chosen
in form of the trapezoids shown in Fig. 2.3, while in d = 3 a convenient choice
of the K¢ 4. are the squat boxes shown in Fig. 2.4. The difference between
Haldane’s [2.30] and Luther’s [2.29] way of subdividing the degrees of freedom
close to the Fermi surface is that Luther takes A = O(V %), so that his
sectors are actually thin tubes, with a cross section that covers only a few
discrete k-points. This has the obvious disadvantage that the motion parallel
to the Fermi surface cannot be described without taking scattering between
different tubes into account. Haldane’s crucial idea was to choose boxes with
finite cross section. In this case scattering processes that transfer momentum
between different sectors® can be ignored as long as the width A of the boxes
is large compared with the typical momentum-transfer |q| of the interaction.

To bosonize the potential energy, we decompose the Fourier components
pq of the density operator into the contributions from the various boxes,

M
pa=_ 05 (2.54)
a=1

where pf is the contribution from wave-vectors k in sector K 4., to the total
density,

Z O (k)} Vrrq - (2.55)

The cutoff function ©%(k) is deﬁned by

1ifke Kq,

0 else ’ (2.56)

6" k)~ {
and satisfies
M
d k) =1, (2.57)
a=1

because by construction the union of all K¢§ , agrees with the total relevant k-
space. We shall refer to pg as sector density. Note that Eq.(2.57) insures that
the sum of all sector densities yields again the full density jq, see Eq.(2.54).
In terms of the sector density operators the interaction part (2.3) of the
many-body Hamiltonian can be written as

5 These so-called around-the-corner processes are difficult to handle within higher-
dimensional bosonization, see Sect. 2.4.3 and Chap. 5.1.1.
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- 1 Y’
Hiy = 7 sz‘(lm N (2.58)
qg aao’
where : ... : denotes normal ordering, and it is assumed that the variations

of f(’fk, are negligible if k and k' are restricted to given boxes, so that it is
allowed to introduce coarse-grained interaction functions

vt S O ()0 ()
e > kw O (k)OO (K')

The motivation for introducing the operators pg is that these operators obey
approximately (up to an overall scale factor) bosonic commutation relations
among each other [2.31,2.32]. Thus, Eq.(2.58) is already the bosonized poten-
tial energy.

It should be mentioned that the usefulness of the geometric construction
described above is not restricted to higher-dimensional bosonization. A very
similar construction has recently been used by Feldman et al. [2.16] to devise a
1/M-expansion for interacting Fermi systems. Furthermore, sectorizations of
this type play an important role in modern renormalization group approaches
to the fermionic many-body problem [2.40].

(2.59)

2.4.2 Linearization of the energy dispersion

In order to bosonize the full Hamiltonian, we should also obtain a boson
representation for the kinetic energy. This is only possible in a simple way if
the energy dispersion is linearized at the Fermi surface.

The crucial advantage of the subdivision of the Fermi surface into patches is
that it opens the way for a linearization of the non-interacting energy disper-
sion. In first-quantized notation this means that the kinetic energy operator
Hy is replaced by an operator involving only first order spatial derivatives.
Then it is not difficult to show that the operators pg defined in Eq.(2.55) have
in the high-density limit simple commutation relations with the kinetic energy
operator Hy. Together with the bosonized potential energy in Eq.(2.58), this
directly leads to the free boson representation of the Hamiltonian [2.31,2.32].
In Chap. 4 we shall discuss the bosonization of the Hamiltonian and the
underlying approximations within the framework of our functional integral
approach.

Due to the non-trivial topology of the Fermi surface, it is impossible to
linearize the energy dispersion globally in a fixed coordinate system. However,
if the size of the patches is chosen sufficiently small, we may locally linearize
the energy dispersion within each sector separately. To do this, let us denote
by k%, a=1,..., M, the set of vectors on the Fermi surface (g = 0) that
point to the centers of the patches P} (see Figs. 2.3 and 2.4). Let us then
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Fig. 2.5. Proper choice of the cutoffs. The patch cutoff A should be chosen
small enough so that within a given box the variations in the direction of the
local normal vectors to the Fermi surface (dashed arrows) can be neglected.
On the other hand, both cutoffs A and A should be chosen large compared
with the range ¢. of the interaction in momentum space (dashed circle).
Only in this case physical correlation functions at distances |r| 2 ¢, do not
explicitly depend on the unphysical cutoffs A and A.

identify the vectors k% with the origins of local coordinate systems on the
Fermi surface®, and measure any given wave-vector k with respect to that
reference point k® for which |k —k®| assumes a minimum. The corresponding
geometry has already been discussed in Sect. 2.2.3, see Fig. 2.2. Formally, we
use Eq.(2.57) and write

—p=&= 0%k = O%(k)& 1o (2.60)

where the functions £ are simply defined by £ = &keiq, see Eqgs.(2.5)
and (2.15). Suppose now that the cutoff A is chosen sufficiently small so that
within a given patch the curvature of the Fermi surface can be neglected. As
shown in Fig. 2.5, this means that the variations in the direction of the local
normal vector to the Fermi surface must be small within a given patch. In
general A should be chosen small compared with the typical momentum scale
on which the Fermi surface changes its shape. For spherical Fermi surfaces

this means that
AL kp . (2.61)

On the other hand, for intrinsically flat Fermi surfaces the size of A can be
chosen comparable to kp. We shall discuss Fermi surfaces of this type in
some detail in Chap. 7. In the opposite limit, when the Fermi surface has
certain critical areas where its shape changes on some other characteristic
scale kg < kg, we should choose A < kg. Note that in the case of Van Hove
singularities kg — 0, so that we have to exclude this possibility if we insist on
the linearization of the energy dispersion. For sufficiently small |g| = |k — k|

6 Such a collection of coordinate systems is also called an atlas [2.17].
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we may then ignore the quadratic and higher order corrections in Eq.(2.16),
and approximate
g =v-q . (2.62)

Note that for energy dispersions that are intrinsically almost linear” the
quadratic corrections to Eq.(2.62) are small even for |g| = O(kp). In most
cases, however, Eq.(2.62) will only be a good approximation for the calcu-
lation of quantities that are determined by the degrees of freedom in the
vicinity of the Fermi surface.

2.4.3 Around-the-corner processes and the proper choice
of the cutoffs

The sector cutoffs A and A should not be chosen too small, but also not too
large. The proper choice depends on the shape of the Fermi surface and on
the nature of the interaction.

Although the variations in the direction of the local normal vector can always
be reduced by choosing a sufficiently small patch cutoff A, this cutoff cannot
be made arbitrarily small. The reason is that for practical calculations the
sectorization turns out to be only useful if scattering processes that transfer
momentum between different boxes (so called around-the-corner processes)
can be neglected. This will only be the case if the Fourier transform of the
interaction is dominated by momentum-transfers |g| < g., where ¢. is some
physical interaction cutoff satisfying

ge < min{A,\} . (2.63)

In other words, the interaction must be dominated by forward scattering.
As illustrated in Fig. 2.5, the volume in momentum space swept out by the
interaction is then small compared with the volume A9~!\ of the boxes, so
that boundary effects can be neglected. For example, in case of the long-
range part of the Coulomb potential the cutoff ¢. can be identified with
the usual Thomas-Fermi screening wave-vector x. In this case the condition
k < kp is satisfied at high densities (see Chap. 6.2.3 and Appendix A.3.1).
Of course, the Coulomb potential has also a non-vanishing short-range part,
which cannot be treated explicitly within our bosonization approach. Fortu-
nately, there exist physically interesting quantities (for example the quasi-
particle residue or the leading behavior of the momentum distribution in the
vicinity of the Fermi surface, see Chap. 6.2) which are completely determined
by long-wavelength fluctuations with wave-vectors |g| < k. In this case our
bosonization approach leads to cutoff-independent results that involve only

" For example, for some peculiar form of the band structure the coefficients ci; in
Eq.(2.17) might be small.
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physical quantities, because the condition (2.63) insures that the numerical
value of momentum integrals is independent of the unphysical cutoffs A and
A

Finally, let us consider the radial cutoff . If we would like to linearize the
energy dispersion, then we should choose A small enough such that it does
not matter whether the energy dispersion is linearized precisely at the Fermi
surface, or at the top (or bottom) of the boxes K ,. For a spherical Fermi
surface this condition is satisfied if

A< kg . (2.64)

However, by introducing such a radial cutoff we are assuming that the high-
energy degrees of freedom have already been integrated out. As discussed in
Sect. 2.1, the parameters which define our model (such as the local Fermi
velocities v or the physical cutoff ¢.) must then incorporate the finite renor-
malizations due to the high-energy degrees of freedom. Therefore these pa-
rameters depend implicitly on the cutoff X. Although the precise form of this
cutoff dependence remains unknown unless we can explicitly perform the in-
tegration over the high-energy degrees of freedom, these physical parameters
can in principle be determined from experiments, for example by measuring
the density of states at the Fermi energy or the screening length. Such a pro-
cedure is familiar from renormalizable quantum field theories, where all cutoff
dependence can be lumped onto a finite number of experimentally measur-
able parameters [2.1,2.18]. But also in field theory approaches to condensed
matter systems this strategy has been adopted with great success [2.19].

2.5 Curved patches and reduction of the patch number

If we do not require that the energy dispersion should be linearized, we are
free to subdivide the Fermi surface into a small number of curved patches.
In some special cases we may completely abandon the patching construction,
and formally identify the entire momentum space with a single sector. Then
the around-the-corner processes simply do not exist.

Because in this book we shall develop a systematic method for including the
non-linear terms of the energy dispersion into higher-dimensional bosoniza-
tion, we shall ultimately drop the requirement that the variation of the local
normal vector within a given patch must be negligible. We then have the free-
dom of choosing much larger patches P§ and sectors K¢ , than for linearized
energy dispersion. For example, in Fig. 2.6 we show a sector K¢§ , that is con-
structed from five smaller boxes. Clearly, by choosing larger boxes with finite
curvature we automatically take into account all around-the-corner processes
between the smaller sub-boxes used in the linearized theory! Note that the
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N

Fig. 2.6. Sector K¢, on the Fermi surface (thick solid line) with non-
negligible curvature. The dashed arrows are the local normal vectors at the
Fermi surface. The dashed lines separate the smaller boxes which are more ap-
propriate if the energy dispersion is linearized. Note that around-the-corner
processes corresponding to momentum transfer between the smaller boxes
12 2« 3,3« 4and 4 < 5 are automatically taken into account in
K3 5.

curvature of the Fermi surface is described by the non-linear terms in the
expansion of the non-interacting energy dispersion close to the Fermi sur-
face, see Eq.(2.16). For our purpose, it will be sufficient to assume that the
expansion of egxayq for small g truncates at the quadratic order. By a proper
orientation of the axes of the local coordinate system centered at k%, we can
always diagonalize the second-derivative tensor cf; in Eq.(2.16), so that the
energy dispersion relative to the chemical potential for wave-vectors close to
k* becomes

hrrg — 1= hr — € (2:65)
where
d g
53‘ =v*-q+ . 27:19‘ (2.66)

is the excitation energy relative to egxa, and the inverse effective masses 1/m
are the eigenvalues of the second derivative tensor ¢ defined in Eq.(2.17).
So far we have always chosen k® such that ege — g = 0, in which case the
first two terms on the right-hand side of Eq.(2.65) cancel and egayq—p = &q-
More generally, we may subdivide the entire momentum space into sectors
centered at points k“ which are not necessarily located on the Fermi surface.
Of course, in this case ega — p does in general not vanish, so that we should
distinguish between the quantities exe1q — p and the excitation energy g =
€kotq — €ke given in Eq.(2.66). However, as long as we keep track of this
difference, we may partition all degrees of freedom into sectors as shown in
Fig. 2.7. Note that in general it will also be convenient to allow for sector-
dependent cutoffs A% and A“ in order to match the special geometry of the
Fermi surface. As discussed in Sect. 2.4, the sectors cutoffs should be chosen
large compared with the range g. of the interaction in momentum space, so
that the final result for the Green’s function at distances large compared with
q- ! is independent of the unphysical sector cutoffs. In fact, it is advantageous
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RN . Fig. 2.7. Subdivision of the
o entire momentum space of
N a two-dimensional system
\ with a spherical Fermi sur-
I face (thick solid circle) into
vy sectors. The solid arrows
#5---r---4-f-r---1---— point to the origins k* of
) / / local coordinate systems as-
. /! sociated with the sectors.
/ Note that only for sectors
NN at the Fermi surface we may
AN choose k% such that exa =
et . For example €2 = u,
but €1 and €3 are differ-
ent from pu.

B e

q Fig. 2.8. (a) Spherical
Fermi surface and wave-
vector k close to the Fermi
surface. (b) If we are in-
terested in G(k,iv,), we
choose the coordinate ori-
gin k* such that k = k“+q,
with g parallel to k<. Note
that in this case |k —k®| as-
sumes the smallest possible

@ (b) value.

to choose the sectors as large as possible in order to avoid corrections due
to the around-the-corner processes. Hence, as soon as we include the non-
linear terms in the energy dispersion, the only condition which puts an upper
limit to the sector size is the requirement that within a given sector K

the effective masses m* and the coarse-grained Landau parameters fg‘o‘l (see
Eq.(2.59)) should be well-defined. If these conditions are satisfied, we may
use our formalism to calculate the single-particle Green’s function G(k® +
q,i@,,) for all wave-vectors q that are small compared with the sector cutoffs.
Obviously, in the extreme case of Fermi surfaces that have constant curvature
(at least within the range ¢. of the interaction), and for Landau parameters
that are independent of the momenta of the incoming particles (i.e. (‘1’0‘/ = fq,
such as the long-range tail of the Coulomb interaction), we may identify the
entire momentum space with a single sector. In other words, there is no need
any more for subdividing the degrees of freedom into several sectors. In this
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case the problem of around-the-corner processes is solved trivially. However,
given the fact that our main interest is the calculation of the single particle
Green’s function in the vicinity of the Fermi surface, it is still advantageous
to work with a coordinate system centered on the Fermi surface, as shown in
Fig. 2.8. Once we know the function G%(q,iw,) = G(k“ + q,iw,) for wave-
vectors of the form q = qﬁ‘lzza (where k" is a unit vector in the direction of
k), we may use the symmetry of the Fermi surface to reconstruct G(k, i&y, ).
For spherically symmetric systems we simply have to substitute ql‘f‘ — |k|—kp

in the result for G¢ (ql‘llfca, iwp).

2.6 Summary and outlook

In the first three sections of this chapter we have summarized some basic
facts about the fermionic many-body problem, mainly to introduce the no-
tation and to set the stage for the calculations that follow. In Sect.2.4 we
have given a detailed description of the geometric patching construction in
momentum space, which forms the basis of higher-dimensional bosonization
with linearized energy dispersion. This construction has first been suggested
by Haldane [2.30], and has been discussed in some detail in the work of
Houghton, Kwon, and Marston [2.31,2.33], and later in [2.36]. Note that Hal-
dane’s way of subdividing the degrees of freedom close to the Fermi surface
into sectors is a generalization of an earlier suggestion due to Luther [2.29],
who used thin tubes.

We have also pointed out that scattering processes that transfer momen-
tum between different sectors (the around-the-corner processes) are difficult
to handle within higher-dimensional bosonization. It is therefore desirable to
choose the size of the sectors as large as possible. In Sect.2.5 we have further
generalized the patching construction by defining larger patches with finite
curvature, anticipating that in this book we shall present a systematic method
for including curvature effects into bosonization. In other words, Haldane’s
boxes, which can be considered as the union of a large number of Luther’s
narrow tubes, have merged into a small number of sectors, within which the
curvature of the Fermi surface cannot be neglected. In the case of a spher-
ical Fermi surface and rotationally invariant interactions we shall formally
identify the entire momentum space with a single sector, thus completely
abandoning the patching construction.

Finally, we would like to draw the attention of the reader to the problem
of Van Hove singularities, which will not be further discussed in this book,
although non-perturbative methods for analyzing this problem will be devel-
oped in the following chapters®. As discussed at the end of Sect. 2.4.2, at a
Van Hove singularity the local Fermi velocity v® vanishes, so that the leading

8 The fact that so far I have not studied this problem by myself with the help of
the technique described in this book does not necessarily mean that this problem
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term in the expansion of the energy dispersion close to the Fermi surface is
quadratic. Obviously, the effect of Van Hove singularities on the low-energy
behavior of the Green’s function cannot be studied within an approximation
that relies on the linearization of the energy dispersion close to the Fermi sur-
face. However, our more refined functional bosonization approach developed
in Chaps. 4.3 and 5.2 retains the quadratic term in the energy dispersion,
so that our method might shed some new light on the problem of Van Hove
singularities in strongly correlated Fermi systems.

is very difficult or requires conceptually new ideas. I simply have not found the
time to work on this problem. This is also true for the other research problems
mentioned in the concluding sections of the following chapters.



3. Hubbard-Stratonovich transformations

Our functional bosonization approach is based on two Hubbard-Stratonovich
transformations, which are described in detail in this chapter.

We start with the imaginary time functional integral formulation of quan-
tum statistical mechanics. This modern approach to the many-body problem
has recently been described in excellent textbooks [3.4-3.7], so that we can
be rather brief here and simply summarize the relevant representations of
fermionic correlation functions as Grassmannian functional integrals. We then
eliminate the Grassmann fields in favour of collective bosonic fields by means
of suitable Hubbard-Stratonovich transformations [3.1]. These can be viewed
as a clever change of variables to collective coordinates in functional integrals,
which exhibit the physically most relevant degrees of freedom. The associated
Jacobians define the effective actions for the Hubbard-Stratonovich fields. It
turns out that the non-perturbative bosonization result for the single-particle
Green’s function can be obtained with the help of a conventional Hubbard-
Stratonovich transformation that involves a space- and time-dependent aux-
iliary field ¢®. This transformation will be discussed in Sect. 3.2. On the
other hand, for the calculation of the boson representation of the Hamilto-
nian or the density-density correlation function we need a generalized two-
field Hubbard-Stratonovich transformation, which involves besides the ¢®-
field another bosonic field p®. Section 3.3 is devoted to a detailed description
of this transformation.

3.1 Grassmannian functional integrals

Fermionic correlation functions can be represented as Grassmannian func-
tional integrals. These representations are particularly convenient for our
purpose, because they can be directly manipulated via Hubbard-Stratonovich
transformations.

The grand canonical partition function Z of our many-body Hamiltonian
defined in Egs.(2.1), (2.2) and (2.58) can be written as an imaginary time
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(i.e. Euclidean) functional integral over a Grassmann field ¢ [3.4-3.7],

Z _JDAwpe i) 51)

Z Do sl |
where Z; is the grand canonical partition function in the absence of interac-
tions, and the Euclidean action Syai{1} is given by

Smat{w} = SO{w} + Sint{w} ) (32)
So {} = BZ (i + &) ULt (3.3)
S {9} = sz £ 0% 05 (3.4)
Here
Z@ k)L kg (3.5)

is the Grassmann representation of the sector density operator pg defined
in Eq.(2.55). Note that the k- and g-sums in these expressions are over
wave-vectors and Matsubara frequencies. Although the Landau parameters
fg‘o‘/ that appear in the Hamiltonian Hipy in Eq.(2.58) depend only on the
wave-vector g, we have replaced them in Eq.(3.4) by more general frequency-
dependent parameters fg ac’ — g“f‘w In our functional integral approach the
frequency-dependence does not introduce any additional complications. In
physical applications the frequency-dependence is due to the fact that the
underlying microscopic mechanism responsible for the effective interaction
between the electrons is the exchange of some particle with a finite velocity,
such as phonons!. Moreover, even in the case of electromagnetism the effective
interaction becomes frequency-dependent if the corrections of higher order in
vp/c are retained. The static Coulomb potential is just the vp/c = 0 limit.
The leading correction is a retarded current-current interaction mediated by

the transverse radiation field, which will be discussed in Chap. 10.

The time-ordered Matsubara Green’s function defined in Eq.(2.7) can be
represented as the functional integral average of wkw};,

gl Dl e Sy

G(k) = f D {p} e~ Smar {0} (3.6)
In absence of interactions this reduces to
D —So{v} T 1
Go(k) f {"/J} © "/’kw (3'7)

JD{@re 0T ", —&

! The coupled electron-phonon system will be discussed in detail in Chap. 8.



3.1 Grassmannian functional integrals 35

in agreement with Eq.(2.10). From the Matsubara Green’s function we can
obtain the real space imaginary time Green’s function via Fourier transfor-
mation,

G(r,7) D ek rmenniGE) (3.8)

_5_Vk

Defining
1 ) 5
bir,) = —= S etkrEry, (3.9)
VV 4

we can also write

[ D{gye Sy (e, 1)yl (', 1)

G(’l"—r’,T—T/) = J"D{w}e_smat{w}

(3.10)

Two-particle Green’s functions can also be represented as functional in-
tegral averages. The density-density correlation function defined in Eq.(2.38)
can be written as

_ ﬁfp{w}e_smat{w}pqp—q

1(q) = 1% fD{df} e~ Smat{¥} ’

(3.11)

where the composite Grassmann field corresponding to the Fourier compo-
nents of the total density is (see Eq.(2.39))

pa=> 05 = Vithig - (3.12)
o k
Using Eq.(2.57) we may also write
m(g) = 11""(q) , (3.13)
where for ¢ # 0

aa’ 1 g 7 —iwm (T—7" INeY ~a
1 (q) = 5 [ ar [ are e [y ())

_ B D {yye Sl pnp
Vo [D{y}e Smalv}

(3.14)

We shall refer to II(q) as the global or total density-density correlation func-
tion, and to 11 (q) as the local or sector density-density correlation function.
In the non-interacting limit Eq.(3.14) reduces to

f(k+q) — (&)

Chra — &n— (3.15)

15 (q) = - S 0 (k)6 (ks + q)
k

By relabeling k + g — k it is easy to see that
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g (q) = 1I§"*(~q) . (3.16)

Substituting Eq.(3.15) into Eq.(3.13) and using > ©%(k) = 1, we recover
the non-interacting Lindhard function given in Eq.(2.41). We would like to
emphasize that in the above functional integral representations of the corre-
lation functions the precise normalization for the integration measure D{t}
is irrelevant, because the measure appears always in the numerator as well
as in the denominator.

3.2 The first Hubbard-Stratonovich transformation

We decouple the two-body interaction between the fermions with the help of
a Hubbard-Stratonovich field ¢%. After integrating over the Fermi fields, the
single-particle Green’s function can then be written as a quenched average
with probability distribution given by the effective action of the ¢™-field.

3.2.1 Decoupling of the interaction

The generalized Landau parameters fqo‘O/ in Eq.(3.4) have units of energy
x volume. Because we would like to work with dimensionless Hubbard-
Stratonovich fields, it is useful to introduce the dimensionless Landau pa-
rameters

Faa' ﬁ aa’

The interaction part of our Grassmannian action can then be written as

Sine{y} = % SN s (3.18)

q aao’

Using the invariance of the sum in Eq.(3.18) under simultaneous relabelling
a < o' and ¢ — —q, it is easy to see that, without loss of generality, we may
assume that

fool = o, (3.19)
which is analogous to Eq.(3.16). We now decouple this action by means of
the following Hubbard-Stratonovich transformation involving a dimensionless
bosonic auxiliary field ¢g,

exp [~ Sine{¥}] = exp [—% > Z[quw’piqu’]

q aao’

D exp [-3 5, Daalf, 10 0205 — 18, X0 0%05

— .(3.20)
Do exp -4 Ty Sl 170,05 ]
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Here iq is a matrix in the patch indices, with matrix elements given by

]ozo/ _ f;a/ _ ﬁ

= Vf;a/ . (3.21)

i
Throughout this work we shall use the convention that all underlined quan-
tities are matrices in the patch indices. Eq.(3.20) is easily proved by shifting
the ¢“-field in the numerator of the right-hand side according to

o5 — o5 —iy [F )0y (3.22)

and using Eq.(3.19). For later convenience, let us fix the measure for the
¢*-integration such that

/D{(bo‘}exp [_% Zz[iq_l]aa’(bgq(bg‘, = Hdet(iq) , (323)

q aao’

where det denotes the determinant with respect to the patch indices. Note
that our complex auxiliary field satisfies ¢, = (¢)*, because it couples to
the Fourier components of the density, which have also this symmetry. Of
course, mathematically the ¢*-integrals in Eq.(3.20) and (3.23) are only well
defined if the matrix fq is positive definite. However, Egs.(3.22) and (3.19) are
sufficient to proof Eq.(3.20) as an algebraic identity, so that we shall use this
transformation for intermediate algebraic manipulations even if the matrix f .
is not positive definite. Possible infinities due to vanishing (or even negative)
eigenvalues of the matrix iq cancel between the denominator and numerator
of Eq.(3.20). For example, if all matrix elements of a M x M-matrix have the
same (non-zero) value, then M — 1 of its eigenvalues are equal to zero, so that
for constant matrices f we implicitly assume that the Gaussian integrations
in Eq.(3.20) have been regularized in some convenient way. Note also that
the appearance of fq_l is only an intermediate step in our calculation. The
final expressions for physical correlation functions can be written entirely in
terms of f , and remain finite even if this matrix is not positive definite.
Such a rather loose use of mathematics is quite common in statistical field
theory, although for mathematicians it is certainly not acceptable. Formally,
the appearance of fq_l at intermediate steps can be avoided with the help

of the two-field Hubbard-Stratonovich transformation discussed in Sect. 3.3,
see Eq.(3.42) below?.

2 Other formal ways to avoid this problem are briefly discussed in the books by
Amit [3.2, p. 24], and by Itzykson and Drouffe [3.3, p. 153]. On the other hand,
Zinn-Justin mentions this problem [3.1, p. 518], but does not hesitate to perform

a transformation of the form (3.20) for a general matrix f . Moreover, in the book
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3.2.2 Transformation of the single-particle Green’s function

Applying the Hubbard-Stratonovich transformation (3.20) to the functional
integral representation (3.6) of the single-particle Green’s function, we obtain

[D{p}D{p*}e 00"yl

W= oy ereser 0 02
where the decoupled action is given by
S{w7¢a} = SO {1/1}"‘51 {w7¢a}+‘5’2 {¢a} ) (325)

with

Si{, ¢} = ZZIpq : (3.26)

Sal0) = 5 SOOI, 105 (3.27)

q aao’

Thus, the fermionic two-body interaction has disappeared. Instead, we have
the problem of a coupled field theory in which a dynamic bosonic field ¢
is coupled linearly to the fermionic density. The ¢“-field mediates the inter-
action between the fermionic matter in the sense that integration over the
¢“-field (i.e. undoing the Hubbard-Stratonovich transformation) generates
an effective fermionic two-body interaction. In fact, because all interactions
in nature can be viewed as the result of the exchange of some sort of parti-
cles, it is more general and fundamental to define the problem of interacting
fermions in terms of an action that does not contain the fermionic two-body
interaction explicitly, but involves the linear coupling of the fermionic density
to another bosonic field. This point of view has been emphasized by Feyn-
man and Hibbs [3.44]. We shall come back to the physical meaning of the
Hubbard-Stratonovich field ¢ in Chap. 10.1.1, where we shall show that for
the Maxwell action the ¢*-field can be identified physically with the scalar
potential of electromagnetism.

In a functional integral we have the freedom of performing the integrations
in any convenient order. Let us now perform the fermionic integration over
the ¢-field in Eq.(3.24) before integrating over the ¢-field. To do this, we
write

So{v}+ S1{v, 9%} = 521% “ewtw (3.28)

kK’

where G~! is an infinite matrix in momentum and frequency space, with
matrix elements given by the formal Dyson equation

by Negele and Orland [3.6, p. 198] as well as in Parisi’s book [3.4, p. 209] this
transformation is used without further comment. I would like to thank Kurt
Schénhammer for giving me a copy of his notes with a summary and discussion
of the relevant references.
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(G ewr =[Gy inr — [Vikw - (3.29)

Here Gy is the non-interacting Matsubara Green’s function matrix,

N 1
[Golkr = Oprr Go(k) , Golk) = ——— (3.30)
wn, — &k
and the self-energy matrix V is defined by
9 «a « «a i «
Ve =Y _ 0% (k)V ), V= quq : (3.31)
Recall that k denotes wave-vector and frequency, so that dxr = Ogp/Onn’-

Choosing the normalization of the integration measure D{} suitably, the
“trace-log” formula [3.4] yields

[P whesp s wh - 81 1,07} = der G

. - .
_oTrinG™ _ (Trin Gyt (Trin[1-GoV] 7 (3.32)

-6 [ D) vl exp =50 (0} - $1 {v,6°))
= [Giye™InGo TrInli=Go?] (3.33)
Hence, after integration over the fermions the exact interacting Green’s func-

tion (3.24) can be written as a quenched average of the diagonal element
(Gkk

Gt = [ D1 }P(e) Gl = (IGa), - (339

Note that [G]gx is in general a very complicated functional of the field ¢*.
The normalized probability distribution P{¢“} is

e Sest {0}

’P{¢a} — ID{¢O‘}€_SCH{¢@} )

(3.35)

where the effective action for the ¢®-field contains, in addition to the ac-
tion S2{¢*} defined in Eq.(3.27), a contribution due to the coupling to the
electronic degrees of freedom,

Se{9"} = 52{¢"} + S {0} , (3.36)

with o

Skin{¢a} = —'I‘rln[l — GQV] . (337)
Note that in Eq.(3.34) one first calculates the Green’s function for a frozen
configuration of the ¢®-field, and then averages the resulting expression
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over all configurations this field, with the probability distribution given in
Eq.(3.35). Such a procedure closely resembles the background field method,
which is well-known in the field theory literature [3.5]. Following this termi-
nology, we shall also refer to our auxiliary field ¢f as the background field.

The above transformations are exact. Of course, in practice it is im-
possible to calculate the interacting Green’s function from Eq.(3.34), be-
cause (a) the matrix G~' cannot be inverted exactly, (b) the kinetic en-
ergy contribution Skin{¢*} to the effective action of the ¢*-field can only
be calculated perturbatively, and (c) the probability distribution P{¢*} in
Eq.(3.35) is not Gaussian, so that the averaging procedure cannot be carried
out exactly. The amazing fact is now that there exists a physically interesting
limit where the difficulties (a), (b) and (¢) can all be overcome. The above
method leads then to a new and non-perturbative approach to the fermionic
many-body problem. The detailed description of this method and its ap-
plication to physical problems is the central topic of this book. The highly
non-perturbative character of this approach is evident from the fact that in
d = 1 the well-known bosonization result for the Green’s function of the
Tomonaga-Luttinger model [3.19] can be obtained with this method [3.42].
This will be explicitly shown in Chap. 6.3.

3.3 The second Hubbard-Stratonovich transformation

In order to introduce collective bosonic density fields, we perform another
change of variables in the functional integral by means of a second Hubbard-
Stratonovich transformation. In this way we arrive at the general definition
of the bosonized kinetic energy.

From Eq.(3.26) we see that after the first Hubbard-Stratonovich transfor-
mation the composite Grassmann field p® couples linearly to the ¢*-field.
Evidently the ¢“-field is related to the p®-field in a very similar fashion as
the chemical potential is related to the particle number. In other words, the
¢“-field is the conjugate field to the sector density p®. We now use a second
Hubbard-Stratonovich transformation to eliminate the composite Grassmann
field p® in favour of a collective bosonic field p®, which can then be identified
physically with the bosonized density fluctuation. This additional transfor-
mation is useful for the calculation of quantities that can be written in terms
of collective density fluctuations, such as the density-density correlation func-
tion or the bosonized Hamiltonian. On the other hand, for the calculation of
the single-particle Green’s function the first Hubbard-Stratonovich transfor-
mation introduced in the previous section is sufficient.
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3.3.1 Transformation of the density-density correlation function

Applying the first Hubbard-Stratonovich transformation (3.20) to the Grass-
mannian functional integral representation (3.14) of the sector density-
density correlation function, we obtain

B | D{Y} D{¢*} pgpy exp [=S {,¢°}]
V. [D{y}D{¢*}exp[-S{v, ¢"}]

We now decouple the quadratic action S2{¢*} in this expression by means
of an integration over another bosonic field pg,

exp [~ S2{¢"}] = exp [——ZZ [ aﬁ“]

qg oo

e (q) =

(3.38)

JAB exp [~ 50, S )0 52075 +150, 5 62,75
= .(3.39)

S D esp [~3 5, SawlF )25

It is convenient to define the integration measure for the p®-integral such
that

/D{p Y exp l__zz oo’ aqpq] _H[det(i )}_1 . (3.40)

q aao’ q

so that with Eq.(3.23) we have

/D{ }/D{«ﬁa}exp[——zz e 5 g

——ZZ Hoa! g ¢] . (341)
q aao’

Then our two-field decoupling of the original fermionic two-body interaction
reads

exp [~ S [10}] = exp [——ZZ Jo aqpq]—/mﬁa}/mw

q aao’

X exp l——zz Jee’ oy +1ZZ g~ Pq ¢a] (3.42)

q aao’

Note that pf = >, % (k)w};wkﬂ on the left-hand side of this equation is
a composite Grassmann field, while pg on the right-hand side is a complex
collective bosonic field. Eq.(3.42) can be viewed as a functional generalization
of the elementary identity



42 3. Hubbard-Stratonovich transformations

:/ dy/ 49 —viritr—ars (3.43)
oo oo 2m

Let us also point out that the two-field Hubbard-Stratonovich transformation
(3.42) does not involve the inverse of the matrix fq, so that it is perfectly
well defined for matrices with constant elements.

Applying the Hubbard-Stratonovich transformation (3.39) to the denom-
inator in Eq.(3.38) and integrating over the fermionic 1-field, we obtain with
the help of the “trace-log” formula (3.32),

eTr In égl

J" D {[)a} 675'2{&1}

/ D {4} D (6"} exp S {14, ¢°}] =

X/D{ﬁ“}D{sﬁa}exp [—5”2 (P} +1)_0%55 — San{9™}| + (3.44)

qo

where the interaction contribution to the effective action of the collective
p-field is

1 F1ad’ ~a ~a’
and the action Skin{¢*} is defined in Eq.(3.37). The relation analogous to
Eq.(3.44) for the numerator in Eq.(3.38) is

Trln 671

[D e 5

[ DD oo exp (- (w0} =

< [ D451 D (o) 35 e

—So{p"} 1Y 0% i — Skin{eﬁa}] (3.46)
qo
To proof Eq.(3.46), we introduce the generating functional
Fi{¢*} = /D {} D{¢"} exp [—5 {6} +1) &“qp;‘“l ;o (347)
qo

which depends on external bosonic fields ¢Z°‘ and generates via differentiation
(up to a constant factor) the left-hand side of Eq.(3.46),

At
992 062

= / D{p} D {6} o p%, exp [-S {1, 6°}] . (3.48)

$=0

Applying the Hubbard-Stratonovich transformation (3.39) to our generating
functional, we obtain
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Fl{o*} =

1 S5
[ D{po} e S5 /D{ﬁ“}D{sba}e—Sz{p }

X /D {v}exp [—So{i/f} +1Y (62,5 — (6%, — 2 )rel| - (3.49)

qo

Shifting the integration over the ¢®-field according to ¢g — ¢g + (b ,
replace in the last term of the exponential in Eq.(3.49)

S Py = (0%, = 0% )Py — 9% py + 0% By — 0§) (3.50)

so that after the shift the derivatives with respect to the external éa—ﬁeld
generate factors of the collective bosonic density field p®. Performing now the

fermionic integration and taking two derivatives with respect to the external
field, we conclude from Eq.(3.49) that

eTr In égl

= Gy e [Pty o)

PF{6°}
09 062

$=0

X fig P GXP[ So{p" }+1Z¢ oPq — Skin{¢°‘}] . (3.51)

Comparing the right-hand sides of Eqs.(3.48) and (3.51), the validity of
Eq.(3.46) is evident. In summary, with the help of Eqgs.(3.44), (3.46) and
(3.38) the sector density-density correlation function (3.14) can be repre-
sented as

1% (g) =
I Dy e S g, [ D" exp [0 07455 — Skan (07
Vo [D e S [D oo exp [i5,, 00 — S {0°)]

(3.52)

3.3.2 Definition of the bosonized kinetic energy

In complete analogy with Eqs.(3.34)—(3.36), let us rewrite Eq.(3.52) as
aa ﬁ ~ 6 ~Q "’Ot/
i1 2 [oueypiriagt = (), 6)

where the normalized probability distribution ’ﬁ{ p*} for the collective density
field p® is i
P{p" o 2t 3.54
{p } - fD{ﬁa}67§Eff{ﬁa} . ( . )
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The effective action of the p®-field has again two contributions,
Seer {7} = S2{p"} + Skin {7°} (3.55)

with Sy {5} given in Eq.(3.45), and
) . (3.56)

Note that Skin {p™} is related to Skin{¢*} via a functional Fourier transfor-
mation, while the quadratic action So{p®} is simply obtained from Sin{¢}
in Eq.(3.4) by replacing the composite Grassmann field p® by the collective
bosonic field p¢. In this way the effect of the electron-electron interaction
is taken into account exactly, while the contribution S'kin {p*} due to the
kinetic energy can in general only be calculated approximately. In the next
chapter we shall show that in the limit of long wavelengths and low energies
the effective action Seg{p®} in Eq.(3.55) is equivalent with the bosonized
Hamiltonian of the interacting Fermi system. Obviously geg{ﬁo‘} is in gen-
eral not quadratic, so that the equivalent bosonized Hamiltonian contains
terms describing interactions between the bosons. However, under certain
conditions, which will be described in detail in Chap. 4.1, Seg{®} can be
approximated by a quadratic form. In this case bosonization enormously sim-
plifies the many-body problem. In a sense, the collective density fields p® are
the “correct coordinates” to parameterize the low-energy excitations of the
system.

Suin {p"} = —In </D {0} exp liz¢c_“qﬁ? — Skin {0}

3.4 Summary and outlook

In this chapter we have used well-known representations of fermionic correla-
tion functions as Grassmannian functional integrals and Hubbard-Stratonovich
transformations to eliminate the fermionic degrees of freedom in favour of
bosonic ones. The only new feature of these transformations is that our
Hubbard-Stratonovich fields carry not only a momentum-frequency label ¢,
but also a label o that refers to the sectors K¢ , defined in Chaps. 2.4 and
2.5. Although our manipulations are formally exact, at this point the reader
is perhaps rather skeptical whether they will turn out to be useful to ob-
tain truly non-perturbative information about the interacting many-body
system?3. After all, the use of Hubbard-Stratonovich transformation is a well-
known technique in the theory of strongly correlated systems [3.6-3.10], and
in practice it is very difficult to go beyond the saddle point approximation.
An important exception is a beautiful paper by Hertz [3.7], which has in-
spired the development of our functional bosonization approach. Hertz used a

3 As already mentioned, in d = 1 we have the ambitious goal to reproduce the
exact solution of the Tomonaga-Luttinger model.
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Hubbard-Stratonovich transformation to derive quantum Landau-Ginzburg-
Wilson functionals for interacting Fermi systems, which form then the basis
for a renormalization group analysis. Our fields ¢g are closely related to the
Hubbard-Stratonovich fields introduced by Hertz; the only difference is that
our fields carry an extra patch index . As will be shown in Chap. 5, in this
book we shall be able to treat the full quantum dynamics of the Hubbard-
Stratonovich field non-perturbatively — we shall neither rely on saddle point
approximations, nor on the naive perturbative calculation of fluctuation cor-
rections around saddle points!
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4. Bosonization of the Hamiltonian
and the density-density correlation function

We use our functional integral formalism to bosonize the Hamiltonian of an
interacting Fermi system with two-body density-density interactions. At the
level of the Gaussian approximation the problem of deriving the bosonic rep-
resentation of the Hamiltonian is closely related to the problem of calculating
the density-density correlation function within the RPA. We develop a gen-
eral formalism for obtaining corrections to the Gaussian approximation, and
show that these are nothing but the local-field corrections to the RPA. Some
of the results presented in this chapter has been published in [4.56].

In order to obtain the bosonized effective action Seg {5} defined in Eq.(3.55),
it is necessary to calculate first the effective action Seg{¢®} of the ¢*-field
given in Eq.(3.36). Note that the electron-electron interaction is taken into
account exactly via S2{¢*}, so that the difficulty lies in the calculation of the
kinetic energy contribution Siin{¢®}. Similarly, the interaction part Sp{5*}
of the effective action S.z{p®} for the collective density field can be ob-
tained trivially by replacing pj — 5y in the Grassmannian action Sinc{9}
defined in Eq.(3.4). On the other hand, to obtain the bosonized kinetic energy
S'kin{ﬁo‘} it is necessary to perform the functional Fourier transformation of
exp[—Skin{¢*}] in Eq.(3.56).

Of course, in general the above kinetic energy contributions can only be
calculated perturbatively by expanding

Siin{¢®} = ~Trinfl - GoV] = Y %Tr [GOV}" =3 Swnn{d®}. (41)
n=1 n=1

and truncating the expansion at some finite order. The functional Fourier
transformation in Eq.(3.56) should then also be performed perturbatively
to this order. Within the Gaussian approximation all terms with n > 3 in
Eq.(4.1) are neglected, so that one sets

Sn{6%) ~ Tr [GOV} + %Tr [Govr . (4.2)
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Because within this approximation Skin{¢®} is a quadratic functional of the
¢*-field!, the functional Fourier transformation (3.56) reduces to a trivial
Gaussian integration. Evidently the effective action S'eg{ﬁo‘} of the collective
density field is then also quadratic. Note that in the work by Houghton et
al. [4.31,4.33] and Castro Neto and Fradkin [4.32,4.34] it is implicitly assumed
that the Gaussian approximation is justified. However, in none of these works
the corrections to the Gaussian approximation have been considered, so that
the small parameter which actually controls the accuracy of the Gaussian
approximation has not been determined.

On the other hand, in the exactly solvable one-dimensional Tomonaga-
Luttinger model [4.17, 4.18] the bosonized Hamiltonian is known to be
quadratic, so that the expansion in Eq.(4.1) truncates at the second order.
In this case we have exactly

“Trln[l — GoV] = Tr {GOV} + %Tr [éoffr . (4.3)

All higher order terms vanish identically due to a large scale cancellation
between self-energy and vertex corrections, which has been discovered by
Dzyaloshinskii and Larkin [4.1]. A few years later T. Bohr gave a much more
readable proof of this cancellation [4.2], and formulated it as a theorem, which
he called the closed loop theorem. In d = 1 there are certainly alternative (but
equivalent) approaches to the bosonization problem, which do not explicitly
make use of the closed loop theorem [4.41,4.42]. However, we find it advan-
tageous to start from the closed loop theorem, because then it is very easy
to see that the cancellations responsible for the validity of Eq.(4.3) ind =1
exist also in higher dimensions, and control in the limit of high densities and
small momentum-transfers the accuracy of the Gaussian approximation in
arbitrary d. Following the terminology coined by T. Bohr [4.2], we shall de-
scribe the mechanism responsible for this cancellation in terms of a theorem,
which we call the generalized closed loop theorem.

4.1 The generalized closed loop theorem

This is the fundamental reason why bosonization works.

! As shown in Eq.(4.20) below, the term Tr[GoV] in Eq.(4.2) gives rise to a contri-
bution that is proportional to the ¢ = 0 component of the ¢“-field, which renor-
malizes the ¢ = 0 component of the collective density field pg (see Egs.(4.38)
and (4.39)). In this work we shall restrict ourselves to the calculation of zero
temperature correlation functions at finite ¢, in which case possible subtleties
associated with these ¢ = 0 components of the Hubbard-Stratonovich fields can
be ignored. For the calculation of the free energy a more careful treatment of
these terms is certainly necessary.
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Graphically, the traces Tr[GoV]™ in Eq.(4.1) can be represented as closed
fermion loops with n external ¢“-fields, as shown in Fig. 4.1. Performing the

Fig. 4.1. Feynman dlagram repre-
senting Tr[GoV]" with n = 8, see
Eqs.(4.1) and (4.4). The lines with ar-
rows denote non-interacting fermionic
Green’s functions, the dots represent
the bare vertex, and the wavy lines
denote external ¢“-fields.

trace of n'" order term in Eq.(4.1), we obtain

Skin,n {¢a} - Z Z U lal Qnan) e g: ) (44)

«qn O1...0n

where the dimensionless vertices U,, are given by [4.3]

i\"1
Un(q101 -+ qnon) = dq1+..44.,0 (B) n! Z Z@apl (k)
"P(l..n) k

xO*"2(k+qp,) -0 (k+4qp,+...+4p,)
XGo(k)Go(k + qu) . "Go(k+QP2 + ...+ an) . (45)

Here 64, +...44,,0 denotes a Kronecker-9 in wave-vector and frequency space.
We have used the invariance of Skinn {¢®} under relabeling of the fields to
symmetrize the vertices U,, with respect to the interchange of any two labels.
The sum ZP(l...n) is over the n! permutations of n integers, and P; denotes
the image of ¢ under the permutation. Note that the vertices U,, are uniquely
determined by the energy dispersion ex — u. The amazing fact is now that
there exists a physically interesting limit where all higher order vertices U,
with n > 3 vanish. This limit is characterized by the requirement that the
following two approximations (A1) and (A2) become accurate:

(A1): Diagonal-patch approximation

Let us assume that there exists a cutoff ¢. < kg such that the contribu-
tion from fields ¢ff with |g| < g to physical observables becomes negligibly
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small?. Because the fields ¢y mediate the interaction between the fermions,
this condition is equivalent with the requirement that the nature of the bare
interaction f . should be such that the resulting effective screened interaction

(which takes into account the modification of the bare interaction between
two particles due to the presence of all other particles) is negligibly small for
|g| 2 gc. If this condition is satisfied, we may approximate in Eq.(4.5)

0" (k)02 (k +qp,)--- 0% (k+4qp, +... +4qp,)
~ (AP APy AP AP3 | fOP O Py QXPy (k) R (46)

because the k-sum in Eq.(4.5) is dominated by wave-vectors of the order of
kr. This approximation is correct to leading order in ¢./kr, and becomes
exact in the limit g./kr — 0. Note that this limit is approached either at
high densities, where kp — 0o at constant g, or in the limit that the range
qc of the effective interaction in momentum space approaches zero while kg
is held constant. It follows that, up to higher order corrections in ¢./kr, the
vertex Uy (g1 ... gnaw,) is diagonal in all patch labels,

Un(uag ... quay) = 64192 - 8T M (qp ... qn) (4.7)

with

. n 1
Un(qr---qn) = 0gy 44400 <é> - Z )zk:@a(k)

" P(l..n
X Go(k)Go(k + qu) e Go(k + qp, + ...+ QPn) . (48)

Below we shall refer to the approximation (4.6) as the diagonal-patch approz-
imation. It is important to note that at finite g./kp this approximation can
only become exact in d = 1, because in this case the Fermi surface consists of
two widely separated points. Except for special cases (see Chap. 7), in higher
dimensions the covering of the Fermi surface involves always some adjacent
patches, which can be connected by arbitrarily small momentum-transfers q.
These around-the-corner processes are ignored within the diagonal-patch ap-
proximation (A1). As discussed in detail in Chap. 2.4.3, this is only justified
if the sector cutoffs A and A are chosen large compared with g..

(A2): Local linearization of the energy dispersion

Suppose we put the origins k% of our local coordinate systems on the Fermi
surface (so that ex« = ), and locally linearize the energy dispersion, §q =
€kotq — b = VY - q (see Eq.(2.16)). Inserting unity in the form (2.60) into
the non-interacting matter action So{¢} defined in Eq.(3.3), we see that the
linearization amounts to replacing

2 As already mentioned in Chap. 2.4.3, in the case of the long-range part of the
Coulomb interaction ¢. can be identified with the Thomas-Fermi wave-vector &,
which is small compared with kr at high densities.
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Sofw} = B SO (k)i + 0% - (k— kMl . (49)
k a

Thus, the Fermi surface is approximated by a collection of flat d — 1-
dimensional hyper-surfaces, i.e. planes in d = 3 and straight lines in d = 2.
The corresponding non-interacting Green’s function is then approximated by

a . . 1
Go(k™ + q,i0,) = G5 () ~ G oig (4.10)
Shifting the summation wave-vector in Eq.(4.8) according to k = k“ + q, we
obtain

US(qr .- Gn) = 0g14...4q,,0 (E) EPZ ;(9 (k“ +q)

(1m)
x G5 (Q)GG (@ +qp,) -G (G +qp, + ... +qp,) . (4.11)

Recall that we have introduced the convention that § = I[q,id,] labels
fermionic Matsubara frequencies, while ¢ = [q, iw;,] labels bosonic ones. Be-
cause the sum of a bosonic and a fermionic Matsubara frequency is a fermionic
one, the external labels ¢, . . ., ¢, in Eq.(4.11) depend on bosonic frequencies.

Having made the approximations (A1) and (A2), we are now ready to
show that in arbitrary dimensions the vertices U%(q1 . . . gn) with n > 3 vanish
in the limit g. — 0, so that in this limit the Gaussian approximation becomes
ezact! As already mentioned, in the context of the Tomonaga-Luttinger model
the vanishing of the U,, for n > 3 has been called closed loop theorem, and is
discussed and proved in unpublished lecture notes by T. Bohr [4.2]. Under the
assumptions (A1) and (A2) the proof goes through in any dimension without
changes. Note that the validity of (A1) and (A2) is implicitly built into the
Tomonaga-Luttinger model by definition. The vanishing of U,, for n > 3 is
equivalent with the statement that the RPA for the density-density correla-
tion function is exact in this model. This is due to a complete cancellation
between self-energy and vertex corrections [4.1]. In [4.2] the proof is formu-
lated in the space-time domain, but for our purpose it is more convenient
to work in momentum space, because here the Fermi surface and the patch-
ing construction are defined. The following two properties of our linearized
non-interacting Green’s function in Eq.(4.10) are essential,

Go(=q) = =G5 (@) (4.12)

Go (GG (a+4q) =GF(d) G5 (@) - GF(a+4)] - (4.13)
Note that Eq.(4.12) follows trivially from the definition (4.10), while Eq.(4.13)

is nothing but the partial fraction decomposition of the product of two ra-
tional functions. To show that the odd vertices Us, Us, ... vanish, we only
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need Eq.(4.12) and the fact that the sector K , in Eq.(4.11) has inversion
symmetry with respect to k%, so that the domain for the g-sum is invariant
under ¢ — —q. Then it is easy to see that the contribution from a given per-
mutation (P Py ... P,_1P,) is exactly cancelled by the contribution from the
permutation (P, P,—_1 ... P,P;) in which the loop is traversed in the opposite
direction. As already pointed out by T. Bohr [4.2], the vanishing of the odd
vertices is a direct consequence of Furry’s theorem [4.4]. To show that the
even vertices Uy, n = 4,6, ... vanish, we use Eq.(4.13) n-times for the pairs

G5 ()G (a+apr,)
Gg(q—Fqu)Gg(Cj'i_qu""qu) )

cee (4.14)
Gi(G+ap, +---+ar,_)G5 (G +aqp, + ... +ap,)
Gi(@+ap, +-.-+ar,)G5(@)

and take into account that we may replace gp, + ...+ qp, = —qp, because of

overall energy-momentum conservation. Using the fact that in Eq.(4.11) we
sum over all permutations, it is easy to show that under the summation sign
the second line in Eq.(4.11) can be replaced by

Go(9)Go (G +aqp,) -GGG+ aqp, + - -+ qp,)
1 B -
- (GG (gp,) — GG (gr,)I{GG (G +ap,) -GGG+ gqp, + ...+ qp,)} (4.15)

Substituting Eq.(4.15) in Eq.(4.11), noting that after the shift § — ¢—qp, +
gp, of the summation label the factor in the curly braces in Eq.(4.15) can be
replaced by the symmetrized (with respect to gp, < gp,) expression

1 . o
g{GS(ququ)-“Go(qﬂL%+---+QPn)+[qP1<—>QP2]} ; (4.16)

and finally using again the fact that we may rename gp, < ¢p, because
we sum over all permutations, it is easy to see that the resulting expression
vanishes due to the antisymmetry of the first factor on the right-hand side
of Eq.(4.15). This argument is not valid for n = 2, because in this case
G§(qp,) — G§(qp,) = 2G§(gp,) due to energy-momentum conservation. We
shall discuss the vertex Us in detail in Sect. 4.2.1. Note that the shift § —
4—qp,+qp, affects also the patch cutoff, 0% (k“+q) — O*(k“+q—qp,+4qp, ),
but this leads to corrections of higher order in ¢.. Because we have already
ignored higher order terms in ¢, by making the diagonal-patch approximation
(A1), it is consistent to ignore this shift. We would like to encourage the reader
to explicitly verify the above manipulations for the simplest non-trivial case
n=4.

In fermionic language, the vanishing of the higher order vertices is due
to a complete cancellation between self-enerqy and verter corrections. This
cancellation is automatically incorporated in our bosonic formulation via the
symmetrization of the vertices U,,. We would like to emphasize again that
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this remarkable cancellation happens not only in d = 1 [4.1,4.2] but in ar-
bitrary dimensions?. The existence of these cancellations in the perturba-
tive calculation of the dielectric function of the homogeneous electron gas in
d = 3 has already been noticed by Geldart and Taylor more than 20 years
ago [4.6], although the origin for this cancellation has not been identified.
The generalized closed loop theorem discussed here gives a clear mathemat-
ical explanation for this cancellation to all orders in perturbation theory. It
is important to stress that the cancellation does not depend on the nature
of the external fields that enter the closed loop; in particular, it occurs also
in models where the fermionic current density is coupled to transverse gauge
fields (see Chap. 10). The one-loop corrections to the RPA for the gauge in-
variant two-particle Green’s functions of electrons interacting with transverse
gauge fields have recently been calculated by Kim et al. [4.7]. They found that
at long wavelengths and low frequencies the leading self-energy and vertex
corrections cancel. In the light of the generalized closed loop theorem this
cancellation is not surprising. However, the generalized closed loop theorem
is a much stronger statement, because it implies a cancellation between the
leading self-energy and vertex corrections to all orders in perturbation theory.

4.2 The Gaussian approximation

We now calculate the density-density correlation function and the bosonized
Hamiltonian within the Gaussian approzimation. We also show that at long
wavelengths the resulting bosonized Hamailtonian agrees with the corresponding
Hamiltonian derived via the conventional operator approach [4.81,4.84).

4.2.1 The effective action for the ¢*-field

Within the Gaussian approximation the expansion for the kinetic energy
contribution Skin{¢*} to the effective action for the ¢*-field in Eq.(4.1) is
truncated at the second order (see Eq.(4.2)), so that the effective action (3.36)
is approximated by

Ser {0} = So{o”} + Skin {0} + Skin,2{0"}

222 aa¢o¢ ¢oz

q aao'

+ ZZUl q@)¢g + 5 ZZUz qa, geal )by by, . (4.17)

q1q2 aa’

3 It should be mentioned that recently W. Metzner has independently given an
alternative proof of the generalized closed loop theorem in d > 1 [4.5]. His ap-
proach is based on operator identities for the sector density operators pg defined
in Eq.(2.55), and the resulting consequences for time-ordered expectation values
of products of these operators.
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The generalized closed loop theorem implies that the Gaussian approximation
is justified in a parameter regime where the approximations (A1) and (A2)
discussed in Sect. 4.1 are accurate.

We now calculate the vertices Uy and Us. From Eq.(4.5) we obtain

i feY 1 _ (e}
Ul (QOZ) = 6q7OB % e (k)m = 16q70N0 N (418)

where

Ny = 0%(k)f () (4.19)
k

is the number of occupied states in sector Kj  in the non-interacting limit.
Thus,

Siin1 {6°} =1 ¢GNg . (4.20)
The second-order vertex is given by
/ 1 a o
Ua(10,020') = =05 400535 9 | 0" (k)0 (k + @,)Go (k)G (k + g2)
20 -

+ 0% (k)0 (k + q,)Go(k)Go(k + a1)| - (4.21)
Performing the frequency sum we obtain

V ’ ~ ’
Usz(—qa, qa’) = EHSW (q) = 15" (q) (4.22)

where I1¢ (g) is the non-interacting sector polarization, see Eq.(3.15). We
conclude that Skin 2{¢*} is given by

1 S /
Skin2{¢0"} = 3 DO I (@) 0y (4.23)

q o’

For |q| < kr the diagonal-patch approximation (A1) is justified, so that we
may replace O%(k)O (k + q) ~ 6°* ©*(k). To leading order in |q|/kr we
have therefore in any dimension

(e

v -q

0 (a) =0 ola) » Ig(a) =v VY g —iwy, (4.24)
here 1ON§ 1 Of (&)
o 0 _ « _ k

Y= _—Ek o (kz)[ 5, } (4.25)

is the local (or patch) density of states associated with sector K 4. and v is
the local Fermi velocity (see Eq.(2.17)). Note that the approximation (4.24) is
valid for small |q|/kr but for arbitrary frequencies. The patch density of states
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v® is proportional to A%~ i.e. in dimensions d > 1 it is a cutoff-dependent
quantity. To see this more clearly, we take the limit 0 — oo, V — oo in
Eq.(4.25) and convert the volume integral over the d-function into a surface
integral in the usual way,

. dk L fodS, 1
v /K (QW)da(gk) - /Pg (2m)® Vil (4:26)

(3
AN

where the d — 1-dimensional surface integral is over the patch Pf, i.e. the
intersection of the sector Kj , with the Fermi surface. Using now the fact
that |Viée| = |v*| for k € P§, and that for linearized energy dispersion the
area of P§ is by construction given by A1 we have in d dimensions
Adfl
Y 4.27
v ] 20
On the other hand, we shall show in this work that physical quantities depend
only on the global density of states (or some weighted average of the v%),

V= Zo;ua = %Z {— 62(5’“)} , (4.28)

k

which is manifestly cutoff-independent.
In summary, within the Gaussian approximation the effective action of
the ¢“-field is given by

Set{¢*} =1 $ONG + Sen2{¢”} (4.29)

with
Sefr,2{¢"} = S2{¢"} + Skin2{8"}
1 ra ~ ’ ’
=3 > Z[iq " Iy () %00, (4.30)

qg oo’

where the elements of the matrix II,,(q) are defined by [II,(q)]** = II¢* (q),
with 179 (¢) given in Eq.(4.22).

4.2.2 The Gaussian propagator of the ¢*-field
... which is also known under the name RPA interaction.

Within the Gaussian approximation the propagator of the ¢®-field is simply
given by

(o), =[5, + @)™ (1.31)
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where the averaging < ... >g, , is defined as in Eqgs.(3.34) and (3.35), with
Ser {9} approximated by Sem2{¢*}. As already mentioned in the footnote
after Eq.(4.2), the first term in Eq.(4.29) involving the ¢ = 0 component
of the ¢*-field does not contribute to correlation functions at finite ¢g. From
Egs.(3.21) and (4.22) we have fq = %L} and II,(q) = %Qo(q), so that
Eq.(4.31) implies

a o’ o 6 RPAja’
(85020, =gl (4:32)
where the RPA interaction matrix f qRPA is defined via
1 —1
oA (o] =, 1+ Do@s,] - (@33)

Thus, the Gaussian propagator of the ¢“-field is (up to a factor of 3/V)
given by the RPA interaction matrix LIRPA. In the special case that all ma-

trix elements of the bare interaction are identical, [f ]** = f,, the matrix

elements | are also independent of the patch indices, and can be

identified with the usual RPA interaction. To see this, we expand Eq.(4.33)
as a Neumann series

[t =g = f Io(@f  + f Lo(@)f Do)~ (4.34)

_q __

RPA1aa’
Tt

and then take matrix elements term by term. Using the fact that all matrix
elements of f are identically given by f,, we may sum the series again and

obtain the usual RPA interaction,

RPAjaa’ _ _ fq
[LI ] ;{PA = m ; (4.35)

where
o(q) = _ 11§ (q) (4.36)

ao’

is the total non-interacting polarization (see Eq.(3.13)).

4.2.3 The effective action for the p=-field

According to Eq.(3.56) the kinetic energy contribution to the effective action
for the collective density field is within the Gaussian approximation given by

Siin{p"} ~

—In [/ D{¢"} exp <iz¢aqﬁ§ — Skin,1 {9} — Skin,2 {¢a}>1 - (4.37)

Using Eq.(4.20), the first two terms in the exponent can be combined as
follows,
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PN 658 = Sk {6 =13 > 6%, [35 — 6,0NG] . (4.38)
q (e q @

so that it is obvious that the first order term Skin1{¢*} simply shifts the
collective density field p* according to

Pq — Pg — 9q0Ng (4.39)

i.e. the uniform component is shifted. Hence, Siin {#*} in Eqs.(3.56) and
(4.37) is actually a functional of the shifted field. For simplicity we shall
from now on redefine the collective density field according to Eq.(4.39). Note
that the ¢ = 0 term in the interaction part S, {5} given in Eq.(3.45) is
usually excluded due to charge neutrality, so that the effective action S'eg{ﬁo‘}
depends exclusively on the shifted field. The integration in Eq.(4.37) yields

the usual Debye-Waller factor, so that within the Gaussian approximation
S} ~ Signo + Sk {7} (4.40)
where
Sy =—tn | [ Dgyesinaten] (0.41)
is a constant independent of the p®-field, and
(0 ~a 1 aa’ ~a ~a/
Siina {0y =3 2D T @05 (4.42)
qg oo’

Here " (¢) is the propagator of the ¢-field with respect to the quadratic
action Skin2{¢} defined in Eq.(4.23), i.e.

war oy S D{@ e Sk gage
r (Q): fD{an}e*Skin,Z{qbg} : :<¢q¢7q>skin,2

— [T, (@)™ . (4.43)

Note that qu‘o‘l (q) is (up to a factor of 5/V) given by the matrix inverse

of the non-interacting sector polarization Hém, (¢). In summary, within the
Gaussian approximation the effective action of the p™-field is given by

Ser{p®} = S0 o + ST (4.44)
with
S5} = Sa{) + 58 {57}

= % YD U+ L@ 5 (4.45)
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~ 1
where I'(¢) = I, (q). In contrast to Seg 2{¢*}, the corresponding Gaussian
action of the collective density field S’ég) o{p™} carries an extra superscript ©),
which indicates that higher order corrections will renormalize the parameters
of gégg{ﬁ"}. In the case of Seg 2{¢“} corrections of this type do not exist. In
Sect. 4.3 we shall explicitly calculate the leading correction to the Gaussian
approximation.

4.2.4 The Gaussian propagator of the p*-field

... which is nothing but the RPA polarization.

Having determined the effective action for the collective density field, we may
calculate the density-density correlation function from Eq.(3.53) by perform-
ing the bosonic integration over the p*-field. Because within the Gaussian
approximation Seg{j®} is quadratic, the integration can be carried out triv-
ially, and we obtain

(P57%4) o

eff,2

’
ac

IR0 . (446

Using again iq = %iq and I'(q) = %Qal(q), we conclude that within the
Gaussian approximation the sector density-density correlation function is ap-
proximated by

1% (q) = [rpa(9)]™ (4.47)
where the matrix IIps (¢) is given by

yen(@) = [I5' @) + 1] = @) [141,00@)] . (449)

Eq.(4.48) is nothing but the RPA for the sector density-density correlation
function. Thus, the Gaussian propagator of the p®-field is simply given by
the RPA polarization matrix I pps (q).

To obtain the standard RPA result for the total density-density correlation
function, we should sum Eq.(4.47) over both patch labels,

/
ao

sl =3 |[m' @+ 1) | (4.49)

ao’

(e

see Eq.(3.13). For simplicity let us assume that [f ]*® = fq is independent

of the patch indices. Expanding

My (@) + £ )7 = Do) ~ Do(@)f Hg(a) 4. . (450)
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and taking matrix elements, we see that Eqgs.(4.49) and (4.50) reduce to the
usual RPA result (2.47),

IIrpa(q) = % ; (4.51)

where the total non-interacting polarization IT(g) is given in Eq.(4.36). We
would like to emphasize that up to this point we have not linearized the
energy dispersion, so that Eq.(4.51) is the exact RPA result for all wave-
vectors, including the short-wavelength regime.

4.2.5 The bosonized Hamiltonian

To make contact with the operator approach to bosonization [4.31,4.34], let
us now derive a bosonic Hamiltonian that at long wavelengths is equivalent
with our Gaussian action S’ég%z{ﬁo‘} in Eq.(4.45). The key observation is that,
in the limit of high densities and long wavelengths (i.e. in the limit where
the diagonal-patch approzimation (A1) is correct), the sector polarization is
diagonal in the sector indices, and is to leading order given in Eq.(4.24). It
follows that the matrix elements of I'(¢) (which according to Egs.(4.22) and
(4.43) is proportional to the inverse non-interacting polarization) are in the
above limit given by

6 va'q_iwm

ree(q) ~ 6o 4.52
(q) VVO‘ v . q ( )
Hence the Gaussian action (4.45) can be written as
g0 o B aa’ aa’ v - q —iwm ~a ~a
Séff),z{P }= BY%a Z Z |:fq +9 “eva g PLbq - (4.53)

The term proportional to iw,, defines the dynamics of the p-field. We now
recall that in the functional integral for canonically quantized bosons the co-
efficient of the term proportional to —iw,, should be precisely 5. Any other
value of this coefficient would describe operators with non-canonical commu-
tation relations [4.8]. In a different context such a rescaling has also been
performed in [4.9]. Thus, to write our effective action in terms of a canonical
boson field b, we should rescale the p®-field accordingly. This is achieved by
substituting in Eq.(4.53)

py = (Vv - q))'/? |0 - q)bg + O(—v™ - @)% | . (4.54)

The O-functions are necessary to make the coefficient of —iw,, equal to 8
for all patches, because the sign of iw,, in Eq.(4.53) depends on the sign of

v® - g. Our final result for the bosonized action Sp{b*} = S'C(?f{z{ﬁa (b™)} is
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Suft*} =5> > O(v* - q)(—iwnm)bsTbe
+ O [Hpkin{b"} + Hp it {0“}] (4.55)

Hypin{b™} =D O™ - q)v* - b3 vy (4.56)
q «a

1 /
Hyim {07} = 5D 0 O™ - a)y/|v” - qllv" - g

q «aao’
x [0 - q) (Fyevgtog + Fy'oog o)
+0(—v" - q) (FgvgTe ) + Fgevpe)| L (457)

where F(‘lml = Vvop fg‘o‘/ are dimensionless couplings, and we have assumed
that the bare interaction depends only on q. For frequency-dependent bare
interactions it is not possible to write down a conventional Hamiltonian that
is equivalent to the effective action in Eq.(4.53). The functional integral for
the b*-field is now formally identical with a standard bosonic functional in-
tegral. The corresponding second-quantized bosonic Hamiltonian is therefore
flb = f[bkin + flb7int, where f[bkin and flbﬁm are simply obtained by replac-
ing the bosonic fields b3 in Eqs.(4.56) and (4.57) by operators l;g‘ satisfying
[l;g‘, l;g/l M= 5% §4q'- The resulting H,, agrees with the bosonized Hamiltonian
derived in [4.31,4.34] by means of an operator approach.

Note, however, that the above identification with a canonical bosonic
Hamiltonian is only possible in the limit of long wavelengths and high den-
sities, so that our parameterization (4.45) of the effective Gaussian action is
more general. Moreover, for practical calculations the substitution (4.54) is

not very useful, because it maps the very simple form (4.45) of S’ég) 2{p%}

onto the complicated effective action Sy,{b®} in Eqs.(4.55)(4.57) without
containing new information.

4.3 Beyond the Gaussian approximation

We develop a systematic method for calculating the corrections to the Gaus-
stan approzimation, and then explicitly evaluate the one-loop correction. In
this way we determine the hidden small parameter which determines the range
of validity of the Gaussian approximation. We also show that bosonization
leads to a mew method for calculating the density-density correlation function

beyond the RPA.
4.3.1 General expansion of the bosonized kinetic energy

The bosonized kinetic energy S’kin{ﬁo‘} is calculated via a linked cluster ex-
pansion of the functional Fourier transformation in Eq.(3.56).
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Defining Sy, {¢“} to be the sum of all non-Gaussian terms in the expansion

(4.1) of Skin{e"},

Sl/{in{¢a} = Z Skin,n{¢a} = Z %TT {GOV}n N (458)
n=3 n=3
we may write
oS0 — exp [<8{0) ) — S0 (7)o (459)

where according to Eqs.(4.41) and (4.42),
&0 0) [
eXp [—Sﬁiﬂ,o 1(“3 2 }}
/D{Gﬁ“}exp [izcﬁ‘_‘qﬁ;‘ - Skin,z{oﬁ“}] . (4.60)
qo

and for any functional F{¢>} the averaging in Eq.(4.59) is defined as follows,

S D6} F {62} exp [i 0 62455 — Skina{6°}]

<.7:{¢a}>skm 2 - . - (4'61)
S DA6" Y exp [, 62,55 — Siana{0”}]
Performing in this expression the shift transformation
PY — 62 + lz re(pe | (4.62)

it is easy to see that

I D{6°}F{o¢™ +132,, T '} exp [~ Skin2{0}]
J D{¢>} exp [~ Skin,2{0*}]

= <}‘{¢“ +iy I’M’ﬁ“’}> : (4.63)

Skin,2

(FL" Do =

In our case we have to calculate
<eisll<in{¢a}>p = <esl,‘in{¢a+iza’ ]‘O‘O‘lﬁ"‘/}> . (464)
Skin,2 Skin,2

Consider first the term of order (¢*)™ in the expansion (4.58) of Si; {¢“}.
Clearly the substitution ¢® — ¢* +1i>. , I’ oo [)O‘/ generates (among many
other terms) a term of order (p*)™, which does not depend on the ¢*-field and
can be pulled out of the average in Eq.(4.64). Let us denote this contribution
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by S

kin,n

{p*}. From Eq.(4.4) it is easy to see that Sk?r)l 1P} is obtained by

replacmg oy — 1Y F‘m,(q)ﬁg‘, in Skin,n{¢*}, so that it is given by
0 ~ : OLOLI "’Ot,
Slgu)ln{ } = Skin;’ﬂ{lzp (q)pq }

1 ~ ~a
== 2 X Mo qon)i A (469)
q1...qn X1...0p

where for n > 3 the vertices I; 7(10) are

FrSO)(QIal qnan - Z U (J10<1 )

/
ozl ey

x I (qp) ... T (q,) . (4.66)

Recall that ' (q) is according to Eq.(4.43) proportional to the matrix in-
verse of the non-interacting sector polarization I1§* (¢). Obviously the Gaus-
sian action S’ﬁ?ﬂﬁz{ﬁo‘} in Eq.(4.42) is also of the form (4.65), with

I (q10a1g202) = 8g, 440002 (g2) - (4.67)

The vertex U; has been absorbed into the redefinition of 5§ (see Eq.(4.39)),
so that Skm 1195} = 0. Defining

km { } - Sl({?li 0 + Z Skm n ’ (468)

km {(ba ~o¢} - Skm{(ba + lzl—vaa 5 } Skln{lzpaa 5 } 5(469)

the general perturbative expansion for Siin{5®} is

Siin {7} = 80 {5*} —In 1+Z Stnd0® 0N )| - (4T70)

nl

According to the linked cluster theorem [4.10] the logarithm eliminates all
disconnected diagrams, so that Eq.(4.70) can also be written as

Sian {7} = S8 {5} —

kln{d)a ~o¢}] >CS(:;’2 ) (471)

where the superscript “" means that all different connected diagrams should
be retained [4.10]. From this expression it is easy to see that Skin{p®} is in
general of the following form
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Siin {P*} = Skin,o + Z Siinn 0%}, (4.72)

n=1

where S'kin,o is a constant independent of the fields that cancels in the calcu-
lation of correlation functions, and for n > 1

Siinn {7 Z Z Lo(quan . quom)pgr - por . (4.73)

«qn Q1.

where the vertices I, have an expansion of the form
o0
Fn(Qlal .o Qnan Z F Q1Oé1 qnan) . (474)
m=0

Here F,(J’“ is the interaction vertex between n collective density fields p<,
that is generated from all diagrams in the linked cluster expansion (4.71)
containing m internal loops of the ¢®-field. Note that the vertices I; 7(10) in
Eq.(4.66) are the tree-approximation for the exact vertices I5,, because they
do not involve any internal ¢“-loops. Each internal ¢*-loop attached to a
vertex U, reduces the number of external ¢*-fields by 2, so that for m > 1
the vertices I} ,(Lm) can only by determined by vertices U,,» with n’ > n. Within
the Gaussian approximation all U, with n > 3 are set equal to zero, while
the contribution from U; can be absorbed into the redefinition of 5§, see

Eq.(4.39). Hence the Gaussian approximation amounts to setting
0 ao/
Iy(—gar,ga’) ~ I3 (~gav, ga’) = T (q) (4.75)

r'm=0 , forn>2o0rm>0 , (4.76)

where I'*(q) is defined in Eq.(4.43). Although I} = 0 within the Gaussian
approximation, the higher order terms will in general lead to a finite value of
Iy, which describes the fluctuations of the total number of occupied states
in the sectors K§j ,. As already pointed out in the footnote after Eq.(4.2),
at zero temperature these terms do not contribute to correlation functions
at finite g, but they are certainly important for the calculation of the free
energy.

4.3.2 The leading correction to the effective action
We now show that our formalism can indeed be used in practice for a system-

atic calculation of the corrections to the non-interacting boson approzimation.

The leading correction to the Gaussian approximation is obtained from the
one-loop approximation for our effective bosonic theory, which amounts to
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a two-loop calculation at the fermionic level. Note that we have mapped
the problem of calculating a two-particle Green’s function of the original
fermionic model onto the problem of calculating a one-particle Green’s func-

tion of an effective bosonic model. The latter is conceptually simpler, because

the symmetrized vertices U, and I 7(17”) automatically contain the relevant self-

energy and vertex corrections of the underlying fermionic problem. This will
become evident below.

At one-loop order, it is sufficient to truncate the expansion of the interac-
tion part Sy, {¢*} of the effective action (4.58) of the ¢*-field at the fourth
order,

Skin{®”} & Skin,3{¢"} + Skin,a{¢"}
1
=3 > Us(qiongaaagsas)ds) 652 658

q19293 1 2(x3

1
+Z Z Z U4(q1a1q2a2q3a3q4a4) 311 ¢a3 a4 N (477)

q19293q4 1 x2x3xq

where the vertices Us and Uy are defined in Eq.(4.5). According to the general
formalism outlined above, the bosonized kinetic energy S'kin{ﬁo‘} is obtained
by calculating the functional Fourier transform of Skin{¢®}. Within the one-
loop approximation it is sufficient to retain only the term n = 1 in the linked
cluster expansion (4.71), so that

Skan {7°} = S {7°} + (Stauf 6™ 2" Do, (4.78)

where

0) [~ 0 )
SO ~ 50+ 5 30 ST (@)t
q aao’
1 (0) 51 502 5
*3 > Y BV (@aigasgsas)pl) o i
g19293 10203

0 ot~ ~0pe ~
Z Z F4()(‘J101QQ02(13043Q404)/)2‘11p;“jp;“ﬁpg‘f , (4.79)

414924394 X1 Q2304
with
Féo)(qml(h%%%) = —i Z Us(qr oy gaaiygsary)
ajajag
XI5 (1) 2% (g2) 5% (gz) , (4.80)
F4(0)(Q101(J2042Q303Q404) = Z Us(q10)g2aq3alyqacty)

’ ’ ’ ’
QA gy

x [ (g ) [92% (qo) 1593 (q3) 1% (q4) . (4.81)
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The correction term due to one internal ¢*-loop is

o ~o¢ con ~a ~(1 ~a
(Stdo™, " Do, = Stino + Sk {7+ S {7 . (482)
where
N 3
Sl((ilr)l,O 9 Z Z Us(—qar, qoa, —q'as, ¢’ o)
qq’ 120304
X2 (q) s (q) (4.83)
A1) coa ) .
Siny {7 }=Zf’f)0a , (4.84)
1 ~ (1 ~a'
Skina 107} = 5 j{:}{:lﬁ )(~qa, o' )i 53 (4.85)
q aa
with

Fl(l)(oa) = IZ Z U3(_qa17 qaz, 0043)

q Q10203
x 2 (q) 73 (0) (4.86)
Fél)(_qaa qa,) =-3 Z Z U4(_q061, qag, _q/a3a q/O[4)
q' o100

XD (q)D2 ()T (') . (4.87)

Recall that the superscript (V) indicates that these terms contain one in-
ternal bosonic loop. Thus, Within the one-loop approximation the constant
in Eq.(4.72) is Skino = Siiao + Siino (see Eqs.(4.41) and (4.83)), and the
vertices I, in Eq.(4.74) are approximated by

Ii(qa) = I7"(qa) . (4.88)
Ia(—ga,qa’) = I (q) + I3 (~qa,qa) . (4.89)
I3(qrargeazgqzas) = Fez(o)(Q1Oé1Q2042Q3O¢3) ) (4.90)
Ii(qrongeazgqzasqaoy) = F4(0)(Q10<1Q2042Q3OZ3Q4044) ) (4.91)

and all I}, with n > 5 are set equal to zero. The term with I} can again
be ignored for a calculation of correlation functions at finite ¢, because it
involves only the ¢ = 0 component of the density fields. Furthermore, for our
one-loop calculation we may also ignore the vertex I3, because the Gaussian
expectation value of a product of three p-fields vanishes. Combining the rel-
evant contributions from the kinetic energy with the interaction contribution,
we finally arrive at the effective action

S (7t 2 5 300 [IF) + 7 (@) 7,78

q aao’
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1 (1) ~a ~a’
+§ZZF2 (—qa, qa’)p2 Py

1 0 ~O) ~Oip =3 ~Ou
+Z Z Z F4( )(Q1OZ1Q2042Q3@3(]404)pq11qupq;qu (4.92)

41929394 x1 x2x304

which should be compared with the Gaussian action in Eq.(4.45). We empha-
size that this effective action is only good for the purpose of calculating the
one-loop corrections to the Gaussian approximation. At two-loop order one
should also retain the terms with I'; and I's. The last two terms in Eq.(4.92)
contain the one-loop corrections to the non-interacting boson approxima-
tion for the bosonized collective density fluctuations. In the limit of long
wavelengths we may again write down an equivalent effective Hamiltonian of
canonically quantized bosons by using the substitution (4.54). However, we
shall not even bother writing down this complicated expression, because this
mapping is only valid at long wavelengths and high densities, and does not
lead to any simplification. For all practical purposes the parameterization
in terms of the p“-field is superior. We shall now use this parameterization
to calculate the leading correction to the free bosonic propagator, and in
this way determine the hidden small parameter which controls the range of
validity of the Gaussian approximation.

4.3.3 The leading correction to the bosonic propagator

The calculation in this section takes non-linearities in the energy dispersion as
well as momentum-transfer between different patches (i.e. around-the-corner
processes) into account.

Let us define a dimensionless proper self-energy matrix X, (q) via

<ﬁgﬁ3’q>ge“ = H_:I +L(q) —E*(Q)} TW/ , (4.93)

where the probability distribution for the average is determined by the exact
effective action Seg{p*}, see Eqgs.(3.53)(3.56). From Eq.(4.46) it is clear
that the self-energy X, (¢) contains by definition all corrections to the RPA.
Introducing the exact proper polarization matrix II,(q) via

I7'(g) = I3 (a) - 9(a) g(q):%z*(q) , (4.94)

the exact total density-density correlation function can be written as

mg) =) Hﬂ*l(q) + fq} _1} " . (4.95)
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If all matrix elements of iq are identical and equal to f,, we may repeat the
manipulations in Eqs.(4.49)—(4.51), so that Eq.(4.95) reduces to Eq.(2.51),

with
.(q) = > [L.(q)]* . (4.96)

ao’

Comparing Eq.(4.94) with Eq.(2.50), we see that the quantities [X, (q)]*®
can be identified physically with generalized local field corrections [g(q)]*®,
which differentiate between the contributions from the various sectors.

We now calculate the irreducible bosonic self-energy to first order in an
expansion in the number of bosonic loops. To this order we simply have to
add the two diagrams shown in Fig. 4.2. Note that according to Eq.(4.87) the
shaded semi-circle vertex in the diagram (a) implicitly involves one internal
loop summation. Hence, within the one-loop approximation, the diagram (a)
should be added to the diagram (b), which explicitly contains a bosonic loop.
Because we have symmetrized the vertices, the diagram (b) has a combina-

<___‘__<_ _ -

@ (b)

Fig. 4.2. Leading self-energy corrections to the Gaussian propagator of the
collective p®-field. Diagram (a) represents the first term in Eq.(4.97), while
diagram (b) represents the second term. Dashed arrows denote collective
density fields p%, and the dashed loop is the Gaussian propagator of the
p*-field, see Eq.(4.46). The vertex 1"2(1) is represented by the shaded semi-
circle. The shading indicates that this vertex involves an internal bosonic
loop summation, see Eq.(4.87). The tree-level vertex F4(0) given in Eq.(4.81)
is represented by an empty square.

torial factor of three, so that at one-loop order we obtain X, (q) ~ Egl)(q),
with

[gil)(q)]aa’ = —F2(1)(—QOZ7 qa/) -3 Z Z F4(O)(—q0[7 qa/a _q/a3a q/044)

q' azoy
asag

x H i, +£(q’)} 1} : (4.97)

Using the definitions of 1"2(1) and 1"4(0) (see Eqs.(4.87) and (4.81)), it is easy
to show that Eq.(4.97) can also be written as
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ZO@P =3 Y Us(—gar, gos, —qas, dan) T ()7 (g
q aiazazoy

X [E(q’) - I(q) {fq + E(Q')}

-1

z@')} o (1.98)

A simple manipulation shows that the matrix in the last line of Eq.(4.98) can
be identified with g f qRPA where f RPA is the RPA interaction matrix defined

in Eq.(4.33). We conclude that

[2(1) Z Z [vaal [vaza ( )

¢ aiasazay

x Us(—qar, qas, —q az, q'ou) [i?PA

:|054063

(4.99)

Note that X fkl)(q) is proportional to the RPA screened interaction and van-
ishes in the non-interacting limit, as it should. Eq.(4.99) is the general re-
sult for the leading correction to the Gaussian approximation due to non-
linearities in the energy dispersion and around-the-corner processes for arbi-
trary sectorizations and bare interaction matrices f »

4.3.4 The hidden small parameter

We now neglect the around-the-corner processes, but keep the non-linearities
in the energy dispersion.

To make further progress, we shall ignore from now on scattering processes
that transfer momentum between different sectors, i.e. the around-the-corner
processes. As discussed in Chap. 2.5, for non-linear energy dispersion we are
free to choose rather large patches with finite curvature, so that the neglect
of the around-the-corner processes is not a serious restriction. Moreover, this
approximation is always justified if there exists a cutoff ¢ < A, \ < kp
such that for wave-vectors |g| 2 ge the effective interaction f®F* becomes

negligibly small. Choosing also the magnitude of the external wave-vector g
in Eq.(4.99) small compared with the cutoffs A and A, the diagonal-patch
approximation (A1) is justified, so that I'(¢) and Uy(—qa1, qas, —¢'as, ¢’ ay)
are diagonal in the patch indices, see Eqs.(4.52) and (4.7). Then Eq.(4.99)
reduces to

o . 2
(1) aa’ _ saa’ B A ) @
(25 (a)] 0 ( e ) AS (4.100)

where the dimensionless function Af is given by

2
1= 2 (0) Sorcaa-d [T L @
q
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with U defined in Eq.(4.8). We thus obtain in the limit of high densities and
long wavelengths to first order in the screened interaction

aot, aco/ /8 — aco/
ree(q) - (2P (@) = GUL (9)]
, 1— A% g — (1 — 24%)iwy, — Ao Gem)®
= oo Vﬁya( o) (va.qq) 19 (4.102)

Comparing this expression with Eq.(4.52), it is evident that the non-interacting
boson approximation is quantitatively correct provided the condition [Af| <
1 is satisfied for all a, because then the corrections to the propagator of
the collective density field p® are small. Using the general definition of the
vertices U, in Eq.(4.5), it is easy to show that

A0 =~ Valﬁv > e°(k) {Go(k)2<1>(k)Go(k)[Go(k +q) + Go(k — )]
k

+%GO(M[A(”(k;q)GO(mq)+A<1>(k;—q)Go<k—q)]} , (4.103)

with
1
1 _ RPA
S (k) = _B—V%:fq, Gok+¢') , (4.104)
1 A
A (k;q) = _5_V§ IEPAGo(k+q)Go(k+¢ +q) . (4.105)

q/

Note that A% = Ag due to the symmetrization of the vertex Uy with respect
to the interchange of any two labels. It is now obvious that the vertices of
our effective bosonic action automatically contain the relevant self-energy and
vertex corrections of the underlying fermionic problem [4.6]. The first term in
Eq.(4.103) corresponds to the self-energy corrections to the non-interacting
polarization bubble shown in Fig. 4.3 (a) and (b), while the last term is due
to the vertex correction shown in Fig. 4.3 (c).

In order to determine the range of validity of the non-interacting boson
approximation, we have to calculate the dependence of A7 on the various
parameters in the problem. In the limit of long wavelengths and low energies,
it is to leading order in v® - ¢ and w,, consistent to replace in Eq.(4.102)
Ay — AF. Actually, the ¢ — 0 limit of A7 should be taken in such a way that
the ratio iw,, /(v®-q) is held constant, because in this case we obtain the low-
energy behavior of Ay close to the poles of the Gaussian propagator. However,
since we are only interested in the order of magnitude of Ay for small w,,
and g, it is sufficient to consider the “g-limit” A§ = limg_o[lim,,, o Ag].

RPA ’ _ rRPA
[i ]aa = fq

For simplicity, let us assume that is independent of the

sector labels and depends only on the wave-vector. This amounts to the static
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Fig. 4.3.
Leading local field correc-
tions to the non-interacting
@ + @ + @ polarization.  (a)  and
(b) are the leading self-
@ (b) © energy  corrections  (see
Eq.(4.104)), while (c) is the

leading vertex correction

(see Eq.(4.105)). The thick

wavy line denotes the RPA
AN T AU+ interaction, as  defined
in (d). The thin wavy

line represents the bare
(d) interaction.

approximation for the dielectric function, which seems reasonable to obtain
the correct order of magnitude of Af. The “g-limit” is obtained by setting
q¢ = 0 under the summation sign and performing the Matsubara sums before
doing the wave-vector integrations. For § — oo we obtain

45 = s SO ™ {f6rra) g6

byl gl (010

Because the k-sum extends over the entire sector K , and by assumption
the g-sum is cut off by the interaction at g. < A, A\, we may set &gpiq = &k
in the Fermi functions of Eq.(4.106). Then the summations factorize, and we
obtain

Z RPA] =/ O:O dev™ (&) [FE)1"(6) + FOF©] . (4.107)
where v%(&) is the energy-dependent patch density of states,

=7 Z@a 56— &) . (4.108)
Note that from the definition (4.25) of v it follows that

e[ Taem O 1@ . (4.109)

— 00

Integrating by parts and taking the limit § — oo, the integral in Eq.(4.107)
can be written as
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| aer©nrere- 55 (@.110)

Because by assumption fRPA becomes negligibly small for |g| % gc, the first
factor in Eq.(4.107) is for V — oo given by

V ZfRPA fRPA> , (4111)

where (fRFA) is some suitably defined measure for the average strength of
the screened interaction. Ignoring a numerical factor of the order of unity,

the final result for A§ can be written as

d/ fRPA
Ao = LT o (4.112)

where the dimensionless parameter

o 1OV PO NG /O (4.113)
ve O ON§ /Ou
is for d > 1 a measure for the local curvature of the Fermi surface in patch
P¢. Although the patch density of states v is proportional to A%~! (see
Eq.(4.27)), the cutoff-dependence cancels in Eq.(4.113), because it appears
in the numerator as well as in the denominator. Therefore C* is a cutoff-
independent quantity. In fact, writing v as a surface integral over the curved
patch P§ (see Eq.(4.26)), simple geometric considerations lead to the result

oo = the) (4114)

me|ve|

where (kp) is some suitably defined average radius of the Fermi surface, and
m® is the effective mass close to k®, see Eq.(2.66). Note that (kp) charac-
terizes the global geometry of the Fermi surface, while m® and v® depend
on the local shape of the Fermi surface in patch P§. Evidently C'“ vanishes
if we linearize the energy dispersion in patch P§, because the linearization
amounts to taking the limit [m®| — oo while keeping (kr) finite. Then there
is no correction to the Gaussian approximation. Of course, we already know
from the closed loop theorem that the Gaussian approximation is exact if
the energy dispersion is linearized and the around-the-corner processes are
neglected.

As usual, we introduce the dimensionless interaction (FRPAY) = ( fRPAY
which measures the strength of the potential energy relative to the kinetic
energy. Using the fact that the global density of states is in d dimensions
proportional to kg_Q (see Eq.(A.5)), we conclude that the Gaussian approx-
imation is quantitatively accurate as long as for all patches P§
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d
o — dc o
|AS| = (E) (FRPM||CY < 1 . (4.115)

The appearance of three parameters that control the accuracy of the Gaus-
sian approximation has a very simple intuitive interpretation. First of all,
if everywhere on the Fermi surface the curvature is intrinsically small (i.e.
|C*] < 1 for all o) then the corrections to the linearization of the energy
dispersion are negligible, and hence the Gaussian approximation becomes ac-
curate. Note that in the one-dimensional Tomonaga-Luttinger model C* = 0,
because the energy dispersion is linear by definition. However, in d > 1 and
for realistic energy dispersions of the form e, = k?/(2m) the dimensionless
curvature parameter C® is of the order of unity. But even then the Gaussian
approximation is accurate, provided the nature of the interaction is such that
it involves only small momentum-transfers. This is also intuitively obvious,
because in this case the scattering processes probe only a thin shell around
the Fermi surface and do not feel the deviations from linearity. Finally, it
is clear that also the strength of the effective interaction should determine
the range of validity of Gaussian approximation, because in the limit that
the strength of the interaction approaches zero all corrections to the Gaus-
sian approximation vanish. We would like to emphasize, however, that we
have not explicitly calculated the corrections to the Gaussian approxima-
tion due to around-the-corner processes, although our general result for the
bosonic self-energy in Eq.(4.99) includes also these corrections. Nevertheless,
the around-the-corner processes can to a large extent be eliminated by subdi-
viding the Fermi surface into a small number of curved patches, as discussed
in Chap. 2.5.

4.3.5 Calculating corrections to the RPA via bosonization

Here comes the first practical application of our formalism.

For simplicity let us assume that the diagonal-patch approximation (A1) is
justified, so that Eq.(4.94) reduces to an equation for the diagonal elements,

ary 115 (q)
o) = 1= 9°(q) 11§ (q)
~ 115 (q) + 5 (q)g® ()15 (q) + ... . (4.116)

Here 112(g) = [IZ. ()], 9°(q) = [g(q)]**, and IT¢(g) is at long wavelengths
given in Eq.(4.24). Note that our approach is based on the perturbative cal-
culation of the inverse proper polarization, while in the naive perturbative
approach the corrections to the proper polarization are obtained by direct
expansion of IT,(q) in powers of the interaction [4.15]. Such a procedure does

not correspond to the perturbative calculation of the irreducible self-energy
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in our effective bosonic problem, but is equivalent to a direct expansion of
the Green’s function. As discussed in Chap. 1.1, close to the poles of the
Green’s function this expansion cannot be expected to be reliable. To first
order, only the leading correction in the expansion of the Dyson equation
(i.e. the second line in Eq.(4.116)) is kept in this method, so that the total
proper polarization is approximated by

N vu® - q o 1o
I.(q) ~ ) [m +v Aq}

(e

= () = 557 3 { Gol)) P ()G (k) Gl + ) + Golk — )
k
+ %Go(k)[A(l)(k;Q)Go(k +q) + AW (ks —q)Go(k - q)]} @

see Egs.(4.103)—(4.105). For the Coulomb interaction in d = 3 the correction
term in Eq.(4.117) has been discussed by Geldart and Taylor [4.6], as well as
by Holas et al. [4.15]. Note, however, that these authors have evaluated the
fermionic self-energy (M) (k) and vertex correction A (k;q) with the bare
Coulomb interaction. Holas et al. [4.15] have also pointed out that the expan-
sion (4.117) leads to unphysical singularities in the dielectric function close
to the plasmon poles. The origin for these singularities is easy to understand
within our bosonization approach. The crucial point is that the problem of
calculating the corrections to the RPA can be completely mapped onto an
effective bosonic problem: our functional bosonization method allows us to
explicitly construct the interacting bosonic Hamiltonian. Once we accept the
validity of this mapping, standard many-body theory tells us that the correc-
tions to the propagator of this effective bosonic theory should be calculated by
expanding its irreducible self-energy X, (¢) in the number of internal bosonic
loops, and then resumming the perturbation series by means of the Dyson
equation. A similar resummation has been suggested in [4.13-4.15], but it is
not so easy to justify this procedure at the fermionic level. Our bosoniza-
tion approach provides the natural justification for this resummation. The
unphysical singularities [4.15] that are encountered in the naive perturbative
approach are easy to understand from the point of view of bosonization: they
are most likely due to the fact that one attempts to calculate a bosonic single-
particle Green’s function by direct expansion. This expansion is bound to fail
close to the poles of the Green’s function, i.e. close to the plasmon poles!

Based on the insights gained from our bosonization approach, we would
like to suggest that corrections to the RPA should be calculated by expanding
the generalized local field corrections g(g) in powers of the RPA interaction.
We suspect that in this way unphysical singularities in the dielectric function
can be avoided. From the first line in Eq.(4.116) we obtain in our method for
the total proper polarization at long wave-lengths within the diagonal-patch
approximation



74 4. Bosonization of the Hamiltonian and ...

ve @

—=
1-Ag
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II.(q) = A
Za: v - g — iy, (1 — Bg) — &ml ga

veY-q q

, (4.118)

with B = A7 /(1 — AY). Recall that the around-the-corner processes have
been neglected in the derivation of Eq.(4.118), so that it is expected to be
accurate for sufficiently small ¢ and for interactions that are dominated by
small momentum-transfers.

4.4 Summary and outlook

In this chapter we have developed a general formalism which allows us to
bosonize the Hamiltonian of fermions interacting with two-body density-
density forces in arbitrary dimensions. We have also shown that the bosoniza-
tion of the Hamiltonian is closely related to the problem of calculating the
density-density correlation function. In general, the bosonized system is de-
scribed by an effective action of collective density fields which contains also
multiple-particle interactions between the bosons. However, the generalized
closed loop theorem discussed in Sect. 4.1 guarantees that in certain param-
eter regimes the vertices describing the interactions are small. To leading
order, the collective density fields can then be treated as non-interacting
bosons. The relevant small parameter justifying this approximation has been
explicitly calculated, and is given in Eqs.(4.114) and (4.115).

From the practical point of view, higher-dimensional bosonization might
lead to a new systematic method for calculating corrections to the RPA.
This is an old problem, which in the context of the homogeneous electron
gas has been discussed thoroughly by Geldart and Taylor [4.6] long time
ago. These authors already observed partial cancellations between the lead-
ing corrections to the RPA. We now know that these cancellations occur to
all orders in perturbation theory, and are a direct consequence of the gen-
eralized closed loop theorem. The calculation of the local field corrections
to the RPA is still an active area of research [4.10,4.11], which could get
some fresh momentum from the non-perturbative insights gained via higher-
dimensional bosonization. Note that the corrections to the RPA describe the
damping of the collective density oscillations. This and other effects can in
principle be obtained from Eq.(4.118) and the resulting dielectric function
e(q) = 1+ f4I1.(q). This calculation requires a careful analysis of the ana-
lytic properties of the function Ay defined in Eq.(4.103), and still remains
to be done. The possibility that higher-dimensional bosonization might lead
to a new systematic method for calculating corrections to the RPA has also
been suggested by Khveshchenko [4.48].



5. The single-particle Green’s function

In this central chapter of this book we calculate the single-particle Green’s
function by means of the background field method outlined in Chap. 3.2.
We carefully examine the approximations and limitations inherent in higher-
dimensional bosonization, and develop a new systematic method for including
the non-linear terms in the expansion of the energy dispersion close to the
Fermi surface into the bosonization procedure. Short accounts of the results

and methods developed in this chapter have been published in [5.35,5.37,5.58].

According to Eq.(3.34) the Matsubara Green’s function G(k) = G(k,io,)
can be exactly written as

Gt = [ DLo )Pl HG = ((Glu) 6.1)

where the probability distribution P{¢*} is defined in Eq.(3.35), and the
matrix elements of the inverse of the infinite matrix GG are given by

kk' Z 904 6kk/ lwn — €k + /14) Vka_k/} 5 (52)

with V* = B¢ , see Eq.(3.31). The cutoff function ©%(k) refers either to
the boxes intersecting the Fermi surface discussed in Chap. 2.4, or to the
more general sectors introduced in Chap. 2.5, which by construction cover
the entire momentum space. Note also that Eq.(5.2) includes the special
case (discussed at the end of Chap. 2.5) that the entire momentum space is
identified with a single sector. Then the a-sum contains only a single term,
and by definition we may replace the cutoff-function @< (k) by unity.

5.1 The Gaussian approximation
with linearized energy dispersion

We show how for linearized energy dispersion the calculation of the Green’s
function from Eq.(5.1) is carried out in practice. We first discuss the in-
version problem of the infinite matric G—'. The averaging of the diagonal
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elements [ with respect to the Gaussian probability distribution Pa{d®}
yields then a simple Debye- Waller factor.

In a parameter regime where the approximations (A1) and (A2) discussed in
Chap. 4.1 are justified, the generalized closed loop theorem guarantees that
the Gaussian approximation is very accurate. As shown in Chap. 4.2.1, the
effective action Seg{¢*} of the ¢p*-field is then to a good approximation given
by (see Egs.(4.29) and (4.30)),

Ser{9°} ~ 13 NG + S} . (5.3)
where the quadratic part is
Sef 2{0"} = 5 23 ZZ 0 4 50 TG () 0% 8 (5.4)
q «aao’

with IT§(q) given in Eq.(4.24). The probability distribution P{¢} associated
with the ¢*-field in Eq.(3.35) is then Gaussian,

e Sett,2{0"}
p = fD{¢a}e Segr,2{$>}

P{o”} = Pa{g" (5.5)

The first term in Eq.(5.3) involving ¢§ can be ignored for the calculation of
correlation functions at ¢ # 0. Although within the Gaussian approximation
the density-density correlation function is given by the usual RPA result,
the single-particle Green’s function in Eq.(5.1) can exhibit a large variety of
behaviors, which range from conventional Fermi liquids over Luttinger liquids
to even more exotic quantum liquids. Which of these possibilities is realized
depends crucially on the dimensionality of the system, on the nature of the
interaction, and on the symmetry of the Fermi surface.

Of course, in general it is impossible to invert G! exactly, so that one
usually has to use some sort of perturbation theory to calculate the matrix
elements [G]xx. However, in the parameter regime where the conditions (A1)
and (A2) are accurate, it is possible to calculate the matriz elements (G
exactly as functionals of the ¢ -field. Note that the conditions (A1) and (A2)
imply also the validity of the closed loop theorem, which in turn insures that
the probability distribution P{¢*} is Gaussian. In other words, the conditions
under which P{qﬁo‘} can be approximated by a Gaussian are also sufficient to
guarantee that G~ can be inverted exactly.

5.1.1 The Green’s function for fixed background field

To invert G, we proceed in two steps. We first show that the condition (A1)
discussed in Chap. 4.1 implies that G—' is approximately block diagonal, with
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diagonal blocks (G*)~" labelled by the sector (or patch) indices. Therefore
the problem of inverting G can be reduced to the problem of inverting each
diagonal block separately. We then show that, after linearization of the energy
dispersion, each block (C:'O‘)fl can be inverted exactly.

Block diagonalization

The quadratic form defining the matrix elements [G~']xr in Eq.(3.29) can
be written as

So{v} + S1{h, 67} = =B U], (G ksquthn (5.6)
kq
with
G~ km—Z@ [0g.0(0n — & — ke + 1) = V] . (5.7)

where {g = €gotq — €k 1s the excitation energy relative to the energy at k“
(see Eq.(2.65)), and V,* = %qﬁg‘ (see Eq.(3.31)). The cutoff function ©*(k)

groups the matrix elements of the infinite matrix G~ into rows labelled by
the patch index a.. To see this more clearly, consider for simplicity a spherical

Fig. 5.1. Subdivision of momentum
space close to a spherical Fermi surface

g in d = 2 into M = 5 sectors Kj ,,
a=1,..., M.

Fermi surface in d = 2. We partition the degrees of freedom in the vicinity
of the Fermi surface into M sectors K¢ 4. and label neighboring sectors in
increasing order, as shown in Fig. 5.1. The group of matrix elements corre-
sponding to a given label « in Eq.(5.7) can be found in the horizontal stripes
in the schematic representation of the matrix G~ shown in Fig. 5.2(a). The
width of the diagonal band with non-zero matrix elements is determined by
the range ¢, of the 1nteractlon in momentum space, because the vanishing
of the interaction f‘m for |q| X g implies that the field V,* mediating this
interaction must also vanish. But ¢. < kr by assumption (A1) in Chap. 4.1,
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K

1 2 M

M

(@ (b)

Fig. 5.2. (a) Schematic representation of the matrix G—1 defined in Eq.(5.7)
for d = 2. Only the wave-vector index is shown, i.e. each matrix-element is
an infinite matrix in frequency space. Regions with non-zero matrix elements
are shaded. The triangles in the upper right and lower left corner represent
scattering processes between sectors 1 and M. Because these sectors are ad-
jacent, they can be connected by small momentum-transfers. (b) Diagonal
blocks and around-the-corner processes (represented by black triangles).

so that we have the freedom of choosing the sector cutoffs A and A such that
ge < LA kp (see Eqs.(2.61), (2.63), and (2.64)). As shown in Fig. 5.2(b),
in this way G~ is subdivided into block matrices associated with the sectors
such that G~ is approximately block diagonal. The block diagonalization is
not exact, because non-zero matrix elements are also located in the black
triangles of Fig. 5.2(b). These matrix elements represent scattering processes
that transfer momentum between different sectors (the around-the-corner
processes mentioned in Chap. 2.4.3). The crucial approximation is now to
neglect these processes. This is precisely the diagonal-patch approximation
(A1) discussed in Chap. 4.1, which is also necessary to insure that the proba-
bility distribution P{¢*} can be approximated by a Gaussian. The justifica-
tion for this step is that the relative number of matrix elements representing
momentum-transfer between different sectors is small as long as ¢. < 4, A. In
d > 1 dimensions the relative number of around-the-corner matrix elements
associated with a given sector K73 , is of the order of q?/(A4=1)). Note that
this approximation makes only sense if the sector cutoffs are kept finite and
large compared with the range of the interaction in momentum space.
Although the relative number of matrix elements describing around-the-
corner processes is small, we have to make one important caveat: Possible non-
perturbative effects that depend on the global topology of the Fermi surface
cannot be described within this approximation. For example, in d = 2 each
sector has two neighbors, but the first and the last sector are adjacent, so that
there exist also around-the-corner processes connecting the sectors 1 and M,
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which give rise to the off-diagonal triangles in the lower left and upper right
corners of the matrix shown in Fig. 5.2. More generally, in higher dimensions
the number of non-zero blocks corresponding to around-the-corner processes
in each row or column of G~! is equal to the coordination number z4;_1 of
the patches P¢ on the Fermi surface. For example, for hyper-cubic patches
on a Fermi surface in d dimensions the coordination number is z4—1 = 2(d —
1). Hence, the total number of blocks corresponding to around-the-corner
processes is N. = M z4_1, where M is the total number of patches that cover
the Fermi surface!. Note that N, = 0 for d = 1, because around-the-corner
processes are absent due to the widely separated Fermi points. On the other
hand, in any dimension the number of diagonal blocks is equal to the number
M of the patches, so that in d > 2 only a small number of the around-
the-corner triangles can be found in the vicinity of the diagonal band. The
case d = 2 shown in Fig. 5.2 is special, because there exist only two off-
diagonal around-the-corner blocks, independently of the number M of the
patches. In higher dimensions, however, the off-diagonal around-the corner
blocks are distributed in a complicated manner over the matrix G~L. The
precise position of the blocks depends on the way in which the patches are
labelled on the Fermi surface. The effect of these sparsely distributed around-
the-corner blocks is difficult to estimate, and we are assuming that they do
not lead to qualitatively new effects. This is an important assumption which
is implicitly made in all of the following calculations. In systems where the
topological structure of the Fermi surface is crucial, this assumption may not
be justified. We would like to emphasize that this assumption is implicitly
also made in the operator bosonization approach [5.31,5.32], as well as in the
Ward identity approach by Castellani, Di Castro and Metzner [5.50-5.52].
Once we have disposed of the around-the-corner matrix elements, the
matrix G~ is a direct sum of diagonal blocks (éa)_l, a=1,..., M. Hence,

e =2 W EE) v (58)

where the matrix (G)~! is the diagonal block of G~ associated with sector
K7 ,, with matrix elements given by

[(G) ks = Ok [i0n — € _ppor — €ro + 1] — Vi g (5.9)

Thus, the problem of inverting G~ is reduced to the problem of inverting
each diagonal block separately. The diagonal elements of G are then simply

Glek =Y 0“(R)[G T - (5.10)

Note that G is still an infinite matrix in frequency space, so that the quan-
tum dynamics is fully taken into account.

! In Fig. 5.2 we have M =5, z; =2 and N, = 10
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Inversion of the diagonal blocks

Up to this point we have not linearized the energy dispersion, so that the
above block diagonalization is valid for arbitrary dispersion 5. The crucial

advantage of the subdivision of G~ into blocks is that, to a first approxima—
tion, within a given block we may linearize the energy dlspersmn, g =v¥q
(see Egs.(2.16) and (2.17)). It is also convenient to choose the centers k of
the sectors such that exe = i, so that the last two terms in the square brace
of Eq.(5.9) cancel. In Chap. 2.4.2 we have argued? that the linearization is
justified if the sectors are sufficiently small, so that within a given sector the
variation of the local normal vector to the Fermi surface is small. On the
other hand, as discussed in detail in Chap. 2.4.3, the cutoffs must be kept
large compared with ¢. in order to guarantee that the patching construction
leads to an approximate block diagonalization of G

Once the linearization has been made, it is possible to invert the diagonal
blocks (G*)~! exactly. Note that G is still an infinite matrix in frequency
space. Shifting the wave-vector labels according to k = k* 4+ q and k' =
k® + ¢, the diagonal block G* is determined by the equation

> [ lG5 @) = Vitg] [6lgar = baar (5.11)

q

where [G§(9)]7! = i@, — v - q, see Eq.(4.10). The important point is now
that Eq.(5.11) is first order and linear, and can therefore be solved exactly by
means of a trivial generalization of a method due to Schwinger [5.1]. Defining

G (r,v',7,7) BVZel(qT InT) i@ =G TG (512)
T) =) el@rmennye (5.13)
q

it is easy to see that Eq.(5.11) is equivalent with
[—0r +1v* -V, = V¥r,0)]G(r, 7,7, 7)) =86(r —r)5*(r —7"), (5.14)

where

& (r — e i@n (T 5.15
(r—7") BZ (5.15)

2 As will be discussed in Sect. 5.2 and in more detail in Chap. 10, in d > 1
the linearization of the energy dispersion is not always a good approximation,
because in d > 1 the condition v*-q = 0 defines hyper-planes in momentum space
on which the leading term in the expansion of £ is quadratic in g. Linearization is
only allowed if the contribution from these hyper-planes to the physical quantity
of interest is negligible. Whether this is really the case depends also on the nature
of the interaction. For example, in physically relevant models of transverse gauge
fields that couple to the electronic current density (to be discussed in Chap. 10)
the linearization is not allowed.
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is the antiperiodic d-function. Note that the Fourier transformation in Eq.(5.12)
involves fermionic Matsubara frequencies, because G*(r, ', 7,7') has to sat-
isfy the Kubo-Martin-Schwinger (KMS) boundary condition [5.2,5.2]

G*(r,r', 7+ B8,7)=6%r, 7,7, 7+ B8) = -G*(r,7", 7, 7") . (5.16)

In contrast, V*(r, 1) is by definition a periodic function of 7, so that the sum
in Eq.(5.13) involves bosonic Matsubara frequencies®. Following Schwinger
[5.1], let us make the ansatz

G (r,r 7,7 = GS(r — ' 7 — 7)) ()= (5.17)
where G§(r — r', 7 — 7') satisfies
[0 +1v* -V, |Gi(r—r',7—7")=0(r—7")o" (r—7") . (5.18)

To take the KMS boundary condition (5.16) into account, we require that
G§(r —r',7 — 7') should be antiperiodic in 7 and 7/, while #*(r, 7) should
be a periodic function of 7,

P (r, 7+ B) = d%(r,T) . (5.19)
Substituting Eq.(5.17) into Eq.(5.14), it is easy to show that
[0, +iv* -V, = V*r,7)|Gr,r',7,7") = 6(r — )" (r — 7')
+G%(r, v, 7, 7)) {[-0r + 10"V, ]®(r,7) = V*(r,7)} . (5.20)

Comparing Eq.(5.20) with Eq.(5.14), we see that our ansatz is consistent
provided @“(r, T) satisfies

[0 +1v% -V, ]D%(r,7) =V(r,T) . (5.21)

Eqgs.(5.18) and (5.21) are first order linear partial differential equations. The
solution with the correct boundary condition is easily obtained via Fourier
transformation,

1(q T—0nT)

Gy _ 5.22

(r,7) = ﬁvzlwn—va-q : (5.22)
el(q-r—wmr)

L = —_—V* . 5.23

(r,7) Ziwm—va-q p (5.23)

q

3 The g = 0 component of the interaction requires a special treatment, and should
be excluded from the g-sum in Eq.(5.13). Formally this condition can be taken
into account by setting ¢g—o = 0, so that the ¢ = 0 term in the sum (5.13)
(as well as in all subsequent g-sums in this chapter) is automatically excluded.

Note that this is equivalent with f dr foﬁ drV<(r,7) = 0. Any finite value of this
integral can be absorbed into a redefinition of the chemical potential, which has
disappeared in Eq.(5.14), because by assumption we have linearized the energy

dispersion at the true chemical potential. See also the footnote after Eq.(4.2) in
Chap. 4.
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Let us emphasize again that the Matsubara sum in Eq.(5.23) involves bosonic
frequencies because we have to satisfy the boundary condition (5.19). Having
determined G§(r,7) and @*(r,7), the diagonal blocks (G*)~! have been
inverted, so that G is known as functional of the ¢“-field. The diagonal
elements are explicitly given by

el (gr—wmT) _ ei(q r —wmT’)

xG(r —r' T — )explﬁz — o2 . (5.24)

. iwn, q

5.1.2 Gaussian averaging: calculation of the Debye-Waller

This is the easy part of the calculation, because we have to average an expo-
nential of ¢* with respect to a Gaussian probability distribution. This yields,
of course, a Debye-Waller factor!

Combining Egs.(5.1), (5.10) and (5.24), and using the fact that averaging
restores translational invariance in space and time, we conclude that the
interacting Matsubara Green’s function is given by

B ) N 5
=Y 6% (k) / ar /0 dre-iltk—E") 7=,

xG& (7,7 <e¢c‘<")7>—¢°‘<070>> . (5.25)

Seft,2

Using Eqgs.(3.31) and (5.23), we may write

@°(r,7) — %(0,0) ZJ‘“ (r, 7)oy (5.26)
with i )
N B i 1= e il@gr—wnt

T (r,7) = 3 {W] (5.27)

The problem of calculating the interacting Green’s function is now reduced
to a trivial Gaussian integration, which simply yields the usual Debye- Waller

factor,
<e¢a(r,7)—¢a(o,o)> _ <ezq T ()68 >
Seff,2 Setr.2

= exp |é Z <¢2‘¢fq>56m2 T, ()T (r, 7')] = Q% (r) (5.28)

q
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with
Q(r,T) 2VZ fREAee g (p, 1) T (P, 7). (5.29)

We have used the fact that the Gaussian propagator of the ¢™-field is ac-
cording to Eq.(4.32) proportional to the RPA interaction. For consistency, in

Eq.(5.29) the polarization contribution to | i?PA]O‘O‘ should be approximated

by its leading long-wavelength limit given in Eq.(4.24), because in deriving
Eq.(5.28) we have neglected momentum transfer between different sectors

(i.e. the around-the-corner processes represented by the black triangles in
Fig. 5.2(b)). Using

2 1—cos(q 7T —wnt)

T = g O30
we conclude that
Q%(r,7)=R* - S%r,7) , (5.31)
with
fRPA a
= 5%(0,0 5.32
m/Ejlw L= SN00) L G
1 fRPAC cos(q - 1 — wynT)
S = —— 4 5.33
(r, T) ﬁV ; (1wm . q)2 ( )
Here f;{PA’O‘ is the diagonal element of the RPA interaction matrix defined
in Eq.(4.33),

e == [ ems] ] e

An important special case is a patch-independent bare interaction, i.e.

[iq]‘m/ = f, for all @ and o’. From Eq.(4.35) we know that in this case

f?PA’O‘ can be identified with the usual RPA interaction,

fl?PA,a _ quPA — % , if [iq]oza’ =fq - (5.35)

In summary, the averaged diagonal blocks are given by

R B . o -
<[G°‘]kk> :/dr/ dre~ile—k® ) r—antlGa(p oy (5.36)
Setf,2 0
with
G (r, 1) = G (r,7)e" (™) (5.37)

From Egs.(5.1) and (5.10) we finally obtain for the Matsubara Green’s func-
tion of the interacting many-body system
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ZQO‘ VG (k — ki) (5.38)
where
/8 . ~
G*(§) = G*(q,iwp) = / dr / dre i@r=onngo(p 1) | (5.39)
0

Shifting in Eq.(5.38) k = kY + g and choosing |g| small compared with
the cutoffs A and A that determine the size of the sector K¢ A it is easy to
see that only the term o/ = a in the sum (5.38) contributes, so that (after
renaming again o/ — «)

Gk + q,i0,) = G¥(q,i0,) , lgl < AN . (5.40)

5.1.3 The Green’s function in real space

The real space Green’s function G(r,T) should not be confused with the sector
Green’s function G*(r,T) in Eq.(5.837). Here we derive the precise relation
between these functions.

Given the exact Matsubara Green’s function G(k), we can use Eq.(3.8) to
reconstruct the exact real space imaginary time Green’s function G(r,T)
by inverse Fourier transformation. Substituting Eqgs.(5.38) and (5.39) into
Eq.(3.8), we obtain

G(r,T) Z/dr' ik 1 Z@O‘ ek r=rge! 1) (5.41)

At distances |r| that are large compared with the inverse sector cutoffs A~!
and A~! we may approximate

1 a ik-(r—mr ik-(r—r') _
v zk: 0% (k)e ~ 5 Z =§(r—7') , (5.42)
so that Eq.(5.41) reduces to
G(r,7) = Zeika'rGo‘(r,T) ) (5.43)

which is the real space imaginary time version of Eq.(5.38).

To see the role of the cutoffs more clearly, it is instructive to calculate
the non-interacting sector Green’s function G§(r,7) defined in Eq.(5.22).
Performing the fermionic Matsubara sum we obtain

GS (r,7) Zelq "GS(q,T) (5.44)
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with

Gi(g.7) =™ T [f(v - @)O(=7+07) = f(=v" - q)O(r —0F)] . (5.45)
Because G§ (g, T) depends on g only via the component v®- g, it is convenient
to choose the orientation of the local coordinate system attached to sector

K , such that one of its axes matches the direction 9% = v*/|v*| of the
local Fermi velocity. In this coordinate system we have the decomposition

q=qv" +q7 , ¢f=q 9", ¢1 -9 =0, (5.46)
r=rfo*+r , rf=r-0%, 79" =0 . (5.47)
For # — oo and V' — oo we obtain then after a simple calculation
—j 1
Gy — gDy () o 5.48
o(r.7) (r1) 2r ) rif + ilvx|r ( )

with dpe

50 = [ = (5.49)
where the integral is over the d — 1 components of r that are perpendicular
to v*. In deriving Eq.(5.48) we have not been very careful about cutoffs.
In order not to over-count the degrees of freedom, the g-summations should
be restricted to the sectors K¢ ,. Hence, there is a hidden cutoff function
O%(k™ + q) in all g-sums, which we have not explicitly written out. However,
we may ignore this cutoff function as long as we are interested in length scales

PS> A7 > AT (5.50)

because the oscillating exponential in Eq.(5.44) cuts off the g-summations
before the boundaries of the sectors are reached. It should be kept in mind,
however, that Eq.(5.48) is only correct if the conditions (5.50) are satisfied.
More precisely, in a finite system of volume V' = L% the é-function in Eq.(5.48)
should be replaced by the cutoff-dependent function

d—1 o 1 a0 a,igqT T
5D () = T Sk + gf )1t (5.51)
a
We conclude that for length scales [r$| > A~! we may replace r — rﬁ"f;o‘ in
the argument of the Debye-Waller factor, so that Eq.(5.37) becomes

GY(r,7) = G (r, 1)@ i®") (5.52)

From Eq.(5.43) we obtain then for the real space Green’s function of the
interacting system,

exp |ik® - r + Q*(rjo®, 1)

Glr,7) = 22; S5 () (5.53)

rﬁ‘ +ijve|r

Note that this expression has units of V1, as expected from a real space
single-particle Green’s function in d dimensions.
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5.1.4 The underlying asymptotic Ward identity

Our bosonization formula (5.37) for the Green’s function is the result of an
infinite resummation of the perturbation series, but it is not clear which type
of diagrams have been summed. In this section we shall clarify this point. We
first derive from Eq.(5.87) an integral equation, which is exactly equivalent
with the integral equation derived by Castellani, Di Castro and Metzner [5.50].
We then combine the integral equation with the Dyson equation to obtain
a Ward identity. In this way we see the relation between bosonization and
diagrammatic perturbation theory.

The integral equation

Let us apply the differential operator —0, +iv®-V,. to the bosonization result
(5.37) for the sector Green’s function G*(r, 7). Using the fact that according
to Eqgs.(5.18) and (5.15) the application of this operator to G§ (7, T) generates
as d-function, it is easy to show that

[<0- +iv* Vo + X%r -7, 7—7)|G(r —7',7—7') =
Str— )5t (r =), (5.54)

with
X¥r—r',7—7)=—[-0, +iv* -V, ]Q*(r — 7,7 —7") . (5.55)

From the explicit expression for Q*(r,7) given in Eqgs.(5.31)—(5.33) we find
that the function X*(r, 7) has the Fourier expansion

1 .
X%(r,7) = i Y ellarmemnixe (5.56)
q

with Fourier coefficients given by
RPA,«
Xo="2 (5.57)

T dwy, —vY-q

In Fourier space Eq.(5.54) becomes
: o~ e’ s 1 «a e
i@, — v - q)G(§) + 77 S xg GG =1, (5.58)
(1’/

or equivalently

[i@n —v*- q]Ga (q, I‘Dn) =1
fRPA,a

1 q—q’iw,, _,/ /e~
. - non G*(q',i0n) . (5.59
BV 2 T —or gy C (L) (55)
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Because the difference between two fermionic Matsubara frequencies is a
bosonic one, the kernel X2 - in Eq.(5.58) depends on bosonic frequencies.
In the limit 8 — oo Eq.(5.59) is equivalent with the integral equation given
in Eq.(13) of the work [5.50] by Castellani, Di Castro and Metzner. Our
bosonization approach maps the solution of Eq.(5.59) onto the standard prob-
lem of solving a linear partial differential equation (Eq.(5.20)) and calculating
a Debye-Waller factor in a Gaussian integral. The solution for the Green’s
function is given in Eqgs.(5.37)—(5.39), with the Debye-Waller factor given in
Egs.(5.31)—(5.33). On the other hand, Castellani, Di Castro and Metzner do
not directly solve Eq.(5.59) but first perform an angular averaging operation
on this integral equation and then solve the resulting averaged equation. Al-
though in general the operations of averaging and solving integral equations
do not commute (i.e. the solution of the averaged integral equation is not nec-
essarily identical with the average of the solution of the integral equation),
in the particular case of interest the final result seems to be equivalent, at
least up to re-definitions of cutoffs.

The Ward identity

In modern many-body theory it is sometimes convenient [5.5,5.6] to define so-
called skeleton diagrams in order to exhibit the structure of the perturbation
series more clearly. The skeleton diagram for the exact self-energy is shown
in Fig. 5.3. In the Matsubara formalism this diagram represents the following

Fig. 5.3. Skeleton diagram for
k-k the irreducible self-energy. The
thick wavy line denotes the exact
screened effective interaction fg,
the shaded triangle is the exact
three-legged vertex A(k;k — k'),
and the solid line with arrow is the
k kK exact Green’s function.

expression,
S(k) = _BLV S S w Al k= K)G) (5.60)
k/

The exact effective interaction f; is related to the bare interaction fq via the
dielectric function, fy = fq/e(q), which in turn can be expressed in terms of
the exact proper polarization via e(q) = 1 + fqI1.(q), see Egs.(2.50)—(2.52).
By definition, the vertex function A(k; q) is the sum of all diagrams with three
external ends corresponding to two solid lines and a single interaction line. To
lowest non-trivial order we have A(k; ¢) ~ 14+ AN (k; ), with AM (k; q) given
in Eq.(4.105). Because G(k’) on the right-hand side of Eq.(5.60) depends
again on X(k’) via the Dyson equation, Eq.(5.60) is a complicated integral
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equation, which can only be solved approximately. Moreover, the formal ker-
nel fy_, A(k;k — k') of this integral equation is again a functional of G(k),
so that it cannot be calculated exactly unless the entire perturbation series
has been summed. In practice one therefore replaces the effective interaction
fi_, and the vertex A(k; k — k") by some “reasonable” approximation.

For better comparison with the self-energy calculated within our bosoniza-
tion approach, let us shift again k = k* + q and k' = k* + ¢’, so that wave-
vectors are measured with respect to the local coordinate system with origin
in sector Kj . Defining

Gk + q,id,) = G*(§) (5.61)
Sk + q,id,) = 2G) | (5.62)
Ak® + q,ion;q — ' iwp—n) = A%(G7—7) (5.63)

the skeleton equation (5.60) reads
af~ 1 * af~ ~ ~ Q=
2@ =5 S e AGi-3)Gd) (5.64)
ql

while the Dyson equation can be written as
[G*(@)] " =[G (@) " = 2(@) - (5.65)

Let us now determine the skeleton parameters that correspond to our
bosonization result for the Green’s function. Starting point is the integral
equation (5.58). Keeping in mind that after linearization we may write i@,, —
v® - q = [G§(q)]"! and dividing both sides of Eq.(5.58) by G%(q), we obtain

X«
q

(G (@]~ = (G5 (a) T : (5.66)

Go‘tj

Comparing this with Eq.(5.65), we conclude that in our bosonization ap-
proach the self-energy satisfies

“q) = 5 Z Gg . (5.67)
From Eqs.(5.64) and (5.67) we finally obtain
. s ~ Xa f»lf{_P:é’a
figA(Gd—4) = = - _— = . (5.68)

Ga( ) [1Wn7n’ — v (q - q/)]Ga (q)

Note that in the skeleton equation (5.60) it is assumed that the bare interac-
tion depends only on the momentum-transfer. From Eq.(4.35) we know that
in this case f;{PA’O‘ = f;{PA, the usual RPA interaction. Then we see from
Eq.(5.68) that the approximations inherent in our bosonization approach
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amount to replacing the exact effective interaction f; by the RPA interac-
tion f, RPA “and setting the vertex function equal to

1

A4 -4q) =+ — 5.69
@00 = G e @ 1@ (509
which is equivalent with
1 1 1
_ — | A%(G;G—§) = — 5.70
G ol T ey (>:70)
or, after shifting ¢ — ¢ — ¢’ = [¢/, iwm/],
o — 7 q14°(5) = [G°(@)] (5.71)

In terms of the symmetrized vertex function
ANG:d) = A%(G:q 1) + 47757 —a) (5.72)

Eq.(5.70) can also be rewritten in the more symmetric form

1 1 TP 1 1

a5 aw| e [eg-em) - 6
The important point is that the right-hand side of Eq.(5.73) depends again
on the exact Green’s function. Such a relation between a vertex function and
a Green’s function is called a Ward identity. In the limit 5 — oo Eq.(5.73)
is equivalent with the Ward identity derived in [5.50]. Of course, in d > 1 or
for non-linear energy dispersion this Ward identity is not exact. In Sect. 5.2
we shall develop a powerful method for calculating in a controlled and quan-
titative way the corrections neglected in Eq.(5.73).

In summary, although within our bosonization approach the dielectric
function is approximated by the RPA expression, bosonization does not sim-
ply reproduce the usual RPA self-energy, because it sums in addition infinitely
many other diagrams by means of a non-trivial Ward identity for the vertex
function. The analytic expressions for these diagrams can be generated order
by order in the RPA interaction by iterating the integral equation (5.59).

Finally, let us compare the skeleton equation (5.60) with the dynami-
cally screened exchange diagram, the so-called GW approximation for the
self-energy [5.3]. In this approximation the effective interaction f is approx-
imated by the RPA interaction, just like in our bosonization approach. The
crucial difference with bosonization is that vertex corrections are completely
ignored within the GW approximation, so that one sets A(k,k — k') — 1.
Then Eq.(5.64) reduces to the simpler integral equation

o) ZfRPAGa (¢) , GW approximation . (5.74)
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If we replace the interacting Green’s function on the right-hand side of
Eq.(5.74) by the non-interacting one, we recover the lowest order self-energy
correction given in Eq.(4.104). The self-consistent solution of Eq.(5.74) con-
tains infinite orders in perturbation theory. It seems, however, that the only
reason for ignoring vertex corrections is that one is unable to calculate them
in a controlled way. As recently pointed out by Farid [5.4], the errors due
to the omission of vertex corrections seem to be partially cancelled by the
replacement G — Gy on the right-hand side of Eq.(5.74). In other words, non-
self-consistent GW can be better than self-consistent GW! Evidently such an
approximation cannot be systematic. On the other hand, for interactions
that are dominated by forward scattering the bosonization approach uses the
small parameter ¢./kr to sum the dominant terms of the entire perturbation
series.

5.1.5 The Fermi liquid renormalization factors Z% and Z2

We show how in a Fermi liquid the quasi-particle residue Z% and the effec-
tive mass renormalization Z73 can be obtained from the Debye- Waller factor

Q*(r, 7).
The quasi-particle residue Z¢

As shown in Chap. 2.2.3 (see Eq.(2.25)), the quasi-particle residue Z¢ of a
Fermi liquid can be identified from the discontinuity dng of the momentum
distribution at the Fermi surface. Hence, in order to relate our Debye-Waller
factor Q%(r,7) given in Eq.(5.31) to the quasi-particle residue, we simply
have to calculate dng from Eq.(5.37). Substituting Eqs.(5.37), (5.39) and
(5.40) into Eq.(2.13) we obtain

N yq = / dre 1 9TGS (r,0)e?" (™0 (5.75)

so that the change dng of the momentum distribution defined in Eq.(2.25) is
given by

dng = 2i/d'r sin(q - )G§(r,0)e?" (™0 (5.76)
From Eq.(5.48) we obtain for the non-interacting sector Green’s function at

equal times .
—i

] — sd=-1) .«
G§(r,0)=4¢ (TL)QWTW , (5.77)
so that in(g°2)
2 ° sin qax Qs
ong == / dp— Q" @o%0) (5.78)
™ Jo x

where we have renamed r = x. As discussed in Chap. 2.4.3, bosonization
should lead to cutoff-independent results if the interaction is dominated by
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wave-vectors |q| < g. < A, \. Hence, in real space the bosonization result
for the Green’s function is accurate at length scales x > ¢ . We therefore
separate from Eq.(5.78) the non-universal short-distance regime,

—1 . .
9 ac sin(qgtx) ., .. o sin(giT) o, ia
g = 2 l/ a2 o eom o / D oo (s)
0 ac " z

™ €T

For |¢f| < q. it is allowed to expand the sine-function in the first term.
Evidently, this yields an analytic contribution to dng, which to leading order
is proportional to qﬁ‘ /qe- In a Fermi liquid this term is negligible compared
with the contribution from the second term in Eq.(5.79), so that we obtain
to leading order
o0 : /
ong o) 2 [ SR
lafr1/ge
where we have rescaled x = 2'/|qj|. For ¢ — 0 we may set |¢ff|/qc = 0 in
the lower limit and replace Q®(z'0®/ |qﬁ‘|, 0) by its asymptotic expansion for
large '/ |q|‘|3‘| Assuming that the limit

lim Q*(rj9%,0) = Q% (5.81)
T” — 00
exists, we obtain for qﬁ‘ —0
o w2 [ ,sin(z’) pe o 0o
dng ~ sgn(g; );/ dﬂcl%egoo = sgn(q| e . (5.82)
0

But from Egs.(5.31)—(5.33) we have Qo‘(rﬁ‘f;o‘, 0) =R~ — So‘(rﬁ‘f)a, 0), where
the constant term is simply given by R* = 5%(0,0). A sufficient condition for

the existence of the limit Q% is the existence of R®. Recall that according
to Eq.(5.32) R* is for 3,V — oo given by

0o RPA,«a
Re — / dg / do  Joiw™ (5.83)
(2m)? J_ 27 (iw — v - q)?

If this integral exists, then the Fourier integral theorem [5.5] implies that the
integral

RPA,« ane
) dg [ dw fauw " cos(rio® - q)
S (re9®,0) = [ —3_ bt 5.84
0790 = [ o |5 i g (5:84)

exists as well, and vanishes* in the limit rﬁ‘ — 00. Hence, the finiteness of
the integral in Eq.(5.83) implies that Q% = R“. In this case we obtain

* As shown in [5.5], a sufficient condition for the vanishing of the Fourier transform
Gw) = fjooo dwe™™TF(7) of a function F(7) for w — oo is that F(7) is (at
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ong ~ Z%gn(q") . ¢ —0 , (5.85)

with the quasi-particle residue given by

o

7% = (5.86)

Because we know that Z% must be a real number between zero and unity,
R should be real and negative. In Chap. 6.1 we shall show with the help of
the dynamic structure factor that this is indeed the case.

least improperly) integrable on every finite interval, and that f fooo |F(7)|dr <
co. In our case these conditions have to be satisfied by the function F(q|") =
[ dat fix;o dw fRPAe (G — |v“|q|‘r)72, where ¢ and g7 are defined as in Eq.

q,iw
(5.46). Due to the rather singular structure of the integrand, it is by no means
obvious that for arbitrary interactions the Fourier integral theorem is applicable.
However, in all physical applications discussed in the second part of this book

we find that S“(r| 0%, 0) indeed vanishes as 7| — +oo.
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The effective mass renormalization Z23

Because the spatial dependence of the Debye-Waller factor Qa(rﬁf)a, T) en-
ters only via the projection rﬁ‘ = 0“ - r, the direction of the renormalized
Fermi velocity v is for linearized energy dispersion always parallel to the
direction of the bare Fermi velocity v®. From Eq.(2.27) we see that in this
case the effective mass renormalization factor associated with patch Pf is
given by Z2% = |0%|/|v*|. The renormalized Fermi velocity can be directly
obtained from the real space imaginary time sector Green’s function G*(r, 1)
by taking first the limit 7 — oo and then the limit r{* — co. From Eq.(5.48)
we obtain for the non-interacting sector Green’s function in this limit

G§(r,T) ~ —5(d_1)(ri)# RN , T oo . (5.87)

2o Tﬁ‘

Assuming the existence of the limit

S = lim [ lim S%(rf'9°, T)] : (5.88)
T” — 00 LT —0O0
the relation analogous to Eq.(5.87) for the interacting sector Green’s function
given in Eq.(5.52) is
Z2e—5%
© , %—>oo ;oo o (5.89)
r
I

G (r,7) ~ =61 D(rY)

2r|ve|T

But in an interacting Fermi liquid we should have

A T

G*(r,7) ~ =61 D(rY) , — 00

N e SR (5.90)

where 0 is the renormalized Fermi velocity. Comparing Egs.(5.89) and (5.90)
with (2.30), we conclude that the effective mass renormalization factor is
given by

7% =% (5.91)

The analytic evaluation of the limit S% in Eq.(5.88) is rather difficult.
We have not been able to obtain for general interactions a simple analytic
expression for 5%, which explicitly contains only the parameters f . and &g

009
that appear in the definition of the original action®. Note that the naive
application of the Fourier integral theorem [5.5] to S*(0, 7) implies that S
should vanish, so that bosonization with linearized energy dispersion does
not incorporate effective mass renormalizations. To examine this point more
carefully, let us substitute the Dyson equation (5.65) into Eq.(5.67), and then
solve for X*(q) as functional of G*(g). After some trivial algebra we obtain

5 In the case of Z® such an expression is given in Eqgs.(5.86) and (5.83).



94 5. The single-particle Green’s function

X*(q 1w * Téx 5.92
@ = (20— gl (5.92)
with
T = WZXq G (5.93)
where we have used X = —X¢, see Eqs.(5.56) and (5.57). At ¢ = 0
Eq.(5.93) reduces to
RPAa
Mo G*(q,i0m 5.94
0 ﬁvz 1wm—v0‘- ) (qvlw ) ) ( )
which should be compared with
RPAa 1
2, m . 5.95
ﬁVzlwm—va- q) (iwy, — v - q) (5.95)

Obviously the only difference between Tj5* and R* is that the full Green’s
function G*(q, i@.,) on the right-hand side of Eq.(5.94) is replaced by a factor
of (iwm —v® - q)~! in Eq.(5.95). Keeping in mind that in a Fermi liquid the
integral in Eq.(5.95) remains finite in the limit 3,V — oo (recall Eq.(5.83)),
it is tempting to speculate that the finiteness of R® implies that also the
expression for 7§ in Eq.(5.94) must be finite. Defining the retarded function
T%(q,w) = Tg'z, lio, —wtio+, let us now assume that T¢(0,0) is finite, and
that for small g and w the corrections vanish with some positive power,

T%(q,w) ~T(0,0) + O(lg|"*, [w[**) , pa,p2 >0 . (5.96)

We would like to emphasize that at this point Eq.(5.96) should be considered
as an assumption, which is motivated by the similarity between Eqgs.(5.94)
and (5.95), and by the fact that in a Fermi liquid R* is finite. From Eq.(5.92)
we see that the retarded self-energy can then be written as

. T°(q,w)
« +\ oy, A . A
Y¥q,w+1i0") = [w — v - q] T+ To(qa) (5.97)
and satisfies
0X*(0,w +1i0T) _T%(0,0) (5.98)
ow w=0 ~ 14+T2(0,0) '

so that according to Eq.(2.21) the quasi-particle residue exists and is given
by
Zo =l =14+ 70,0) . (5.99)

From Eq.(5.99) we see that the replacement of the last factor (iw,, —v*-q)~!

in Eq.(5.95) by G*(q,i0y,) in Eq.(5.94) amounts to an exponentiation. Sub-
stituting now Eqgs.(5.99) and (5.93) into Eq.(2.23) we obtain for the renor-
malization of the Fermi velocity
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0% = (2% — o™ + 2% Vg2*(gq,i0%)] _,

7°(0,0)

= T°(0, 000" = (1+T°(0,0)v" a5

=0 . (5.100)
Hence, under the assumption (5.96) the Fermi velocity is not renormalized, so
that Z& = 1. Although we have not proven Eq.(5.96), the similarity between
Eqgs.(5.94) and (5.95) strongly suggests that it is indeed correct. This is also in
accordance with the Fourier integral theorem, which implies that S should
vanish if S¥(0,0) = R® exists. We thus conclude that higher-dimensional
bosonization with linearized energy dispersion does not contain effective mass
renormalizations. We shall come back to this point in Chap. 6.1.3, where we
shall show that this is closely related to the fact that for linearized energy
dispersion the Fermi surface is approximated by a finite number M of com-
pletely flat patches.

5.2 Beyond the Gaussian approximation

We now describe a general method for including the non-linear terms in
the energy dispersion into our background field approach. This enables us
to include the effects of the curvature of the Fermi surface into our non-
perturbative expression for the single-particle Green’s function. A brief de-
scription of our method has been published in the Letter [5.38]. Here we
present for the first time the details.

One of the main approximations in Sect. 5.1 was the replacement of the
Fermi surface by a collection of flat hyper-planes, which amounts to setting
1/m® = 0 in the expansion (2.66) of the energy dispersion close to the Fermi
surface. Although we have intuitively justified this approximation for suffi-
ciently long-range interactions, we have not given a quantitative estimate of
the corrections due to non-linear terms in the energy dispersion. Recall that
for the density-density correlation function such a quantitative estimate has
been given in Chap. 4.3; in this case the corrections due to the non-linear
terms could be explicitly calculated, and in Eq.(4.115) we have identified the
relevant small parameter.

In the context of conventional one-dimensional bosonization Haldane
[5.15] has speculated that it should be possible to develop some kind of
perturbation theory around the non-perturbative bosonization solution for
linearized energy dispersion, using the inverse effective mass 1/m® as a small
parameter. However, even in d = 1 a practically useful formulation of such
a perturbation theory has not been developed. This seems to be due to the
fact that the naive expansion of the conventional bosonization formula for
the Green’s function in powers of 1/m® becomes rather awkward in the ab-
sence of interactions [5.43], because in this case we can trivially write down
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the exact solution G = [i, — &S]~ ". This expression contains infinite orders
in 1/m®, so that it can only be recovered by means of the 1/m®-expansion
suggested in [5.15] if all terms in the series are summed. This is of course an
impossible task. In this chapter we shall develop a new method for including
the non-linear terms in the energy dispersion into the bosonization procedure,
which in the non-interacting limit reproduces the exact free Green’s function.
Thus, our method is not based on a direct expansion in powers of 1/m®.
It should be mentioned that in the special case of one dimension an alter-
native algebraic bosonization approach, which includes arbitrary non-linear
terms in the dispersion relation, has recently been developed by Zemba and
collaborators [5.6]. In higher dimensions the non-linear terms in the energy
dispersion have also been discussed by Khveshchenko [5.48] within his “geo-
metric” bosonization approach. However, his formalism is based on a rather
complicated mathematical construction, and so far has not been of practical
use for the explicit calculation of curvature effects on the bosonization result
for the Green’s function with linearized energy dispersion.

In dimensions d > 1 it is certainly more important to retain the non-
linear terms in the energy dispersion than in d = 1, because only in higher
dimensions the Fermi surface has a curvature. To see this more clearly, let us
assume for the moment that locally the Fermi surface can be approximated
by a quadratic form, and that in an appropriately oriented coordinate system
the energy dispersion £ defined in Eq.(2.16) can be written as

(@ -q9)?*  (¢9)?
2mﬁ‘ 2mi

§g =v"q+ , (5.101)

where ¢¢ = g — (g - v*)0”, and mjj and m{ are the effective masses for

the motion parallel and perpendicular to the local normal ®“. The important
point is now that only the last term in Eq.(5.101) describes the curvature
of the patches. In other words, for 1/m{ = 0 but finite 1/ mj} we still have
completely flat patches. Obviously in d > 1 there exist hyper-planes in mo-
mentum space (defined by ©” - ¢ = 0) where the last term in Eq.(5.101) is
the dominant contribution in the expansion of the energy dispersion. As al-
ready mentioned in the second footnote in Sect. 5.1.1, a priori it is not clear
whether the contribution from these hyper-planes to some physical quantity
of interest is negligible or not. From the previous section we expect that the
curvature of the Fermi surface will certainly play an important role to obtain
the correct effective mass renormalization in a Fermi liquid (recall the dis-
cussion in Sect. 5.1.5). As we shall see in Chap. 6.1.3, this problem is closely
related to the existence of a double pole in the integrand of the linearized
bosonization result for the Debye-Waller factor, see Eqs.(5.32) and (5.33).
Let us point out two more rather peculiar features of the higher-dimensional

bosonization result for the Green’s function with linearized energy dispersion.
First of all, for any finite number M of patches the real space Green’s function

is of the form G(r,7) = Zi\f{:l e'*" T G(r,7) where G(r, ) is proportional
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to a d — 1-dimensional d-function® §(*=1)(r%) of the components of r that
are perpendicular to the local Fermi velocity v (see Eqgs.(5.43) and (5.53)).
As a consequence, we may replace r — (r - ©%)9” in the expression for the
Debye-Waller factor Q%(r,7) (see Eq.(5.52)). If we naively take the limit of
infinite patch number M — oo, then the patch summation is turned into a
d—1-dimensional integral over the Fermi surface, so that in this limit the sin-
gular function 55{171) (r9) appears under a d— 1-dimensional integral, and the
final result for the real space Green’s function does not exhibit any singulari-
ties. However, because M — oo implies a vanishing patch cutoff, 4 — 0, and
because the approximations made in deriving the above result can formally
only be justified if A is held finite and large compared with the range g. of
the interaction in momentum space (see Fig. 2.5), one may wonder whether
the above limiting procedure is justified. Of course, in momentum space this
problem remains hidden, because the function 5§1d_1)('rj‘_) is eliminated triv-
ially via the Fourier transformation. Consequently the interacting Green’s
function for wave-vectors close to k® is simply G(k* + q,i0,) = G%(q, i)
(see Eq.(5.40)), where G(q,i®y,) is the Fourier transform of G*(r, 7). Nev-
ertheless, it is legitimate to ask how the Green’s function looks in real space,
and the prediction of higher-dimensional bosonization with linearized energy
dispersion is not quite satisfactory. Another shortcoming of the linearized
theory will be discussed in detail in Chap. 7.2.4: the replacement of a curved
Fermi surface by a finite number of flat patches can give rise to unphysical
nesting singularities.

It is intuitively obvious that the problems mentioned above are related
to the fact that we have ignored the curvature of the Fermi surface within
a given patch. To cure these drawbacks of higher-dimensional bosonization,
we shall now generalize our background field approach to the case of finite
masses ms'.

5.2.1 The Green’s function for fixed background field

We develop an imaginary time eikonal expansion for the single-particle
Green’s function G*(v,r’',7,7') at fized background field, which takes the non-
linear terms in the energy dispersion non-perturbatively into account. In this
way we obtain the generalization of the Schwinger ansatz given in Fq.(5.17)
for mon-linear energy dispersions.

Generalization of the Schwinger ansatz

We would like to invert the infinite matrix G~! in Eq.(5.2) for general energy
dispersion €. As explained in Sect. 5.1.1, it is convenient to measure wave-
vectors with respect to a coordinate system centered at k“ and define

6 As discussed in Sect. 5.1.3, at short distances the d-function should actually be
replaced by the cutoff-dependent function 5Exd71)(ri) defined in Eq.(5.51).
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(Glke tqicn ke +q iz, = (G qion g o, =[Gy - (5.102)

Then the infinite matrix [G*]z5 is determined by an equation of the form
(5.11), with [G§(9)]~! now given by [G§(§)] ™" = i@, — €xo4q + 1. Note that
the above transformations are valid for an arbitrary sectorization of momen-
tum space (see Sect. 2.5), including the special case that we identify the entire
momentum space with a single sector (then we just shift the coordinate origin
in momentum space to k%, as shown in Fig. 2.8.). Defining the Fourier trans-
forms G*(r,r',7,7') and V(r,7) of [G*]s and V¥ as in Egs.(5.12) and
(5.13), it is easy to see that G*(r,r’,7,7’) satisfies the partial differential
equation

[0 —€garp, +u—V(r,7)Gr,r',7,7") =0(r — 7)o" (r —7'), (5.103)

where P, = —iV,. is the momentum operator. Eq.(5.103) is the generaliza-
tion of Eq.(5.14) to arbitrary energy dispersions eg. This partial differen-
tial equation together with the Kubo-Martin-Schwinger boundary condition
(5.16) uniquely determines the function G*(r, 7', 7,7’). We now truncate the
expansion of €gajq — p for small g at the second order, see Eqs.(2.65) and
(2.66). Then Eq.(5.14) is of second order in the spatial derivatives. Note that
for free fermions with energy dispersion e = k?/(2m) the truncation at the
second order is exact, but for more complicated Fermi surfaces we are assum-
ing that the sectors have been chosen sufficiently small such that the local
curvature can be approximated by a constant. Linearization of the energy dis-
persion amounts to ignoring the quadratic terms in the expansion of €gaiq
for small g, in which case the Schwinger ansatz (5.17) solves Eq.(5.103). It is
not difficult to see that for non-linear energy dispersion this ansatz does not
lead to a consistent solution of Eq.(5.14). In order to develop a systematic
method for treating the non-linear terms in the energy dispersion in a non-
perturbative way, we need a generalization of the Schwinger ansatz (5.17)
which in the limit 1/m$ — 0 reduces to the solution of the linearized dif-
ferential equation. The crucial observation is that the quantity G*(r,r, 7, T)
(which is obtained by setting » = v’ and 7 = 7’ in the solution of Eq.(5.103))
represents physically a contribution to the density of the system. Moreover,
on physical grounds it is also clear that the external potential V*(r, 7) should
lead to a deviation of the density from its equilibrium value. Evidently the
Schwinger ansatz (5.17) predicts that the external potential does not lead to
any modulation of the density, which is of course an unphysical artefact of
the linearization. For non-linear energy dispersion, our generalized Schwinger
ansatz should allow for density fluctuations. The simplest possible way to in-
corporate the physics of density fluctuations without changing the important
exponential factor in the Schwinger ansatz is to set”

Go(r,r' 7, 7') = G (e, 7, 1)t (m =T (5.104)

7 I would have never tried this ansatz without a hint from Lorenz Bartosch.



5.2 Beyond the Gaussian approximation 99

The KMS boundary conditions are satisfied by requiring that &% (r, 7) should
be periodic in 7, while G (r, 7', 7, 7') should be antiperiodic in 7 and 7/. Set-
ting » = v/ and 7 = 7/, we conclude that G¢(r,r,7,7) is the contribution
from states with momenta in sector K¢ , to the density of the system. From
the arguments given above it is therefore clear that for non-linear energy
dispersion G¥(r,r’,7,7') must be a non-trivial function of the external po-
tential. Of course, in Eq.(5.104) we could always choose ¢ = 0 and G* = G§,
so that nothing would be gained. The crucial point is, however, that there
exists another non-trivial choice of @* and Gf* which leads to the natural
generalization of the Schwinger ansatz (5.17) to systems with energy disper-
sions of the type (2.65) and (2.66). To see this, we substitute Eq.(5.104) into
Eq.(5.103) and obtain after a simple calculation

[0 — €kerp, + u—u®(r,7) - PGS (v, 7, 7") =6(r — )" (7 — 7')
+G¢(r, 7,7, 7)) {[-0- — B ] ¥ (r,7) = V(r,7)
—[Py®*(r,7)](2M*) " [P0 (r,7)]} . (5.105)
where the d x d-matrix M% contains the effective masses,
M%) = dims" (5.106)
and the components u®(r, 7) of the velocity u®(r, ) are given by

e P.d%(r,7)

(e}
my

ud(r,7) =e; - ut(r,7) = (5.107)
Here the unit vectors ey, ..., eq match the axes of the local coordinate system
attached to k® in which the effective mass tensor M* is diagonal. The crucial
observation is now that, apart from the trivial solution ¢ = 0 and G{ =
G*, we obtain another ezact solution of Eq.(5.105) by choosing &“(r, ) and
G&(r,r,7,7’) such that

[0, — &5 ] 0%(r,7) =V (r,7) + [Pr0%(r,7)](2M*) ' [Pr®* (7, 7)]
(5.108)

[-0; — €korp, +pu—u(r,7) - P GY(r, v, 7,7") =6(r — 7)o" (r — 7).
(5.109)

Thus, G¥(r,r’,7,7') is again a fermionic Green’s function. Note that the dif-

ferential equation (5.108) is non-linear, but contains only first-order deriva-

tives. In contrast, the original Eq.(5.103) is linear but involves second-order

derivatives. Differential equations of the type (5.108) are called eikonal equa-

tions, and appear in many fields of physics, such as classical mechanics®,

8 Recall the Hamilton-Jacobi equation [5.7] —8S/0t = V(r,t) + % for the
action S(r,t) of a particle with mass m that moves under the influence of an
external potential V (r,t).
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geometrical optics [5.8], quantum mechanical scattering theory [5.9], and rel-
ativistic quantum field theories [5.4,5.10]. The functional ¢*(r,7) is called
the eikonal. In the limit 1/m$ — 0 the eikonal equation (5.108) reduces to the
corresponding equation (5.21) of the linearized theory, which can be solved
exactly via Fourier transformation, see Eq.(5.23). Furthermore, in this case
the velocity u®(r,7) vanishes, so that G¢(r,r',7,7") = G§(r — ', 7 — 7).
However, if one of the masses m$ is finite, the eikonal equation (5.108) is
non-linear and cannot be solved exactly. We shall discuss a method to obtain
an approximate solution shortly.

The differential equation (5.109) describes the motion of a fermion under
the influence of a space- and time-dependent random velocity u®(r, 7). At the
first sight it seems that this problem is just as difficult to solve as the original
Eq.(5.103). The crucial point is, however, that perturbation theory in terms
of the derivative potential u®(r,7)- P, in Eq.(5.109) is less infrared singular
than perturbation theory in terms of the original random potential V*(r, 7)
in Eq.(5.103). Moreover, for large effective masses m¢ the random velocity
u®(r, 7) is small, so that the perturbation theory in powers of the derivative
potential is justified. Such a small parameter is absent in Eq.(5.103).

The eikonal equation

Although it is impossible to solve the non-linear partial differential equation
(5.108) exactly, we can follow the pioneering work of E. S. Fradkin [5.10]
to obtain the solution as series in powers of V*. We would like to empha-
size, however, that our imaginary time eikonal equation is not identical with
the real time eikonal equation discussed by Fradkin [5.10]. The latter has
recently been applied by Khveshchenko and Stamp [5.11] to the problem of
fermions coupled to gauge fields, and involves an additional time-like auxil-
iary variable. For a d-dimensional quantum system one thus has to deal with
a d+2-dimensional partial differential equation, which leads to rather compli-
cated expressions for the higher-order terms in the eikonal expansion [5.10].
In contrast, our imaginary time eikonal equation (5.108) is d + 1-dimensional
and does not depend on additional auxiliary variables. This facilitates the
calculation of corrections to the leading term. See the work [5.12] for a de-
tailed discussion of the real time eikonal method and a comparison with our
functional bosonization approach.

Following Fradkin [5.10], we obtain the solution of Eq.(5.108) by making
the ansatz

& (r,7) =Y _ Po(r,7) | (5.110)

where &% (r, 7) involves by assumption n powers of V. Substituting Eq.(5.110)
into Eq.(5.108) and comparing powers of V¢, it is easy to see that the n't
order term @9 (r,7) is determined by the inhomogeneous linear differential
equation
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[0, — B, B3(r.r) = Vi(rr) . m=12... (5.111)

where the first order potential is simply

Ve(r, ) =V*(r, 1) , (5.112)
and the higher orders are
n—1
Ve(r,r) =Y [Prd(r,m)|2M*) T [Ppdl_ (r, 7)), n=2,3,... . (5.113)
n’'=1

Note that the inhomogeneity V,*(7, 7) in the differential equation (5.111) for
&% (r,7) depends only on solutions &%, (r,7) with n’ < n, so that we can
calculate the functionals @ (r, 7) iteratively. Because Eq.(5.111) is linear, its
solution is easily obtained by means of the Green’s function of the differential
operator on the left-hand side,

B
% (r,7) = /dr’/ dr'Ge(r =o', 7 =TV 7)) (5.114)
0
where

« 1 i(gr—wmT) N «
Gb(’l’,’?’)zﬁ—vze(q mIGR(g) Gb(Q):m . (5.115)
q ™o~

This Green’s function should not be confused with the corresponding free
fermionic Green’s function

1 ) . 1
Qo — 1(‘1""_‘*’717)(;0‘ a G = —M 5.116
6(r,7) % é e 0(@) » G5(q) O — errgg 1 ( )

which for linearized energy dispersion and ege = p reduces to Eq.(5.22). Note
that the Fourier transform G¢(q) of Gf(r,T) involves bosonic Matsubara
frequencies and depends on the ezcitation energy g = €gay, — €ga. The
bosonic frequencies insure that the functional @(r,7) is periodic in 7, so
that our ansatz (5.104) satisfies the KMS boundary conditions (see also the
discussion in Sect. 5.1.1). In contrast, the Fourier transform G§(q) of G§(r, 7)
depends on fermionic frequencies and involves the usual combination €. | =
w. Recall that in general we may choose ege # p.

To carry out the above iterative procedure in practice, we find it more
convenient to work in Fourier space. Defining the Fourier transforms V,* and
@9 as in Eq.(5.13), it is easy to show that Eq.(5.108) implies for the Fourier
components

liwm — &2 D0 =V + Y (q—q)2M*) 'q'ds Do (5.117)
ql
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Keeping in mind that V* = %d)

(o3

o (see Eq.(3.31)), it is convenient to define

|

we = Sliw, — £2]09 (5.118)

1

so that Eq.(5.117) can also be written as

U =65+ Y Sqqra Ve g ToWS (5.119)

49

where the dimensionless kernel is
i o\ — « (e}
% = 59 CMY T GE@CE(") (5.120)

Note that this kernel is symmetric under the exchange ¢’ < ¢”. The ¢ =
[, iwm] = O-term requires a special treatment. Setting ¢ = 0 on both sides of
Eq.(5.117), we obtain

0=Vg=> d(eEM*)'g'd* o5 . (5.121)
q/

Subtracting this from Eq.(5.117), we see that ¥§ = 0. With the above defi-
nitions, the eikonal can be written as

P (r,7) — (', 7') = Z NVAACIE LT O 2 (5.122)
q

where
T (T = %Gg‘(q) [eilar=en) _ei@r’=en™)] - (5.123)

Note that for linearized energy dispersion J;*(r,0, 7, 0) reduces precisely to
the function J.*(r,7) defined in Eq.(5.27). By iteration of the non-linear
integral equation (5.119) it is easy to obtain an expansion of the functional
¥, in powers of the Hubbard-Stratonovich field ¢g = %VZI",

we=> " wr, (5.124)
n=1
where for g # 0 the functional ¥ is of the form

U= Sgatta UL (a1 an)d, - b5 (5.125)

q1.--9n

For practical calculations beyond the Gaussian approximation it is useful to
have a diagrammatic representation of Eq.(5.122), which is defined in Fig. 5.4.
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Fig. 5.4.

Graphical rep-
resentation of
the functional
& (r,7) — P¥(r', ")
defined in
Eq.(5.122). As

in Fig. 4.1, the
¢“-fields are rep-
resented by wavy
lines. The Y-shaped
symbol repre-
+ + + ... sents the function
T (r, ' 7)) de-
fined in Eq.(5.123).
The solid dots rep-
resent the external
points , 7 and v/, 7.

The dimensionless vertices U2 are proportional to (1/m®)"~!. The first three
vertices are

Ui(m) =1, U (0@2) =75 .40 - (5.126)

= 2
Ug(,l((hqy]g) = § [Fyl(;l;%%(]ll‘f‘ﬁﬂs + %?27113732-%%411 + 71(1);7Q1733+q17q2} : (5127)

We have used the invariance of Eq.(5.125) under relabeling of the fields to
symmetrize the vertices with respect to the interchange of any two labels.
Substituting Eqgs.(5.124) and (5.125) into Eq.(5.122), we obtain the desired
expansion of the eikonal in powers of the Hubbard-Stratonovich field ¢¢.
Note that each iteration involves an additional power of ¢*/m®. Because the
Gaussian propagator of ¢®-field is proportional to the RPA interaction (see
Eq.(4.32)), the small parameter controlling this expansion is proportional to
f;{PA’O‘ /m®. This will become more evident in Sect. 5.2.2, where we explic-
itly calculate the leading corrections to the Gaussian approximation for the
average eikonal.

The Dyson equation for the prefactor Green’s function

Having solved Eq.(5.119) to a certain order in ¢“, we know also the random
velocity u®(r, 7) in Eq.(5.107) (and hence the derivative potential u*(r,7) -
P, in Eq.(5.109)) to the same order in ¢®. For practical calculations we
find it again more convenient to work in Fourier space. Defining the Fourier
transform [G$]za of GF(r, 7', 7,7') as in Eq.(5.12), it is easy to see that in
Fourier space Eq.(5.109) is equivalent with the Dyson equation
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[GS)az = 040 G3 (@) + G3(@) D _[DNag [Garar (5.128)

511

q
where the matrix elements of the derivative potential are

[Da][jq'/ = W(?—ljl)\g,ljl . (5.129)
Here W' is defined as functional of the ¢“-field via the non-linear integral

equation (5.119), and the vertex Ag . is given by

i
Ag,./ = —

9,49 6

Iteration of Eq.(5.128) generates an expansion of é’f{‘ in powers of the deriva-
tive potential. A graphical representation of Eq.(5.128) is shown in Fig. 5.5.

(- a)M)'gGy(a—q) - (5.130)

Fig. 5.5. Diagram-
matic representation
of the Dyson equa-
tion for G¢, which
is represented by a

thick dashed line.

CJAF The solid triangle

denotes the vertex

= é + + o Mgy defined in
Eq.(5.130).

5.2.2 Non-Gaussian averaging

We now average the Green’s function G*(r,v',7,7") with respect to the prob-
ability distribution of the background field.

To obtain the Green’s function of the many-body system, we need to aver-
age the Green’s function G*(r,7’',7,7’) given in Eq.(5.104) with respect to
the probability distribution P{¢*} defined in Eq.(3.35). Because for finite
masses m$ the effective action Seq{¢®} in Eqs.(3.36) and (3.37) is not Gaus-
sian, we have to use perturbation theory to perform the averaging procedure.
Recall that the leading non-Gaussian corrections to Seg{¢*} have been ex-
plicitly calculated in Chap. 4.3.2, see Eq.(4.77). Because averaging restores
translational invariance, we may set ' = 7/ = 0 and calculate

G*(r,7) =(G*(r,0,7,0))¢ (5.131)

eff
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Let us parameterize the average Green’s function as
p

G(r,7) = [G$(r,7) + G5 (r,7)]e?" ("), (5.132)
where
(p,7) =1In (" () =2%(0,0) , 5.133
Q*(r.) =1In e .. (513)
GY(r,7) =(G1'(r,0,7,0))g,. (5.134)

and the function G5 (7, 7) contains all correlations between the two factors
in Eq.(5.104),

<5giy("“a 0,7, 0)(56‘1)&(7‘»7)—45"(0,0)>

G5 (r,7) = (e r.) 2" (0.0))

Setr (5.135)

eff

Here X = X— < X >g_,. We emphasize that Eqgs.(5.132)—(5.135) are an ex-
act decomposition of the different contributions to Eq.(5.131), the usefulness
of which will become evident shortly.

Let us now consider in some detail the calculation of the function Q*(r, 7)
defined in Eq.(5.133). By definition we have’

Qa(rv T) =
{6 Yexp [=Se{9'} + 32, T2, (r, 1) + F{T, 0%}
D Y exp [Ser {67} |
(5.136)

In

where J¢, (r,7) = J,(7,0,7,0), and the functional F*{J*,¢*} is defined
as the sum of all terms on the right-hand side of Eq.(5.122) involving more
than one power of the ¢“-field. Explicitly, the first two terms are

fa{ja7¢a} = Z ij(lruT)5Q>Q1+Q202Q(QI(]2)¢?1¢§2

49,91,92

+ Z T (1 7)0g.g4qs+4:US' (q1203) 05, 05 05 + - - (5.137)

4,91,92,93

These terms correspond precisely to the diagrams with two and three wavy
lines in Fig. 5.4. Following the procedure outlined in Chap. 4.3, we write

Serr{¢™} =1D_ 6§ N§' + Sen2{0” } + S0} (5.138)

9 Note that the label o on the right-hand side of Eq.(5.136) is an external label
which is not summed over. The summation labels are denoted by o’.
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where the Gaussian part SCH-12{¢°‘,} of the effective action is given in
Eq.(4.30), and the non-Gaussian part Si. {¢®'} is defined in Eq.(4.58). The
leading contributions to Sp. {¢®} are explicitly given in Eq.(4.77). After
eliminating the second term in the numerator of Eq.(5.136) by means of the
shift-transformation

/ RPA
¢o' — o7 + [f T r,T) (5.139)
where f HPA g i?PA is the rescaled RPA interaction matrix (see Eq.(4.33)),
we obtam
1
Q%(r,7) = 3 Z fRPA, gl e, )T (e, T)
a

~RP. ~
in(exp [~Staufol +(f 17 ToY+ TR 05 + fRPRe g2 ])
Seff,2
/ @
«—m<@m[—&mﬂ¢qﬂ>&m2 . (5.140)
: fRPA,o0 __ FRPA aa _ B r1eRPAjaa
We have used the notation fq X = [i ] — V[iq ]2 see also

Eq.(5.34). Finally, we use the linked cluster theorem [5.10] and obtain, in
complete analogy with Eq.(4.71),

S

Q@ (r7) = 5 3 e ) + 30
n=1

q
n\ con

{([Stankeg + 17,1 07) = o5 + 73]

Setf,2

~([sttes)] ) - (5.141)

From this expression it is obvious that in general the function Q%*(r,7) can
be written as

=y Qu(r.7) (5.142)
n=1
where Q7 (r, 7) involves n + 1 powers of the function J*(r,7),

Z Sq.qr+tan Wi (g1 ... an)

q91---9n

x J2(r, )T g (r7) - T (1) (5.143)

The vertices W (q1 ... qn) can be calculated perturbatively in powers of the
RPA interaction. Evidently the first term in Eq.(5.141) corresponds to the
following contribution to W,
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Wii(a) = fRPAC‘ : (5.144)

The crucial point is now that all other terms contain at least two powers of
fRPA@ 56 that, to first order in the RPA interaction, higher order terms can
be neglected. In general, each vertex can be expanded as

W (q Z ) (5.145)

where the second subscript gives the power of the RPA interaction. Because
the n'M-order vertex W involves at least n powers of the RPA interaction,
the m-sum in Eq.(5.145) starts at m = n. This is due to the fact that each of
the higher-order diagrams in Fig. 5.4 contains a single function J¢, but ad-
ditional powers of the ¢“-field. Actually, from Chap. 4.3.4 we expect that the
true small parameter which controls the corrections to the Gaussian approx-
imation should also involve the local curvature of the Fermi surface (i.e. the
inverse effective masses m$') and the range of the interaction in momentum
space. To investigate this point, it is convenient to visualize the structure
of the perturbation expansion for the higher-order terms with the help of

the graphical elements introduced in Fig. 5.4. To order (fRF4®)2 we should
retain

Wi (q1) = Wii(q) + Wis(ar) (5.146)

W3 (g1, q2) = Wis(a,q2) (5.147)

and neglect all W with n > 3. The diagrams contributing to Wy*;(¢q1) and
W52 (q1, g2) are shown in Fig. 5.6. The explicit expressions are

Wis(qr) = 31574 Us (a1, 42, —q2) fog
q2

+ Z U (g2, q1 — 02) U (—q2, 42 — )quipi;‘fRPA * (5.148)

q2

W'y (a1,a2) = Ug (q1, @o) frr o fRPAe (5.149)

Because by construction ﬁg‘ is proportional to (1/m®)"~1, it is clear that
Wi o oc (fRPAC/m)2 while Wo o oc (fRPA)2 /me. Thus, the corrections to
the first order term in the average eikonal are not only controlled by higher
powers of the RPA interaction, but also by higher powers of the inverse ef-
fective mass 1/m®. Note that 1/m® is a measure!® for the local curvature of
the Fermi surface close to k. Moreover, for interactions that are sufficiently
well behaved for ¢ — 0 and have a natural cutoff ¢. < kp in momentum
space, each additional loop integration in Eq.(5.143) gives rise to a factor of

10 The relevant dimensionless parameter C® which measures the local curvature of
the Fermi surface has been identified in Chap. 4.3.4 (see Egs.(4.113) and (4.114)).
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Fig. 5.6. The leading non-
Gaussian corrections to the
average eikonal. The thick
wavy line is the Gaussian
propagator of the ¢“-field,
i.e. the RPA screened inter-
action. The other symbols
are defined in Fig. 5.4. The
diagrams (a) and (b) con-

a tain two factors of J* and
N hence contribute to Wi',.
Diagrams (a) and (b) rep-

@ resent the first and sec-
ond term in Eq.(5.148). Di-

agram (c) contains three

factors of J¢ and is the

only contribution to W'y,
@ (b) © see Eq.(5.149).

(qe/kr)?. We therefore conclude that the leading correction to the Gaussian
approximation for the average eikonal is controlled by the same dimension-
less small parameter that appears in the calculation of the non-Gaussian
correction to the density-density correlation function, see Eq.(4.115).

The analysis of next-to-leading terms is rather complicated. Clearly, all
contributions to the functions W, that involve only the vertices U2 are at
tree-level proportional to (fRPA)? /(m®)"=1. This is due to the fact that by
construction the vertex U2 is proportional to 1/(m®)"~'. However, at order
(fBPA@)3 corrections due to the non-Gaussian part Sj; {¢} of the effective
action for the ¢*-field must also be taken into account. These involve the ver-
tices U, defined in Eq.(4.5). The leading contributions of this type are shown
in Fig. 5.7. Certainly, a subset of these diagrams leads to the replacement
of the Gaussian propagator < ¢go%, >g. 4 ,= ?PA’O‘ by the exact effective
propagator < ¢g¢%, >s., which depends on the exact dielectric function
of the many-body system. However, the non-Gaussian part Sy, {¢“} of our
effective action will also give rise to more complicated vertex corrections.

Although the vertices U,, do not explicitly contain the curvature parame-
ter 1/m*®, the closed loop theorem discussed in Chap. 4.1 implies that in the
infrared limit the closed fermion loops in Fig. 5.7 lead to large-scale cancella-
tions, so that we expect that also these higher order terms are proportional to
powers of the inverse effective masses. Fortunately, the diagrams in Fig. 5.7
are of order (fRPA)3 and therefore do not contribute to the leading correc-
tion to the Gaussian approximation.

Finally we would like to point out that for models with spin the non-
Gaussian corrections to the average eikonal lead to a mixing of the density
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Fig. 5.7.
Lowest order corrections to
the average eikonal due
to the non-Gaussian terms
of the probability distribu-
tion. Both diagrams rep-
resent corrections of order
’ (fRPA@)3 The diagram (a)
involves the vertex Uy (see
Eq.(4.77)) and renormal-
izes the RPA interaction
in Eq.(5.144). The diagram
(b) involves Us and leads
to a renormalization of the

@ (b) vertex Us' in Eq.(5.149).

fields with spin fields. This implies that in the one-dimensional Tomonaga-
Luttinger model the non-linear terms in the energy dispersion destroy the
spin-charge separation [5.13].

5.3 The Gaussian approximation
with non-linear energy dispersion

We now perform all averaging operations to first order in the RPA interac-
tion. We emphasize again that we do not expand in powers of 1/m®, so that
curvature effects are taken into account non-perturbatively.

5.3.1 The average eikonal

From now on we shall restrict ourselves to the first order in the RPA inter-
action. Then it is sufficient to retain only the term Q¢ (r,7) in Eq.(5.142),
and approximate the vertex W{*(q1) by Eq.(5.144). Using the definition of
J,(r,7) in Eq.(5.123), we have

2

T, 1) T (1, 1) = =GR (—q)GR(q) [1 — cos (q - 7 — wy7)]

B
2 1—cos(q-7r—wnT)
= 2T - ) 5.150
5 [l — g |liom + £7,] (5.150)
so that we obtain, in complete analogy with Egs.(5.31)—(5.33),
QY (r,7) =Ry = 57(r,7) | (5.151)

with
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1 fRPA,a
R = —— ! . |
LV zq: [iwm — &gliwm +£24] ~ (0,0) . (5.152)
1 f;{PA,a COS(q = me)
Sa T) = — |
T(r,7) 1% zq: [iwm — &g ]liwm + €] (5.153)

Note that these expressions contain the non-linear terms in the energy disper-
sion via &5 and f RPA.a in a non-perturbative way. Moreover, all problems due
to the double pole in the corresponding expressions for linearized energy dis-
persion (see the discussion in the introduction to Sect. 5.2) have disappeared
in Eqgs.(5.151)—(5.153) in an almost trivial way, because

g =—Ca+qM*)'q | (5.154)
so that

1 _ 1 1 _ 1 (5 155)
[iwm - 53‘][iwm + §Eq] B q(Ma)ilq Wy — 58‘ iwm + §Sq ' '

Hence, as long as at least one of the inverse effective masses 1/mg is finite,
the denominator in Egs.(5.152) and (5.153) gives only rise to simple poles
in the complex frequency plane. In fact, as will be discussed in more detail
in Chaps. 6.1.3 and 9.4, the double pole that appears in the Debye-Waller
factor for linearized energy dispersion gives rise to some rather peculiar and
probably unphysical features in the analytic structure of the Green’s function
in Fourier space.

5.3.2 The prefactor Green’s functions

We use the impurity diagram technique to calculate the leading non-trivial
contributions to the Green’s functions G§ and G§ defined in Eqgs.(5.134) and
(5.135).
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Calculation of G¢

Let us first consider G{(r,7) = (G*(r,0,7,0))g .. Naively one might try
a direct expansion of G§(r,7) in powers of fRPA* The terms in this ex-
pansion are easily generated by iterating the Dyson equation (5.128) and
then averaging. Because for ¢ # 0 the Gaussian average < ¢y >s, , van-
ishes, the leading term (of order fRPA:) arises from the second iteration of
Eq.(5.128). However, as already mentioned in Chap. 1.1, the direct expansion
of a single-particle Green’s function in powers of the interaction is usually
ill-defined, because a truncation at any finite order generates unphysical mul-
tiple poles in Fourier space. Within a perturbative approach, this problem is
avoided by calculating the irreducible self-energy to some finite order in the
interaction, and extrapolating the perturbation series by solving the Dyson
equation. Thus, introducing the Fourier transform of G¢(r,7) as usual (see
Eq.(5.116)),

GS(r,7) er ar=onT) Y (G) (5.156)

we define the irreducible self-energy X§*(g) via the Dyson equation for G$(g),
(G =[Gs@] ™ =22 (@) - (5.157)

We now use the self-consistent Born approximation to calculate the self-
energy X'¢(q). This is a standard approximation in the theory of disordered
systems [5.3], which is expected to be accurate if interference terms are neg-
ligible. The corresponding Feynman diagram is shown in Fig. 5.8 (a), and
yields

2g) = WZAQ oA GG () (5.158)

where the dimensionless vertex g - is defined in Eq.(5.130). At the first sight

Fig. 5.8. (a) Self-consistent
Born approximation for
the self-energy X¢(g). The
thick solid arrow denotes
the self-consistent Green’s
function G§¢(g). (b) This
contribution to  X{(g
(a) (b) vanishes. i

it seems that the averaging procedure gives also rise to another contribution
of order fRPA@ to X which is shown in Fig. 5.8(b). This contribution is
generated by averaging the Ué"—term in Fig. 5.5, and physically describes a
renormalization of the chemical potential. However, according to Eq.(5.130)
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the vertex /\g‘ 7 Vvanishes for ¢ = q’, implying that the contribution from
diagram (b) in Fig. 5.8 vanishes as well. In the language of many-body theory,
the diagram (a) in Fig. 5.8 is the self-consistent GW diagram for the self-
energy associated with G¢(g). Comparing Eq.(5.158) with the expression
(5.74) for the usual GW self-energy associated with the full Green’s function
G“(q), we see that the GW approximation for X{(§) involves two additional
powers of the vertex A% 7.d defined in Eq.(5.130). The crucial point is now
that this additional verte:c makes the GW self-energy associated with G less
infrared singular than the corresponding GW self-energy of the full Green’s
function G*. To see this more clearly, we substitute Eq.(5.130) into Eq.(5.158)

and shift the summation variable according to ¢ — ¢’ = —¢’. Then we obtain
Ol ay—1
= ﬁVZ g +4)] [¢(M*)'q]
x GR(q)GR (=) GG+ q) (5.159)

Using the symmetries of the integrand under renaming ¢’ — —¢’, we find
that Eq.(5.159) can also be written as
RPA,
fRPAe

21(q) 5VZ [iwms — €] [iwms +€2,/]

{laM") g[G5 @+ q) + GG =)
+ [qM*) ] [¢ (M) ] [GY(G+d) - GF(G— )]} (5.160)

To see that the infrared behavior of X¢(q) is less singular than that of the
self-energy X'*(q) associated the full Green’s function, note that the first line
in Eq.(5.158) is (up to a sign) identical with the factor R{ given in Eq.(5.152).
But we know from Sect. 5.1.5 that the finiteness of this factor implies a finite
quasi-particle residue. Conversely, non-Fermi liquid behavior should manifest
itself via infrared divergencies in R{'. The crucial point is now that the second
and third lines in Eq.(5.160) contain additional powers of ¢’, so that, at least
for not too singular interactions, X{(§) is finite, even though the integral
defining R{ does not exist. In particular, for one-dimensional systems with
regular interactions, where RY is only logarithmically divergent, X¢(g) does
not exhibit any divergencies.

N | =

X

Calculation of G5

Next, let us calculate the interference contribution G§ defined in Eq.(5.135).
Diagrammatically this function is the sum of all Feynman diagrams which
combine the graphical elements defined in Figs. 5.4 and 5.5. To first or-
der in the RPA interaction only the diagram shown in Fig. 5.9 contributes.
Evaluation of this diagram yields



5.3 The Gaussian approximation with non-linear energy dispersion 113

Fig. 5.9. Leading contribution to G%.

Because the function J;*(r,7) depends

on r and 7, the diagram has to be

understood as a real space, imaginary

/ time diagram. The spatial labels are

r r written on the corresponding end-points.

The thick solid arrows represent the

self-consistent average Green’s function

G¢, as defined in Egs.(5.156)—(5.158). To

lowest order in fRPA@ the thick arrows

should be replaced by thin arrows (repre-

senting the non-interacting Green’s func-

tion G§). However, in the spirit of the

self-consistent Born approximation, we

have included disorder corrections to the

r r /" Green’s functions attached to the eikonal
contribution.

1 . -
GS‘(TJ)=Q—VZGI(Q'T*“"T)GS(Q) , G3(9) =G QY@ , (5.161)

where, after symmetrization, the dimensionless function Y*(§) can be written
as

f;/{PA, [

1
Ya J) = —
(q) 3V ; [iwm: — £ [iwm +£2]

LM 6+ o)+ 61— o)

+qM) ' [GHG+d) -G G—4)} . (5.162)

Again we see that the integrand of Y*(§) is less infrared singular than that
of R{ in Eq.(5.152).

In summary, the total prefactor Green’s function in Eq.(5.132) can be
written as

1 . N 14 Y9G
G(r,7) + GS(r,7) = v 3 eil@r-dnn). +Y(9) ,
q

iy, — €xoyq + 10— 27(Q)
(5.163)

where Y¢(¢) and Y*(q) can be calculated perturbatively in powers of the
RPA interaction. The leading contributions are given in Eqs.(5.160) and
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(5.162). In the limit of infinite effective masses (corresponding to linearized
energy dispersion) the functions X¢* and Y'* are identically zero. Then the
right-hand side of Eq.(5.163) reduces to the non-interacting Green’s function,
and we recover the result for linearized energy dispersion. Furthermore, in the
absence of interactions Qf, XY and Y vanish identically, so that we recover
the exact non-interacting Green’s function, which contains of course infinite
orders in 1/m®. This shows that we have not performed a naive expansion in
powers of 1/m®, as originally suggested in [5.15]. We would also like to em-
phasize that corrections to the above expressions involve an additional power
of the RPA-interaction, so that in the weak-coupling regime we may truncate
our expansion at the leading order, even if the interaction is not dominated
by small momentum transfers. In other words, as long as the RPA interaction
is finite and small, the above expressions remain valid to first order in the
interaction even in the presence of Umklapp and back-scattering processes!

Our result (5.151) for the leading term Qf(r,7) in the expansion of the
average eikonal (which can be viewed as the natural generalization of the
Debye-Waller (5.31)—(5.33) to the case of non-linear energy dispersion) and
the corrections (5.160) and (5.162) to the prefactor Green’s function cure all
pathologies that are generated by the linearization of the energy dispersion
and the concomitant replacement of a curved Fermi surface by a collection of
flat hyper-planes. First of all, the singular function §(*=1(r%) in Eq.(5.53)
has disappeared, because now G§(r,7) is replaced by G¢(r,7) + G§(r, 7).
Due to the finite curvature term, this prefactor is a non-singular function
of all of its arguments. Of course, now the Fourier transformation involves
a full d 4+ 1-dimensional integration, so that from a numerical point of view
the problem in d > 1 is more difficult than in the case of linearized energy
dispersion. Furthermore, possible problems associated with the double pole
in the expression for the Debye-Waller factor of the linearized theory are
solved trivially, because the non-linear terms in the energy dispersion split
the double pole into two isolated poles that are separated by a distance
q(M®)~1q on the real frequency axis (see Eq.(5.154)).

5.3.3 Connection with lowest order perturbation theory

We show that the expansion of our result for G*(r,T) to first order in the
RPA interaction ezxactly reproduces perturbation theory.

By construction all corrections to our result for the average eikonal in
Eqgs.(5.151)—(5.153) and the expressions (5.160) and (5.162) for the func-
tions X¢(§) and Y*(§) involve at least two powers of fRPA Therefore a
direct expansion of these expressions to first order in fRPA should ezactly
reproduce the usual perturbative result, i.e. the GW self-energy with full non-
linear energy dispersion. In this section we show by explicit calculation that



5.3 The Gaussian approximation with non-linear energy dispersion 115

this is indeed the case. For simplicity we shall assume here that the matrix
M® is proportional to the unit matrix, so that ¢(M*)~'q’ = q - q'/m®.
Expanding Eq.(5.132) to first order in the RPA interaction, we have
G(r,7) = [GY(r,7) + G5 (r, 7)) 7
~ Gg(r,7)+ Gg(r,T)QY(r, T)

v D@ TG (G) DR ()G ()
q

a7 D @ nGRGY (@) + ... (5.164)
q

Note that to first order in fRPA* we may replace G — G§ on the right-hand
sides of Eqgs.(5.160) and (5.162). On the other hand, to leading order in the
interaction we have for the Fourier transform of the full Green’s function

/dr/ dre H(@r=&n)Go (p 1)

Q)+ GL)Z(PCI(D) + ... - (5.165)

Substituting our first-order result (5.151) for the Debye-Waller factor into
Eq.(5.164), Fourier transforming, and comparing with Eq.(5.165), it is not
difficult to show that within our bosonization approach the first-order self-
energy is approximated by

2Nq) = 25(9) + 27(@) + 29(9) (5.166)

where the self-energy X'P(q) is given in Eq.(5.158), and the contribution
Y&(q) due to the Debye-Waller factor on the right-hand side of Eq.(5.164) is

fRPA,Ot

1 ’
Yo(F) = l(:)n — €pLo —+ 2 __ " ! p
Q(Q) [ ketq + 1] BV QZ [iwpm — 53/][1wm/ + §3q/]

1
Y —
Wy — €goyq T 1

1 1 1
1 { L ” (5.167)
2 |iWnym/ — €koygrq T U 1Wn—m/ — €gotqg-q + 1
Similarly, we obtain from (5.162) for the last term in Eq.(5.166)
fRPA o

q/

23(q) = [0 — exorq + 4] m/z [iwm: — £ )llwns + €24/

2me

12 o
x { LG+ ) +Gia— ) + T G5+ ) - GS(d—q’)]} .

(5.168)
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We now show that the self-energy X*(q) given in Eq.(5.166) is identical with
the usual GW self-energy. At the first sight this is not at all obvious, because
the three terms on the right-hand side of Eq.(5.166) have no resemblance to
the usual perturbative result for the GW self-energy, which can be written
as (see Eq.(5.74))

ol 1
58w (d VZfRPA [

Wpym! — €gotgtq T 1

1
= . (5.169)
Wp—m/ — €k>4q—q’ +u

We have used the invariance of f, RPA,o

to symmetrize the rest of the mtegrand.

Let us begin by manipulating Ea((j) in precisely the same way as one
would proceed in the case of linearized energy dispersion. Then one would
partial fraction the differences of two non-interacting Green’s functions in the
second line of Eq.(5.167). For linearized energy dispersion the result can be
expressed again in terms of non-interacting Green’s function!!. For energy
dispersions with a quadratic term, the generalization of Eq.(4.13) is

with respect to relabeling ¢ — —¢’

LI ! __ ew & o E (5.170)

17 _ _ 17 —_ a3 _ «
iOn — €7 1Wntm — €51y iy, eq][lwn+m/ eq+q,]

and similarly

. /
1 B 1 _ —lwp — €2, + L7 (5.171)
0n — € 1Wn_m —€g_g i, — eg‘][i&n_m/ — 63,,1/] ’ ’

where for simplicity we have introduced the notation eg = egoiq — p. With
the help of these identities it is easy to show that Eq.(5.167) can also be
written as

iw, — €

RPA,a - q
EQ 6V Z f l[iwm/ + &2

2 g li@ntm — g ]

10, — eg‘
[l — Eg 10— — €31

fRPA fyes

. 1
_ [lwn - _V ; [iwm — [1wm/ +§ a

/
: 1
R B

1
— | = = — = (5.172)
2m Wnim' —€q1qg  Wnom/ —€g_g

11 Recall the partial fraction decomposition (4.13), which was crucial in the proof
of the closed loop theorem.
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Next, we use the following two exact identities,

&, — €2 1 1
[iwm/ + ggq/][ia}ner/ — Gngq/] o iwm/ + {fq, i(.(N)ner/ — Engq’
/ !
. 1
JLlavd) L 5an
me [lwm/ + g—q’] [lwn+m/ - €q+q/]
10y — eg‘ B 1 1
[iwm/ — 53,][15)”,771/ — ngq’] iwm/ — 53, i@n,m/ — Egiq,
/ !
(g - 1
me [ilwn — Eg][i0n—ms — €5_¢/]

and obtain from Eq.(5.172)

1 1

Wy — f:;/ - Wy + §3q/

[ ¥~ [e] ~ 1 7011
EQ(Q) = 2aw(q) — 5_‘/ ;f?PA 3 [
1 Z [ f;}PA,a |f1l . (q + q/) Wy — 53/

q

+ — ; ; =
BV W — 53/] [lwm’ + fgq/] me Whn4m! — Eg+q,

L4 (a—q) wmw &y ]

[e% 1) Jp-1e
m 1Wn—m/ Eq—q’
fRPA,Ot

/

.~ (67 1
+ [m}n — eq} ﬁ_V ; [iwm: — 55][iwm/ + fgq/]

'/
<314 L& ! - ! ] . (5.175)
n+m’

« 31,7 (e}
2me —€qtq  Wn-m —€q_g

Here the function Y&y (¢) is given in Eq.(5.169). Finally we write in the third
term on the right-hand side of Eq.(5.175)

e~y
i — &g = = [iGn — €] + [iBurm — g ] + TL . (5.176)

i +62, = [i@n — eg‘} - [i(bn,m/ — eg‘_q,] +— (5.177)

and arrive at
259 = Xaw(@) — Xew(@=0) — 27 (q) — 23(q9) . (5.178)

where we have used the fact that

. 1 RPA,a 1 1 1
o —0 b ; ;o _
Gw(d=0) 3V %: fq 2 llwpy — &g lwm 824

q2

1 RPA,a me
= —— ;= 1 . 5.179
w2 o gl r e - 1)
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The last two terms in Eq.(5.178), which arise due to the above partial frac-
tion decompositions of X3, are exactly cancelled by the last two terms in
Eq.(5.166), so that the final result for the first order self-energy calculated
within our bosonization approach is

2Nq) = Xaw(@) — Yew(@=0) . (5.180)

The term Y&, (¢ = 0) subtracts the renormalization of the chemical poten-
tial contained in the first term. This is in agreement with the fact that by
definition we start from the exact chemical potential of the many-body sys-
tem, so that u should not be renormalized. Note, however, that in general the
shape of the Fermi surface will be renormalized by the interaction. This effect
is lost if one linearizes the energy dispersion. The crucial role of the terms
2¢ and Y is now evident. If we had ignored these corrections, we would
have obtained a discrepancy with lowest order perturbation theory, because
for finite m® the exponentiation e?” of the perturbation series is not quite
correct. In a sense, we have exponentiated “too much”, so that it is necessary
to introduce correction terms in the prefactor.

5.4 Summary and outlook

In this chapter we have developed a new method for calculating the single-
particle Green’s function of an interacting Fermi system. Our result within the
Gaussian approximation can be considered as the natural generalization of
the non-perturbative bosonization solution of the Tomonaga-Luttinger model
[5.17-5.19] to arbitrary dimensions. Because in d > 1 the curvature of the
Fermi surface leads to qualitatively new effects which do not exist ind = 1, we
have developed a systematic method for including the non-linear terms in the
energy dispersion into the bosonization procedure in arbitrary dimensions.

Let us summarize our main result for the Green’s function for the spe-
cial case of a spherical Fermi surface of radius kr = vp/m and a patch-
independent bare interaction f;. As discussed in Chap. 2.5, in this case it is
not necessary to subdivide the Fermi surface into several sectors — instead, if
we are interested in the Matsubara Green’s function G(k,i®,) for a given k,
we choose a special coordinate system centered at k” on the Fermi surface
shown in Fig. 2.8. As discussed at the end of Chap. 2.5, due to the spherical
symmetry, G(k,iw,) depends on k exclusively via the combination |k| — kr.
Then we may write

Gk, id,) = G(|k|k™ — k*,idy,) | (5.181)

with

g o o
G*(q,i0,) = / dr / dre i@r=enm)Go(p )@ (mT) (5.182)
0
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where the Debye-Waller factor is

rpa 1 —cos(q-r — wpT)
QT (r,7) ﬂV Zf [iwm —éq][lwm+§a ] ) (5.183)

and the prefactor Green’s function G®(r,7) has the Fourier expansion
G (r,7) =37 Ze @r=enm)Go(g) (5.184)

o 5 1+Y*(q)
G“¢ = — —~
(@) n — €koyq + 10— X7(q)

(5.185)

with the prefactor self-energy
af~ 1 o~
() = BV Z f;’{PAGl (@+4d)
ql

(q-9)q%+(q-q)?

- - , 5.186
m2 [l — €& [fwmr + €2, (5.186)
and the vertex function
Q= 1 RPA o/~ /
Y*(q) = v qu faPAGH G+ )
a” +29-¢ (5.187)

" i — €0 ][iwms +£9,.]

Note that Q¢, X, Y* are of the first order in the RPA interaction and involve
a single fermionic loop summation (apart from the infinite series of bubble di-
agrams contained in fRPA). The above expressions can be considered as a new
extrapolation of the perturbation series, which involves a partial exponenti-
ation in real space, a partial geometric resummation in Fourier space, and
an intricate mixed Fourier representation. Our extrapolation scheme is quite
different from the usual geometric extrapolation of the perturbation series
for the Green’s function in momentum space, which is implicitly performed
if one first calculates the irreducible self-energy X(k,iw,,) to some finite or-
der in fRPA and then solves the Dyson equation. As shown in Sect. 5.3.3,
our resummation scheme has the important property that the expansion of
our result for the Green’s function to first order in fRPA ezactly reproduces
the leading term in naive a perturbative expansion. Moreover, in Chap. 6.3
we shall show that in one dimension and for linearized energy dispersion
Eqgs.(5.181)—(5.187) correctly reproduce the exact solution of the Tomonaga-
Luttinger model [5.17-5.19].

In the second part of this book we shall partially evaluate the above
expressions in some simple limiting cases where we can make progress without
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resorting to numerical methods. However, our analysis will not be complete,
because in general the integrations in Eqs.(5.181)—(5.187) are very difficult to
perform. It particular, the calculation of the full momentum- and frequency-
dependent spectral function

1
A(k,w) = ——ImG(k,w +i0") (5.188)
o

from Eqgs.(5.181)—(5.187) in a non-trivial interacting Fermi system in d > 1
is an interesting open problem, which seems to require extensive numerical
work. We would like to emphasize that such a calculation would yield a highly
non-perturbative result for the spectral function. In particular, Eqs.(5.181)—
(5.187) can be used to determine by direct calculation whether an interacting
Fermi system is a Fermi liquid or not. In both cases these equations are
well-defined (at least for not too singular interactions, see Chap. 6.2.5), and
provide an explicit expression for the single-particle Green’s function which
can serve as a basis for quantitative calculations.

Before embarking on applications of our formalism to problems of physi-
cal interest, let us briefly mention two more open problems, which will not be
further discussed in this book!2. First of all, the problem of back-scattering:
Because in Eqs.(5.181)—(5.187) we have not made use of the patching con-
struction and have identified the entire momentum space with a single sector,
the restriction that the maximum momentum transfer ¢. of the interaction
must be smaller than the size of the sectors (see Fig.2.5) does not exclude
processes with large momentum transfer any more. Therefore Eqgs.(5.181)—
(5.187) are also valid for short-range interactions, provided the dimensionless
parameter A§ given in Eq.(4.115) is small. Of course, in this case we loose the
small factor (g./kr)? in Eq.(4.115), so that our non-perturbative expression
for the Green’s function can only be accurate for sufficiently small interac-
tions. However, in the weak-coupling regime Eqs.(5.181)—(5.187) can be con-
sidered as the leading term in a non-perturbative expansion in powers of the
RPA interaction, which includes the effect of scattering processes involving
large momentum transfers, such as back-scattering or Umklapp-scattering.

The second interesting direction for further research is the generalization
of our formalism to include broken symmetries. Note that throughout this
work we are assuming that the electrons remain normal, i.e. that they do
not undergo a phase transition to a state with spontaneously broken symme-
try. In particular, we have ignored the tendencies towards superconductivity
and antiferromagnetism, which are known to exist in many strongly cor-
related Fermi systems at sufficiently low temperatures. It seems, however,
that it is not difficult to include these effects into our formalism, at least at
the level of the Gaussian approximation. In fact, functional integration and
Hubbard-Stratonovich transformation are the ideal formal starting point to

12 T would like to encourage all readers to contribute to the solution of these prob-
lems.
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study spontaneous symmetry breaking in Fermi systems [5.6,5.14]. There-
fore we expect that it is straightforward to generalize the non-perturbative
methods developed in this book to incorporate superconductivity and vari-
ous types of itinerant magnetism. In particular, our methods might provide
a non-perturbative microscopic approach to nearly antiferromagnetic Fermi
liquids [5.15].

In this context we would also like to point out that for systems with special
spin symmetries or other internal symmetries it might be necessary to de-
couple the relevant operators by means of matrix-field Hubbard-Stratonovich
transformations which preserve the symmetries. This could lead to higher-
dimensional generalizations of non-abelian bosonization [5.16,5.17]. An
attempt to develop such an approach has recently been made by Schmeltzer
[5.18].
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6. Singular interactions (f, ~ |g|™")

We analyze singular density-density interactions that diverge in d dimensions
as |q|~" for ¢ — 0. For linearized energy dispersion we explicitly calculate
the asymptotic long-distance behavior of Q*(r,0). For regular interactions
(n = 0) in one dimension it is possible to calculate the full Debye-Waller
factor Q*(r,T) if a certain cutoff procedure is adopted. Then we reproduce
the well-known bosonization result for the Tomonaga-Luttinger model.

In this chapter we shall study in some detail the Debye-Waller factor Q% (r, 7)
derived in Chap. 5 for singular density-density interactions of the form

2
g—ce_‘q‘/q“' , >0, g <kp , (6.1)

f f—
T gl

where g. is some coupling constant with the correct units. The long-range
part of the physical Coulomb interaction in d dimensions corresponds to
gc = —e (the charge of the electron), n = d — 1, and ¢, = oo, see Appendix
A.3.1. As recently noticed by Bares and Wen [6.1], in the more singular case
n = 2(d — 1) one obtains an instability of the Fermi liquid state. Although
for general 7 interactions of the above type are unphysical, it is instructive
study them as model systems which exhibit non-Fermi liquid behavior.

From Eq.(4.35) we know that for patch-independent bare interaction the
screened interaction f;‘PA’O‘ in Eqgs.(5.31)(5.33) and (5.151)—(5.153) can be
identified with the usual RPA interaction f?PA = fqll + fqllo(g)]~*. For
practical calculations it is convenient to express f?PA in terms of the dy-
namic structure factor Sgpa (g, w), which is the spectral function of the RPA
polarization'

2w

ITrpa(q) = &)() = /000 dwSrpa(q,w)

= , 6.2
1+qu0 q ( )

w? + w2,

1 'We would like to point out that the relation (2.42) between the imaginary part of
the polarization and the dynamic structure factor is only valid if the shape of the
Fermi surface is invariant with respect to inversion k — —k. If we approximate
the Fermi surface by a finite number of flat patches, then Eqgs.(6.2) and (6.3) are
only valid if for each patch Pj§ with Fermi velocity v there exists an opposite
patch P$ with v® = —v®, see Appendix A .4.
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see Eqs.(2.42)—(2.46) with 5 — oco. Hence

RPA _ faq _ . 1l(q)
I = T m T T )
* 2w
—fq_fg/o dWSRPA(q,W)m (6.3)

The advantage of introducing the dynamic structure factor is that it is by
construction a real non-negative function, see Eq.(2.43). Furthermore, the
qualitative behavior of the dynamic structure factor can be understood from
simple intuitive arguments [6.7], which is very helpful for the evaluation of
complicated integrals.

6.1 Manipulations with the help of the dynamic
structure factor

By introducing the spectral function of the RPA polarization (i.e. the dynamic
structure factor), we can perform the Matsubara sum at the very beginning
of the calculation, and then make some general statements which are valid
irrespective of the precise form of the interaction.

6.1.1 Non-linear energy dispersion

Although in the rest of this chapter we shall for simplicity work with lin-
earized energy dispersion, it is convenient to consider first the Debye-Waller
factor Q%(r, 7) for quadratic energy dispersion. Substituting the spectral rep-
resentation (6.3) into Eqgs.(5.151)—(5.153), the Matsubara sum over wy, can
be performed trivially, and we obtain? for 3 — oo

o 1 sgn(&g)
RY = qu:fq (—Z—i])

* 2sgn(&g) (6.4)
0

—l 2 dwS w
V;f"/ Rl T e

581(&g) ez ir)

(=)

1 oo
v E cos(q~'r)f§/ dwSrpa(q,w)
0
q

ReS{(r,7) = éZCOS(q “T)fq
q

2sgn(&g)
(—Zo)(w + l€g)

2 For simplicity we assume hat the effective mass tensor M® is proportional to
the unit matrix. For general anisotropic effective mass tensor one should simply

make the replacement % — €2+ €%, = q(M*)"'q in Egs.(6.4)(6.6).
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—leglirl _ jgalg—wlr]
e q (§]
X lw S| 1 , (6.5)

w — |£51

o—leglir]
( )

B sgn Zsm q-r fq/ deRPA(an)(_L?)?:_’_ ca)
P q

e l&q NIl _ g—wli7]
. 6.6
Xl w—Eg] ] (¢6)

ImS¥(r, 7 sgn Z sin(q - )

6.1.2 The limit of linear energy dispersion

We now carefully take the limit 1/m® — 0 in Eqs.(6.4)—(6.6). In this way we
obtain the spectral representation of the Debye-Waller factor for linearized
energy dispersion.

At the first sight it seems that Eqs.(6.4)—(6.6) diverge for 1/m® — 0, because
the integrand is proportional to m®. However, this factor is cancelled when we
perform the integration, because the contribution from the regimes v*-q > 0
and v - q < 0 to Eqgs.(6.4)—(6.6) almost perfectly cancel in such a way that
the integral is finite. To obtain the constant part R® of the Debye-Waller
factor for linearized energy dispersion (£ =~ v® - q), we expand the second

q
term in Eq.(6.4) to first order in 1/m®,
1 1
STl wr o g o
1 q® _sgn(v*-q) o
= - +0 (1/(m*)?) . (6.7)

w+[v>-gl  2m® (w4 |v> - q])?

By symmetry the first term yields a vanishing contribution to Eq.(6.4), but
the contribution from the second term in Eq.(6.7) is finite and independent
of m®. The expansion of the term sgn({7) in Eq.(6.4) to first order in 1/m®
does not contribute to the Debye-Waller factor in the limit |m®| — oo. This is
perhaps not so obvious, because the expansion of sgn(§g) in powers of 1/m®
produces also a term of order 1/m®,

2 2 2
o q _ a q _ P q
Sen ('v 2m°‘) =0 ('v 2m°‘> o ( v 2m0‘>
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In the limit m® — oo the last term in Eq.(6.8) gives rise to the following
contribution to R,

o _i a _ OO 2SRPA(Q7w)
SR* = quja(v a)fq [1 fq/o dp= 22221 (6.9)

w

The two terms in the square braces are due to the first and second term in
Eq.(6.4). From Eq.(6.2) we have

< 28 W
/ dw% = Ilrpa(q,0) (6.10)
0

so that dR® can also be written as

1

dW:—VEF@WQS?, (6.11)
q
where EOPA = &ﬁfn —o Is the static RPA interaction. Although the contribu-

tion (6.11) is non-zero, it is exactly cancelled by a corresponding contribution
§S5 that is generated by expanding sgn(£g) in Eq.(6.5),

« 1 e RPA
08% = —V;(S(v “q)fq0 cos(q-T) . (6.12)

Noting that for linearized energy dispersion we may replace r — rﬁ‘f;o‘ in the
Debye-Waller factor (see Egs.(5.48) and (5.52)), and using

6(v* - g)cos(v” - grj) = (v - q) , (6.13)

it is obvious that 6R* — §S* = 0. We conclude that in the limit 1/m* — 0
the constant part of the Debye-Waller factor is given by

1 °° Srra(q,w)
R = —— 2/ dy——m—m—""— . 6.14
v Ia ), T e gl (614

Recall that the dynamic structure factor is real and positive by construction
(see Eq.(2.43)), so that it is clear that R* is a real negative number. Because
for linearized energy dispersion the quasi-particle residue is given by Z% =
e (see Eq.(5.86)), the bosonization result for the Green’s function is for
arbitrary interactions in accordance with the requirement

0<Z*<1 . (6.15)

Note also that in a weak-coupling expansion the leading term in Eq.(6.14)
is of the second order in the bare interaction, so that the leading interaction
contribution to the quasi-particle residue Z ~ 1+ R® is of order fg. This is
in agreement with perturbation theory. For non-linear energy dispersion the
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term R{ has a non-vanishing contribution that is first order in fg. This is not
in contradiction with perturbation theory, because the quantity e®’ cannot
be identified with the quasi-particle residue Z any more; the function Y*(§)
gives rise to an additional contribution® to Z¢. From Chap. 5.3.3 we know
that by construction our method produces the correct perturbative result,
so that the leading corrections to Z* are of the second order in the bare
interaction.

Similarly we obtain from Eqs.(6.5) and (6.6) after a tedious but straight-
forward calculation in the limit 1/m® — 0

ReS®(rj0%,7) Z cos(d” - qr’)

° Srra(q,w)
« _ 2 _MPRPANIY ™)
. {Lq(” / W oo g2

a . q4)2 2)e=wITl _ 9] . —[v*-ql|7]|
(w—|v>-q|)
Im S (rf 0%, 7) = sgn Z sin(]0 - g|r’)
SRPA(‘LW)
x « L&(7) —f2/ dpy—""1"7
{ a “Jo (w+ v q|)?
eIl _ g—Iv*-ql|7]
x2|vY - qlw } , 6.17
ol g (640
where we have defined
a |T| —|v*-q||T > 2w
Lg(r) = 7fqe vl — fa o dWSRPA(‘]vW)wz — (v -q)2| (6.18)

We emphasize again that after the linearization we may replace r — rﬁ‘f)o‘ in
the argument of the Debye-Waller factor, because in this case the prefactor
Green’s function G§(r,7) is proportional to §(=1(r9) (see Egs.(5.48) and
(5.52)). In contrast, Eqs.(6.4)—(6.6) should be considered for all .

6.1.3 Finite versus infinite patch number

Now comes a really subtle point related to the fact that for linearized energy
dispersion we cover the Fermi surface with a finite number of patches.

The term Lg(7) in Eqgs.(6.16) and (6.17) is mathematically closely related
to the existence of a double pole in the integrand defining the Debye-Waller

3 From Eq.(5.160) we see that, at least for not too singular interactions, X{(q =
0,iw,) = 0, so that Gf does not renormalize the quasi-particle residue.
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factor for linear energy dispersion. When the w,,-integral in Eqgs.(5.32) and
(5.33) is done by means of contour integration, the double pole at iw,, =
v® - q gives rise to a contribution proportional to the derivative of the rest of
the integrand with respect the to frequency; the resulting term is therefore
proportional to 7, and can be identified with Lg (7). However, as long as the
Fermi surface is covered by a finite number M of patches we have exactly

L) =0 . (6.19)
To prove this, we use Eq.(2.46) to rewrite Eq.(6.18) as

_ Il
2

I fa e (6.20)
2 erra(q,v®-q)

Lg(T) fqll = fqllrpa(q,v” - q)] e~ v all7|

where the RPA dielectric function at frequency w = v - q is (see Egs.(2.52),
(3.13) and (4.24))

erpa(q, v - q) =1+ fqllo(q,v* - q) (6.21)
with
Mo g
y(q,v™ - q) = Y v° " —v%) g (6.22)

Evidently the term o/ = « in Eq.(6.22) is divergent, so that ITy(g,v™ - q)
and hence also the dielectric function at frequency w = v® - g are infinite. It
follows that

fq

ERPA(qvva ' q) -

so that from Eq.(6.20) we can conclude that Lg(7) = 0.

This proof does not go through any more if we take the limit of an infinite
number of patches, because then the o/-summation in Eq.(6.22) is for d > 1
replaced by an angular integration, and the singularity in the integrand must
be regularized via the usual pole prescription v* - ¢ — v* - ¢ +i0". Then in
d > 1 the function ITo(q,v* - g + i07) is finite. For example, for a spherical
Fermi surface ITo(q,v® - q +i07) = vgqe(v® - ¢ + i0T), where the function
ga(z +1i0T") is given in Eq.(A.3). In other words, in the limit M — oo the
singularity in ITo(q, v - q) is regularized by the finite imaginary part of the
function ggq(x +i0%") for z < 1, see Eq.(A.18).

The above difference between the cases M < oo and M = oo is due to
qualitatively different behavior of the dynamic structure factor in both cases.
As discussed in detail in Appendix A.4, for M < oo the dynamic structure
factor Srpa(g,w) exhibits M delta-function peaks. For M — oo only two
of these peaks survive and can be identified with the undamped plasmon
mode at frequencies +wgq, while the other peaks merge into the particle-hole

0, (6.23)
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continuum. From the formal point of view the procedure of substituting the
infinite-patch limit for the dynamic structure factor into the Debye-Waller
factor for linearized energy dispersion (see Eqs.(6.16) and (6.17)) is certainly
not satisfactory, because the approximations used to derive these equations
are only valid as long as the sector cutoffs A and A are kept finite and large
compared with the range g, of the interaction in momentum space, see Fig.2.5.
But M — oo implies that we are taking the limit A — 0, so that for fixed ¢,
the condition ¢, < A (see Eq.(2.63)) cannot be satisfied.

Obviously the problem associated with the limit of infinite patch number
does not arise in our more general results (6.4)—(6.6) for non-linear energy
dispersion, because in this case the dynamic structure factor exhibits the
particle-hole continuum even if we work with a finite number of patches,
and a term similar to Lg‘(T) that is linear in 7 simply does not appear,
because there is no double pole in the Debye-Waller factor. The disadvantage
of Egs.(6.4)—(6.6) is that these expressions are more difficult to evaluate than
the corresponding expressions for linearized energy dispersion. Fortunately, at
7 = 0 we have L§(0) = 0, so that possible ambiguities related to the limit of
infinite patch number in the linearized theory do not appear in all quantities
involving the static Debye-Waller factor Qa(rﬁf)a, 0). In this case the use of
the M = oo limit for the dynamic structure factor in the Debye-Waller factor
for linearized energy dispersion seems to be justified?, at least as long the
patch cutoffs are small compared with kp. In the rest of this chapter we shall
therefore focus on the static Debye-Waller factor Q(r®®,0) for linearized
energy dispersion, and use the M — oo limit for the dynamic structure factor.

6.2 The static Debye-Waller factor
for linearized energy dispersion

A

We now explicitly evaluate Qo‘(rﬁ‘v ,0) for singular interactions of the form
(6.1) for a spherically symmetric d-dimensional system. We show that the
Fermi liquid state is only stable for n < 2(d — 1), but that in the interval
2(d —2) < n < 2(d—1) the sub-leading corrections are anomalously large.
We then consider the regime n > 2(d — 1), and show that for n > 2(d + 1)
the bosonization result for the equal-time Debye- Waller factor Q% (rﬁ‘f)a, 0) is
mathematically not well-defined.

1 By taking the limit M — oo in the Debye-Waller factor, we also eliminate ar-
tificial nesting singularities, which are generated if the covering of the Fermi
surface contains at least two parallel patches, see Chap. 7.2.4. In this sense the
limit M — oo is really the physical limit of interest, although for linearized en-
ergy dispersion it is not possible to give a formally convincing justification for
this limiting procedure. Of course, in case of ambiguities we can always go back
to our more general results (6.4)—(6.6).
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6.2.1 Consequences of spherical symmetry

For a spherically symmetric Fermi surface we have |v®| = vy for all a, so that
the non-interacting sector Green’s function given in Eq.(5.48) can be written
as
d— N
Go(r,7) =6V (rN)Go(rf,7) , 1 =07 | (6.24)

where

Golz,7) = (%) _ (6.25)

T + WpT

is the usual one-dimensional non-interacting Green’s function. Note that for
a spherical Fermi surface the polarization IT(g) depends at long wavelengths
only on the combination iw,,/(vr|q|), see Eq.(A.1). It follows that the Debye-
Waller factor (5.31) is actually of the form Q*(rfo®,7) = Q(r’,7), where

Q(z,7) is the following function of two variables x and T,

fq [l —cos(v” - qx — wp,T)]

Q(x,7) =R — S(z,7) ﬁvzl—i—fqﬂo @] Goom — 07 - q)?

(6.26)

Due to rotational invariance, the value of the integral is independent of the
direction of the unit vector ©*, as can be easily seen by introducing d-
dimensional spherical coordinates, see Eq.(A.7). From Eqgs.(5.37) and (5.52)
we conclude that for rotationally invariant systems the interacting patch
Green’s function can be written as

G(r,7) = 6(d_1)(ri)G0(rﬁ‘,T)eQ(TﬁX’T) , =0t (6.27)

Let us study the constant part R of the Debye-Waller factor in more
detail. The form of the RPA dynamic structure factor for spherical Fermi
surfaces is discussed in detail in Appendix A.2. Using Eqgs.(A.26), (A.27) and
(A.32), and taking the limit V' — oo in Eq.(6.14), we obtain

dg .o Z,
e[t .
@2m)*7 | (wq + o> - q])°
or|q| 1 ga(55%o7 +1i07T)
+5/ dw _Tm vrlal (6.28)
™ Jo (v gl | 1+ Fagalsgg +107)

where the energy wg and the residue Z; of the collective plasmon mode are
given in Egs.(A.29) and (A.33). Using Eq.(A.5) and the fact that according
to Eqs.(A.34) and (A.35) the residue of the plasmon mode is of the form
Zq = vur|q|Zq(Fy), we obtain
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1 dg Z4(F,)
T d—1 q 2
kF Qd |q| ( Wq + |,i~)oz . q|)

vr|q|

1 :
d 1 0t
+/ dz le{ galw £ )+} (6.29)
o ™ (z+]9% @) 14 Fgga(x +10%)

where we have introduced the usual dimensionless interaction Fy = v fg.
Because by assumption Fj depends only on |q|, the angular integration
can be expressed in terms of the function

1
ha(z) = ( ———— , 6.30
o <<z+|@“-@|)2>@ (00

where the angular average is defined as in Eqs.(A.4), (A.7) and (A.8). In
d =1 we obtain

R =

1

hi(z) = CEEE (6.31)
and ind > 1 s
B T (sin)*~

ha(w) = 7 / W (6.32)

with 4 given in Eq.(A.10). In particular, in d = 2 we have

1 [l L ln(lJ“/?)} forx <1

2 1—22 |z N
ho(z) = = x ¢ 2 forz=1 |, (6.33)
™
— [—% + \/ﬁ arccos(%)} for z > 1
while in d = 3 the result is simply
hy(z) = —— (6.34)
r)= ——- . .
3 x(x+1)
For large and small x we have
1
ha(x) ~ = TTo0 (6.35)
2
hd(x)w% Lz =0, d>1 . (6.36)

We are now ready to rewrite Eq.(6.29) in terms of rescaled variables. Using
Eq.(A.35) and the fact that wq/(vr|gl) is according to Eq.(A.29) a function
of Fg, we obtain

1

T

| a2 cutm) + Lar) (6.37)
0
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where the dimensionless functions Cy(F') and L4(F') are given by

@@%F%mwﬂ%%%ﬁ—%%%j%, (6.38)
d \Jd F

_ e [ dz ga(z +107)
rar) = # [ o { A (o)

with g4(z) defined in Eq.(A.3). Note that Cy(F') represents the collective
mode contribution to the RPA dynamic structure factor (see Eq.(A.32)),
while Ly(F') represents the single-pair contribution due to Landau damping
(see Eq.(A.27)). The asymptotic behavior of the functions Cy(F') and Lg(F)
determines the parameter regime where the system is a Fermi liquid. For
F — oo we have to leading order (see Egs.(A.39), (A.41) and (6.35))

Cu(F) ~ ‘/—\/— F—oo (6.40)

while the Landau damping contribution reduces to a finite constant,

oo dx 1
Lq(F) ~ Lj :—/0 th() {m} , F—oo . (641)

To see more clearly that L3° is for all d a finite positive constant, note that
from Eqs.(A.7) and (A.18)

1 B 7rgc<6(f]-fc—:1c)>ic
m{w@+mﬂ}__ [ga(e +107)P
T2yq [y d9(sind)?=26(cos ¥ — x)

o 9a(e + DT -0
so that from Eq.(6.41)
. /2 . ovd—a COsUhg(cos®d)
4 = Wd/o dd(sin 9) Ga(cosd + 10TV (6.43)

The integrand in Eq.(6.43) is non-singular and positive for all 9, so that
0 < L$® < oo. The weak coupling behavior of Cq(F') is easily obtained from
Eq.(A.45),

0 for d >3 and F < |gq(1)| 7}

Ca(F) ~ e’hQ/F . ford =3 7 (6.44)
éfd()lgd (cgF)5=2 ford <3

where the numerical constant ¢4 is defined via Eq.(A.22). The Landau damp-
ing part is at weak coupling proportional to F2,
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Ly(F)~LLF?* | F—0 |, (6.45)

where the numerical constant L/, is given by

> d
= / %hd(g;)lmgd(x +i0t) . (6.46)
0
Note that at strong coupling

Ca(F) Vd

~ F . F 4
La(F) 2L§°\/— P T (6.47)

so that the relative weight of the collective mode is always larger than that of
the Landau damping part. In the other hand, at weak coupling it is easy to
see from Eqgs.(6.44) and (6.45) that the Landau damping part is dominant.
In particular, for 1 < d < 3 we have

Ca(F)  2ha(1)eT?  amn
~ F3=a F—0 . 6.48
Lq(F)  (3-d)L ’ (648)

The important point is that for 1 < d < 3 the exponent of F' is always
positive, so that for small F' the right-hand side of Eq.(6.48) is indeed small.
Hence, the collective mode contribution is negligible at weak coupling.

6.2.2 The existence of the quasi-particle residue

For singular interactions of the form (6.1) we have F, = (x/|q|)"e~1al/,
see Eq.(A.62). Having determined the weak and strong coupling behavior of
the functions Cy(F) and Lg(F) in Eq.(6.37), it is now easy to calculate the
quasi-particle residue for this type of interaction. Introducing in Eq.(6.37) the
dimensionless integration variable p = ¢/« and setting p. = ¢./x we obtain

R=- (ki) Ridnpe) (6.49)

where the dimensionless function R(d, 7, p.) is given by

Rldmpe) = [ dpp®™? [Calp e 7)o+ Lalp e )] (050
0

Because the functions Cy(F) and Lg4(F) do not have any singularities at
finite values of F, the integral in Eq.(6.50) can only diverge due to possible
infrared singularities at small p, or ultraviolet singularities at large p. Let us
first consider the infrared limit. Because the exponent 7 is positive, this limit
is determined by the strong coupling behavior of Cy(F) and L4(F). From
Eq.(6.47) we know that in this limit the collective mode is dominant, so that



136 6. Singular interactions (fg ~ |g|™")

the most singular contribution arises from the first term in Eq.(6.50). Using
Eq.(6.40), it is easy to see that this term yields

~ \/E Pe o
R(d7777p(:) ~ 7/ dppd 2 27
0

v pitE
= — f 2(d—1) . .01
Py < (6:51)
Evidently R(d,n, p.) = oo for n > 2(d — 1), so that in this case R = —oo. We
conclude that
Z=0, forn>n,=2(d-1) . (6.52)

Therefore, the Fermi liquid is only stable for n < 2(d — 1). This result has
first been derived by Bares and Wen [6.1].

Another special value for the exponent 7 is determined by the require-
ment that the integral in Eq.(6.50) is convergent even without ultraviolet
cutoff p.. Assuming that we have eliminated the high-energy degrees of free-
dom outside a thin shell of thickness A around the Fermi surface, we should
choose ¢. &~ X\ and hence p. = \/k. Because in practice we cannot explicitly
perform the integration over the high-energy degrees of freedom, it is im-
portant that at the end of the calculation physical quantities do not depend
on A. This requirement is automatically satisfied if it is possible to take the
limit A/k — o0, so that the final expression for the Green’s function looses
its dependence on the unphysical cutoff A\. We now determine the range of 7
where the integrand in Eq.(6.50) vanishes at large p sufficiently fast to insure
convergence of the integral even without the cutoff p.. Because for large p the
arguments of the functions Cy(F) and Ly(F) in Eq.(6.50) are small, we need
to know the behavior of these functions at weak coupling. From Eq.(6.48) it
is clear that in this regime the Landau damping contribution Ly(F') is dom-
inant. Using Eq.(6.45), we find that the ultraviolet behavior of Eq.(6.50) is
determined by

R(d,mpc)Nsz/ dpp' 2 PeTER/Pe (6.53)
1

Setting p. = oo, we see that the integral exists only for

d—1

N>y = —5—

5 (6.54)

If this condition is satisfied, the integrand falls off sufficiently fast to insure
convergence of the integral. Note that 7., < 7, so that there exists a finite
interval for n where the quasi-particle residue is finite and the ultraviolet
cutoff can be removed. Because we have rescaled p = |q|/k, the convergence
of the integral implies that the numerical value of the quasi-particle residue
is determined by the regime |g| < x. In this case x (and not ¢.) acts as the
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relevant screening wave-vector in the problem. In this sense an interaction of
the form (A.62) with n > % and k < q. effectively replaces any unphysical
ultraviolet cutoff g. (which might have been generated by integrating out
high energy modes) by the physical cutoff « in the bosonization result for the
quasi-particle residue. In summary, for singular density-density interactions

of the form (6.1) the function R(d,n, o) exists for
d—1
—5 <n< 2(d—1) . (6.55)

In this interval the interaction falls off sufficiently fast at large |g| to insure
convergence at short wavelengths, but diverges weak enough to lead to a
stable Fermi liquid.

6.2.3 Why the Coulomb interaction is so nice

As discussed in Appendix A.3.1, the Coulomb interaction in 1 < d < 3
corresponds to 7 = d — 1 and ¢, = co. Furthermore, £ can now be identified
with the usual Thomas-Fermi screening wave-vector given in Eq.(A.50). Note
that n = d — 1 satisfies for all d the condition (6.55). Setting n = d — 1 and
ge = o0 in Eq.(6.49), and changing variables to F' = p~ (=1 in Eq.(6.50), we

obtain
K d-1 fd
R=- (E) 71 ° (6.56)
with
- ~ < dF
Fa = (d—=1)R(d,d —1,00) = —z [Ca(F) + La(F)] . (6.57)
0

From the previous section we know that the integral in Eq.(6.57) exists for
all d > 1. Note also that according to Eq.(A.54) the prefactor (x/kp)d?
is proportional to the Wigner-Seitz radius rs, which is the relevant small
parameter in the usual high-density expansion for the homogeneous electron
gas [6.2]. We conclude that higher-dimensional bosonization predicts for the
Coulomb interaction in dimensions 1 < d < 3 a finite result for the quasi-
particle residue, which in the limit of high densities (i.e. for k < kr) is close
to unity and independent of the unphysical sector cutoffs.

By isolating a factor of ﬁ in Eq.(6.56) we have anticipated that 7y has
a finite limit for d — 1. If we are only interested in the leading behavior
of R for d — 1, it is sufficient to calculate r;. In this case Li(F) = 0,
and the functional form of C;(F) is simply obtained by replacing Fy — F
in the expression for the anomalous dimension of the Tomonaga-Luttinger
model [6.13-6.15] (see Eq.(6.88) below),

F2
)= 2WITF[VI+F+1]

Ci(F (6.58)
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Substituting this into Eq.(6.57), we obtain

1 [ 1 1
m:_/ dF =1 (6.59)
2 Jo VI+F[VI+F+1]" 2
We conclude that for d — 1
d—1
K 1
R=—-[— —+0(1
(k) 2a—1 oW
1 1 kg
=————+_-In(— o(1) . 6.60
2(d—1)+2n<n)+ (1) (6.60)
Exponentiating Eq.(6.60), we see that quasi-particle residue vanishes as
he\ ?
Z (—F> e @ T, d—1 . (6.61)
K

A similar result has also been obtained by Castellani, Di Castro and Metzner
[6.50].

6.2.4 The sub-leading corrections for 0 < n < 2(d — 1)

So far we have shown that for singular interactions of the type (6.1) the
integral defining R does not exist if n > 2(d—1). The divergence is due to the
infrared regime of the collective mode contribution to the dynamic structure
factor. On the other hand, for n < 2(d —1) the quasi-particle residue is finite.
In this case we know from Chap. 5.1.5 that S(x,0) vanishes at large distances,
so that in general we expect (ignoring possible logarithmic corrections)

d—1 &
K S(d,n, %)

with some dimensionless function S(d,n,pc). In a Landau Fermi liquid we
expect ¢ = 1, because otherwise the self-energy X'(k® 4+ q,w) cannot have
a power series expansion for small q, see Eq.(2.18). However, if 1 is smaller
than (but sufficiently close to) 2(d—1), we expect an exponent ¢ smaller than
unity. It turns out that there exists a critical value 7. such that 0 < ¢ < 1
for n. < n < 2(d — 1). In this regime the system is a Fermi liquid with
anomalously large sub-leading corrections. We now determine the critical 7,
for singular interactions in d > 1. Proceeding precisely as above, we obtain
(see Eqgs.(6.29) and (6.37))

1 dqg

—M m cos(v” - qx) [Cq(Fq) + La(Fq)] . (6.63)

x—o0 , (>0 | (6.62)

)

S(z,0) =

From Sect. 6.2.2 we know that for singular interactions the integral in
Eq.(6.63) is dominated by the strong-coupling limit of the function Cy(F),
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which is given in Eq.(6.40). Introducing d-dimensional spherical coordinates
(see Egs.(A.7) and (A.9)), we obtain for the dominant part of Eq.(6.63) after
a simple rescaling

d—1
d qc‘z‘ n
S(x,0) ~ — < - > f%/ dpp?=2~3
2 Jo

ke 2 |k

></ dd(sin 9)?~2 cos(pcos ) . (6.64)
0

For d — 2 — # < 0 the integrand vanishes for large p sufficiently fast, so that
the integral is convergent even if the cutoff ¢. is removed. In this case we
obtain for kx — oo and ¢. > &

K ) S(d, n,00)

n
S(x,O)N—(E Pl T — 00 , O<d—1—§<1 , (6.65)

with

~ d o0 ™

S(d,n,00) = gw/ dppd_2_%/ dd(sin )42 cos(pcosd) . (6.66)
0 0

This is precisely the asymptotic behavior given in Eq.(6.62), with exponent

¢ =d—1-2 < 1. The integral in Eq.(6.66) can be done analytically [6.3,6.4],

and we obtain after some rearrangements

S(d . 00) — YT I’(%[l

(6.67)

On the other hand, if the exponent d —2 — 7 in Eq.(6.64) is positive, then
the integral in Eq.(6.64) depends on the cutoff ¢.. In this case we obtain for
large 2 the asymptotic behavior predicted in Eq.(6.62) with ( = 1 and

~ q 1 q d*?*% n

We conclude that in the regime
n<2(d-2)=n (6.69)

the correction to the leading constant term of the static Debye-Waller factor
vanishes as ™! at large distances, so that in real space we have analyticity
around z = co. In Fourier space this implies analyticity around the origin, as
postulated for the self-energy in a Landau Fermi liquid (see Eq.(2.18)). On
the other hand, if n lies in the regime

2d—2)<n<2d—1) , (6.70)
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the system is not a conventional Landau Fermi liquid, because the corrections
to the leading constant term R are not analytic. If n approaches the value
e = 2(d — 1) from below, the constant term R diverges logarithmically,
but the divergence is cancelled by S(z,7), so that the total Debye-Waller
factor Q(x,7) = R — S(x,7) remains finite. Similarly, we expect logarithmic
corrections to the leading =1 decay of S(x,0) at the lower limit n = 1, =
2(d — 2) of the interval in Eq.(6.70). Interestingly, the Coulomb interaction,
which in d dimensions corresponds to 7 = d — 1, satisfies the condition (6.70)
for d < 3. In particular, in d = 2 the Coulomb interaction leads to a Fermi
liquid with anomalously large sub-leading corrections.

6.2.5 The regime n > 2(d — 1)

Finally, let us consider the regime n > 2(d — 1), where the integral (6.49)
defining R is divergent. Clearly, if the exponent 7 is chosen sufficiently large,
the divergence will be so strong that it cannot be regularized by means of the
subtraction Q(x,7) = R — S(x,7) in the Debye-Waller factor. Hence, there
exists a critical value of  where the bosonization result in d dimensions
is divergent. To investigate this point, we now calculate the long-distance
behavior of Q(x,0) for n > 2(d — 1). Repeating the manipulations leading to
Eq.(6.64), we obtain for 4 —d+1>0

d—1

d . qC|x|

Q(z,0) ~ — (—,: ) \/;wlmlfy_d“/ dpp~ (2742
F 0

X /ﬂ dd(sin9)472[1 — cos(pcos )] (6.71)
0

From this expression it is easy to show that precisely at n = 2(d — 1) the
Debye-Waller factor increases logarithmically at large distances,

Q(z,0) ~ =L ln(Q(:lxl) , n=2(d- 1) ) (6'72)

with the anomalous dimension given by

ML = @ <é>d1 . (6.73)

The logarithmic divergence of the static Debye-Waller factor is familiar from
the one-dimensional Tomonaga-Luttinger model (see Sect. 6.3). As a conse-
quence, the momentum distribution ng exhibits an algebraic singularity at
the Fermi surface. The location of this singularity can be used to define the
Fermi surface of the interacting system in a mathematically precise way.

For n > 2(d — 1) we find a stretched exponential divergence of the static
Debye-Waller factor,

d—1
A0~ - () Q@nlelt Tods1s0 (67
F
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with
o) = Vdr(s) cos (1 —
Q(dm)—ﬁ[n_%d_mp(#) (5@ -d+1)
><F(1+(g—d+1))l“(1—(g—d+1)) . (6.75)

The important point is now that for 4 —d + 1 = 2 the function Q(d,n)
diverges, because the argument of the second I'-function in Eq.(6.75) becomes
—1. Hence, for

n>2(d+1) (6.76)

bosonization cannot cure the divergence due to the singular interactions. The
physical behavior of the system in this parameter regime cannot be discussed
within the framework of our bosonization approach. Note that for n = 2(d+1)
the equal-time Debye-Waller factor in Eq.(6.74) would be quadratically diver-
gent, so that the equal-time Green’s function would vanish like a Gaussian
at large distances, i.e. Q(x,0) oc —22. On the other hand, in the regime
2(d—1) < n < 2(d+1) the equal-time Green’s function can be calculated via
bosonization, and vanishes like a stretched exponential at large distances. We
shall refer to normal Fermi systems with this property as exotic quantum lig-
uids. It is easy to show [6.5] that the stretched exponential decay of the static
Debye-Waller factor implies that the momentum distribution ng is analytic
at the (non-interacting) Fermi surface, so that a sharp Fermi surface of the
interacting system simply cannot be defined any more. The disappearance of
a sharp Fermi surface in strongly correlated Fermi systems is certainly not
a special feature of the singular interactions considered here. For example,
models with correlated hopping [6.6,6.7] show similar behavior. The various
critical values for 7 derived in this section are summarized in Fig. 6.1. The
fact that exotic quantum liquids do not have a sharp Fermi surface does not
mean that in these systems the bosonization approach (which is based on the
expansion of the energy dispersion for momenta in the vicinity of the non-
interacting Fermi surface) is inconsistent. As already pointed out long time
ago by Tomonaga [6.17], the existence of a singularity in the momentum
distribution is really not necessary for the consistency of the bosonization
procedure as long as (i) the thickness of the shell where the momentum dis-
tribution drops from unity to zero is small compared with the characteristic
size of kg, and (ii) the effective interaction is not too singular, so that the
Debye-Waller factor Q(x,0) is mathematically well defined®. The condition
(i) means that the smearing of the Fermi surface is small, so that it does
not matter which point k® within the smeared shell is chosen as a reference

5 The fact that the integral defining Q(z,0) exists does not imply the existence of
Q(z, ) for 7 # 0. In fact, in d = 1 Eq.(6.76) tells us that the static Debye-Waller
factor is mathematically ill-defined for n > 4, while for 7 # 0 it is easy to show
from Eq.(6.84) that the integral defining Q(z,7) does not exist as soon as > 1.
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FERM 1 LIQUID
(ny not continuous)

EXOTIC QUANTUM

o
L
O \
Zln  LIQuUID (ng anaytic)
o)

' anomal ous sub- ;O’ ' bosonization result

' leading N + for Q(x,0) infrared

1 corrections +divergent

! (d-1)/2 ! n

2(d-2) 2(d-1) 2(d+1)

ultraviolet cutoff
in Q(x,0) necessary

bosonization result for Q(x,0)
ultraviolet convergent
without additional cutoff

Fig. 6.1. Summary of special values of the exponent 7 for singular density-
density interactions of the type |g|~" in d dimensions. The Luttinger liquid
for n = 2(d — 1) corresponds to the marginal case, where the momentum
distribution ny is continuous but not analytic. Note that 2(d — 2) < % for
d<Z.
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point for the expansion of the non-interacting energy dispersion. For singular
interactions of the type discussed above the condition (ii) is satisfied as long
asn < 2(d+1).

6.3 Luttinger liquid behavior ind =1

This section does not contain any new results, but shows that ind = 1 our for-
malism correctly reproduces the well-known bosonization result for the Green’s
function of the Tomonaga-Luttinger model.

In d = 1 we have only two Fermi points, which may be labelled by a = 4+, —.
The associated normal vectors are 9 = ae,. Obviously the matrix iq is

then a 2 x 2-matrix®. The usual notation in the literature [6.13] is [iq]++ =
(£ )77 = 9a(q), and [f "7 = [f ]7" = g2(q). Because Eqs.(6.14), (6.16)

=q =q
and (6.17) have been derived for the special case that all matrix elements of

i g e identical, these expressions should reduce to the exact solution of the
Tomonaga-Luttinger model with interaction parameters g4 = go = fy, where
limg_o f¢ = fo = const. Note that in the Tomonaga-Luttinger model the
energy dispersion is linear by definition. Writing r = rze;, it is clear from
the general considerations of Sect. 6.2.1 that the Debye-Waller factor depends
on the sector label only via rjf = 9% 7 = arg, so that Q*(r{'d",7) = Q(z, 1),
with x = ar,.

To evaluate the Debye-Waller factor from Eqs.(6.14), (6.16) and (6.17), we
need the RPA dynamic structure factor in d = 1. From Eqs.(A.30),(A.32),(A.34)
and (A.36) we obtain

Srra(q,w) = Zgd(w — wq) (6.77)

where the residue and the collective mode are given by

|Q|
Lg=——— , wg=+/14+Fyv , 6.78
q 9 1+ F. Fq q qF|‘I| ( )

and Fq = vfq = fq/(mvr) is the usual dimensionless interaction. Note that
in d = 1 there is no single pair contribution to the RPA dynamic structure
factor. Furthermore, because the Fermi surface in d = 1 is covered by M = 2
patches, we know from the considerations of Sect. 6.1.3 that Lg(7) = 0 in
Eqgs.(6.16) and (6.17). Substituting Eq.(6.77) into Eq.(6.14), we obtain

1 Z
R=—— fi——4
v; *wq + 07 - q])?

6 To distinguish the wave-vector label from the collective label ¢ = [q, iwm], we
shall continue to write q for the wave-vector, it being understood that ¢ = g e,
where e, is a unit vector in the z-direction.



144 6. Singular interactions (fg ~ |g|™")

1 7T F?
==y = . (6.79)
Vel 2 ST Ty [T+ Fg + 1)

In the limit V' — oo we may replace + > g M) — I d%f(qm). Using the
identity

2 Fq
Fy = Lty , (6.80)
2T+ Fy [\/T+Fg+1]" 1tk
we finally obtain
< dg, [ 143
R:—/ | —== 1 6.81
0 qz \/1+Fq ( )

Similarly, we obtain from Eqs.(6.16) and (6.17)

ReS(z,7) = —/ 4z cos(gy)

1+ 22
— 2 o VItFavralTl _ gmvraalTl |

0 4= V14 Fy
(6.82)
o0 d -
ImS(xﬂ—) = _Sgn(q—)/ il Sin(qu) [ef\/lJrququ\T\ _ e—quz\r\} '
0 4z
(6.83)

Combining Eqs.(6.81) and (6.82), we can also write

ReQ(z,7) = R —ReS(z,7) = —/ ¢z
0 4z

1+ %a e
X { ——2— {1 — cos(gzx)e” HF‘?”F‘IIlT'} — {1 - cos(qwx)e_””mw] .
VIt Fy

(6.84)

Eqgs.(6.82)—(6.84) are identical with the well-known bosonization result for
the Green’s function of an interacting Fermi system with linearized energy
dispersion [6.15].

Let us evaluate Eqs.(6.82)—(6.84) for interactions of the form Fy; =
Foe_‘qVqC, where ¢. < kp. From Sect. 6.2 we know that in one dimension
an interaction that approaches a constant for ¢ — 0 leads to an unbounded
Debye-Waller factor which grows logarithmically at large distances. The log-
arithmic singularity is evident in Eq.(6.81). Hence, according to Eq.(5.86)
the quasi-particle residue vanishes in this case, so that the system is not a
Fermi liquid. However, in the combination R — S(z,7) the logarithmic sin-
gularity is removed, and we obtain a finite result for the Green’s function.
Unfortunately, for interactions of the above form the integrals in Eqs.(6.82)—
(6.84) cannot be evaluated analytically. However, at length scales x large
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compared with the characteristic range g. ! of the interaction the Green’s
function should be independent of the precise way in which the ultraviolet
cutoff is introduced. Therefore we may regularize the ¢,-integrals in any con-
venient way. A standard regularization which leads to elementary integrals
is to multiply the entire integrand by a convergence factor e~19//% and to
replace Fq — Fj everywhere in the integrand [6.1,6.8]. Although the cutoff
e defined in this way is not identical with the cutoff in Fye~19/% it can
still be identified physically with the range of the interaction in momentum
space. The relevant integrals can be found in standard tables [6.3,6.4], and
we obtain

14+ fo 2 = —1)27
ReQ(z,7) = — > L {I * (UF|7:|2+ %)

2V/1+ Fy Qe ]

1 2 —1)27

t-In [w + (”F|f|2+ )| (6.85)
2 dc _
.~ . _1 r . . _1
(o, 7) = S0 f gy [ZET e ][22 002 e
2i x — i0p|T| — ige |z — lvp|T| — ige

(6.86)

where vp = /1 4+ Fyvp is the renormalized Fermi velocity. Combining the
terms differently, the total Debye-Waller factor can also be written as

v (Fo)

-2
4dc
T, T) = n — —
ot = X |t
. . 71
o[£ el ] 6.57)
x + 10pT + isgn(7)ge
where the so-called anomalous dimension is given by
1+ £
Fy) = —2 —
7( 0) m
1+ Fy —1)? F?
_ VIR 0 . (6.88)

2V1+Fo 2/T+F [VI+Fo+1]°
At 7 = 0 we obtain from Eq.(6.87)
Q(z,0) ~ —y(Fo) In(qe|z]) , gc|z] — 00 . (6.89)

Exponentiating Eq.(6.87) and using the expression for the non-interacting
real space Green’s function given in Eq.(6.25), we finally obtain from Eq.(6.24)
for the interacting Green’s function (recall that z = ar,, with a = +)

G (r. ) —i) eQrem) —i 1
T, T) =\ )| ————V——— =\~ | ————————
2w ) ary +ivpT 2w ) ary, +ivpT
-2 v/2

y [arm + ivpT + isgn(r)qcl] [ qs
Ry

. (6.90
ary + i0pT 4 isgn(7)ge | p|T] + qc')? (6:90)
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We now observe that for times |7| > (Orqc) ™" or length scales |r,| > ¢- ! we
may neglect the cutoff g ' when it appears in combination with o7 or x. In
this regime Eq.(6.90) reduces to

—i 1 q—2 v/2
GO (rp,7) = [ — _ c_ . 6.91
(ra,7) (27r> arg + 10T |:T320 + (UFT)2] ( )

Note that this expression depends exclusively on the renormalized Fermi
velocity ¥p. If we rescale both space and time by a factor of s~!, then it is
obvious that the interacting Green’s function (6.91) satisfies

G*(ry/s,7/8) = "G (rye, T) . (6.92)

Note that in d dimensions the non-interacting sector Green’s function (5.48)
satisfies
GS(ry/s,7/8) = sGY(re, ) . (6.93)

It is easy to see that in the asymptotic long-distance and large-time limit this
scaling behavior is not changed by the interactions as long as the system is a
Fermi liquid. In this case the scaling behavior of the Green’s function can be
determined by dimensional analysis. In the renormalization group literature
[6.11], the exponent d in Eq.(6.93) is called the scaling dimension of the
Green’s function. Because the real space Green’s function has units of inverse
volume, the scaling dimension agrees with the dimensionality d of the system.
The reason why the exponent « in Eq.(6.92) is called anomalous dimension
is now clear: In d = 1 the effect of the interactions is so drastic that the
scaling behavior of the Green’s function cannot be completely determined by
dimensional analysis. There exists an anomalous contribution to the scaling
dimension, which depends on the strength of the interaction in a non-trivial
way, as given in Eq.(6.88).

6.4 Summary and outlook

In this chapter we have studied in some detail singular density-density inter-
actions in d dimensions that diverge in the infrared limit as |g|~". These are
perhaps the simplest model systems for non-Fermi liquid behavior in higher
dimensions. We have confirmed the result of Bares and Wen [6.1] that the
Fermi liquid state is only stable for n < 2(d — 1). We have also identified
various other special values for 7, which are summarized in Fig. 6.1. Unfortu-
nately, non-Fermi liquid behavior in d > 1 can only be obtained in the regime
1 > 2(d — 1), which corresponds to unphysical super-long range interactions
in real space. For simplicity, we have restricted ourselves to the analysis of
the static Debye-Waller factor Q(z,0), and have worked with linearized en-
ergy dispersion. As discussed at the end of Sect. 6.1.3, we expect that for
the density-density interactions considered here the quadratic term in the
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energy dispersion will not qualitatively modify the long-distance behavior of
Q(z,0). In Chap. 10 we shall show that this is not the case for the effective
current-current interaction mediated by transverse gauge-fields.

The asymptotic long-distance behavior of the static Debye-Waller factor
determines the momentum distribution ng for wave-vectors close to the Fermi
surface. In the regime n > 2(d — 1) we have found that ny, is analytic, so that
the interactions completely wash out the sharpness of the Fermi surface.
Our result disagrees with the works by Khodel and collaborators [6.9], who
treated long-range interactions within a Hartree—Fock approach and found
that the momentum distribution is completely flat in a certain finite shell
around the non-interacting Fermi surface. This result has been criticized by
Nozieres [6.10], who argued that it is most likely an unphysical artefact of
the Hartree—Fock approximation. Our non-perturbative calculation supports
his arguments.

An interesting unsolved problem is the explicit evaluation of our non-
perturbative result for the full momentum- and frequency-dependence
of the Green’s function G(k,w) in the non-Fermi liquid regime n >
2(d — 1). As discussed by Volovik [6.11], the Green’s function of non-Fermi
liquids might exhibit some interesting topological structure in Fourier space,
which can be used for a rather general topological definition of the Fermi
surface of an interacting Fermi system. Recall that in Chap. 2.2.2 we have
defined the Fermi surface via the singularity in the momentum distribution.
According to this definition fermions with singular density-density interac-
tions of the type (6.1) with n > 2(d—1) do not have a Fermi surface. See [6.11]
for an alternative topological definition of the Fermi surface, which seems to
be general enough to associate a mathematically well-defined Fermi surface
with a system that has an analytic momentum distribution”. This definition
requires the knowledge of the k- and w-dependence of the Green’s function
G(k,w), and not only of the momentum distribution ng. As discussed in
Sect. 6.1.3, for the calculation of G(k,w) via higher-dimensional bosonization
it is most likely necessary to retain the quadratic term in the energy disper-
sion. On the other hand, the momentum distribution ny is determined by
the static Debye-Waller factor®, the leading long-distance behavior of which
can be calculated correctly with linearized energy dispersion

" I would like to thank G. E. Volovik for pointing this out to me, and for sending
me copies of the relevant references.

8 This is also the reason why we expect that the special values of the exponent
1 shown in Fig. 6.1 will not be modified by the non-linear terms in the energy
dispersion.
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7. Quasi-one-dimensional metals

Here comes the first experimentally relevant application of our method: The
calculation of the single-particle Green’s function for highly anisotropic chain-
like metals. Most of the results presented in this chapter have been obtained
in collaboration with V. Meden and K. Schonhammer [7.1,7.2].

One of the main motivations for the development of the higher-dimensional
bosonization approach is the fact that non-Fermi liquid behavior has been
observed in the laboratory, and is therefore an experimental reality that re-
quires theoretical explanation. The most prominent example are perhaps the
normal-state properties of the high-temperature superconductors [7.24], but
also experiments on quasi-one-dimensional conductors [7.3-7.6] suggest non-
Fermi liquid behavior. Note that in these highly anisotropic systems the elec-
trons interact with Coulomb forces, which for isotropic systems in d > 1
certainly do not destabilize the Fermi liquid state. This indicates that the
experimentally seen non-Fermi liquid behavior could be due to the spatial
anisotropy of these systems.

In this chapter we shall study a simple model for a quasi-one-dimensional
metal, which consists of electrons moving in a periodic array of weakly cou-
pled metallic chains embedded in three-dimensional space. The electrons are
assumed to interact with realistic three-dimensional Coulomb forces, so that,
even in the absence of interchain hopping, this is not a purely one-dimensional
problem. Note that in d = 1 the logarithmic one-dimensional Fourier trans-
form of the Coulomb potential (see Eq.(A.49)) gives rise to singularities that
are stronger than in a conventional Luttinger liquid, so that the anomalous
dimension diverges [7.7]. However, as will be shown in Sect. 7.1, the Coulomb
forces between the chains remove this divergence, so that the long-range part
of the three-dimensional Coulomb interaction in an array of chains without
interchain hopping indeed leads to a Luttinger liquid. It should be kept in
mind, however, that in this work we shall retain only processes with small
momentum transfers, so that possible instabilities due to back-scattering or
Umklapp-scattering are ignored. We are implicitly assuming that there exists
a parameter regime where these processes are irrelevant.

The problem of coupled chains without interchain hopping can also
be solved by means of the usual one-dimensional bosonization techniques
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[7.7,7.8]. The true power of the higher-dimensional bosonization approach
becomes apparent if we switch on a finite interchain hopping ¢ . In this case
conventional one-dimensional bosonization cannot be used, but within our
higher-dimensional bosonization approach this problem can be handled quite
easily. The problem of weak interchain hopping has been discussed by Gorkov
and Dzyaloshinskii [7.9] more than 20 years ago. More recently, many other
authors have used various more or less systematic methods to shed more light
onto this rather difficult problem [7.10-7.17].

In Sects. 7.1 and 7.2 we shall evaluate our bosonization results (6.14),
(6.16) and (6.17) for the Debye-Waller factor with linearized energy disper-
sion in the case of an infinite array of metallic chains. However, even for finite
interchain hopping ¢; the Debye-Waller factor exhibits an unphysical loga-
rithmic nesting singularity, which is due to the fact that for linearized energy
dispersion the Fermi surface is replaced by a finite number of completely flat
patches. To remove this singularity, the artificial nesting symmetry of the
Fermi surface has to be broken. The simplest way to do this is to work with
non-linear energy dispersion. In Sect. 7.2.2 we shall use our general results
(6.4)—(6.6) for the Debye-Waller factor with quadratic energy dispersion to
show that the logarithmic nesting singularity is indeed removed by the cur-
vature of the Fermi surface. Our main result is that an arbitrarily small ¢
destroys the Luttinger liquid state and leads to a finite quasi-particle residue
Z%. We explicitly calculate Z* for small ¢t; and show that there exists a
large intermediate regime where the signature of characteristic Luttinger lig-
uid properties is visible in physical observables, although the system is a
Fermi liquid.

7.1 The Coulomb interaction in chains
without interchain hopping

Before addressing the more interesting case of t1 # 0, it is useful to consider
the three-dimensional Coulomb interaction in metallic chains in the absence
of interchain hopping.

The Fermi surface of a periodic array of one-dimensional chains embedded in
three-dimensional space without interchain hopping consists of two parallel
completely flat planes, as shown in Fig. 7.1. Because the Fermi surface does
not have any curvature, it will be sufficient to work with linearized energy
dispersion. In this case all interaction effects are contained in the Debye-
Waller factor Q*(r, 7) given in Eqs.(6.14), (6.16) and (6.17). Note this these
expressions have been derived for an arbitrary geometry of the Fermi surface,
so that we simply have to substitute the parameters relevant for the case of
interest here. Obviously the local Fermi velocities on the two sheets of the
Fermi surface in Fig. 7.1 are exactly constant. Hence, the entire Fermi surface
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kz
Ky I
& Fig. 7.1.
K Kx  Fermi surface of a periodic
F array of one-dimensional

chains embedded in three-
dimensional space without
interchain hopping.

can be covered with M = 2 patches, which can be identified with the two
sheets of the Fermi surface. In this case the patch cutoff A is given by 27/a,
where a is the distance between the chains. Because the number of patches is
finite, we know from the general analysis given in Chap. 6.1.3 that Lg(7) =0
in Egs.(6.16) and (6.17). Let us label the right patch in Fig. 7.1 by a = +, and
the left one by @ = —. The associated local Fermi velocities are v = auvpe,.
The non-interacting linearized energy dispersion close to the Fermi surface is
then ;' = v - ¢ = avrgy, and the local density of states is

/ dg, [T dqy i dg. 1

A 27T __m 27T
al

S(Qvrqs:) = m ) (7.1)
1

where X is some radial cutoff that should be chosen large compared with
the Thomas-Fermi wave-vector k given in Eq.(7.6) below. Hence, the non-
interacting polarization at long wave-lengths is

v -

Molg) = Yo v o gy (72)

—t g — W, UF ||

where the total density of states is given by

1
= = 7.3
D &

a=+

and the function g; (iy) is defined in Eq.(A.12). The one-dimensional form of
the polarization implies that the RPA dynamic structure factor is formally
identical with the one-dimensional expression (6.77), with the collective mode
and the residue given by

wg = /1+ Fauelg:| (7.4)

Zg== -
a 201+ Fy  2ma\/1+ Fy

Here Fy = v fq is the usual dimensionless interaction. Compared with the one-
dimensional result given in Eq.(6.78), the residue (7.5) has an extra factor of
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a? in the denominator, because we are now dealing with a three-dimensional
system. At length scales large compared with the lattice spacing a_ , we may
replace the Fourier transform of the Coulomb potential by its continuum
approximation, so that in this case

K2 4e?
F,== , k’= , for|glay <1 . 7.6
=g e Ll (7.6)

Given the fact that ¢, and ¢, appear in the Debye-Waller factor only via Fyg,
and that the dynamic structure factor has the one-dimensional form, it is now
easy to see that the frequency integration in Eqs.(6.14), (6.16) and (6.17) is
exactly the same as in the one-dimensional case, so that we can simply copy
the results of Chap. 6.3. From Eqgs.(6.81)—(6.83) we obtain

> dg, Fy
R=— — . : (7.7)
0 @ \2y1+F[/1+F+12/

o0 d "
ReS(z,7) = —/ qi cos(gy)
0 z

F,
< L+ 3 e‘/1+ququT> _equz|T|‘| . (7.8)
BZ

X

N

ImS(z,7) = —sgn(T)/ 44z sin(g,x)
o 4

x

% [<e*\/mv1qulfl> _e_Uqu|T|:| , (7.9)

BZ

where for any function f(g) the symbol < f(g) >pz denotes averaging over
the transverse Brillouin zone,

2
a’i

@ = gz | : day | : da-f(a) - (7.10)

The above expression for the Green’s function can also be derived by means
of standard one-dimensional bosonization techniques [7.7,7.8]. However, as
will be shown in Sect. 7.2, our derivation via higher-dimensional bosonization
has the advantage that it can be generalized to the case of finite interchain
hopping.

For 7 = 0 we can make progress analytically in the regime where the
Thomas-Fermi screening length x~! is large compared with the transverse
lattice spacing a,, i.e. for ka3 < 1. Because in this case all wave-vector
integrals are dominated by the regime |q| < &, it is allowed to use in Eq.(7.6)
the continuum approximation for the Fourier transform of the Coulomb po-
tential. Note that
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2
Kkay = de” , (7.11)
UR
so that the condition ka; < 1 means that the dimensionless coupling con-
stant e?/vr should be small compared with unity. Unfortunately at exper-
imentally relevant densities this parameter is of the order of unity, so that
in this case the continuum approximation for the Fourier transform of the
Coulomb potential cannot be used. To reach the experimentally relevant pa-
rameter regime, one should therefore take in F; the discreteness of the lattice
in the transverse direction into account. In [7.1] this was done by means of an
Ewald summation technique [7.20]. Here we would like to restrict ourselves
to the regime ka; < 1.
For 7 = 0 we need to calculate the following Brillouin zone average

2 F,
(g0) = tq (At 1 (7.12)
T TN T BT B+ 12 \VIT R/, '

Substituting Eq.(7.6) into Eq.(7.12) and using Eq.(7.11), the integration is
elementary, and we obtain for ka; < 1
e2 1
VCb(Qm) = : (713)

= 27T’UF |:|q_;‘ 4 T (%)2}2

The asymptotic behavior for large and small |g,| is

(7.14)

e? 1 for |gz| < K
VCb(Qm) ~

271'1)1: (iﬁ fOl“ |Qm| > K

Because 7cp(g;) has a finite limit for ¢, — 0, the integral (7.7) defining R
is logarithmically divergent, so that the system is a Luttinger liquid. More-
over, for ¢, > k the function 7.,(¢q,) vanishes sufficiently fast to insure
ultraviolet convergence of the integral defining @Q(z,0). Recall that in the
one-dimensional Tomonaga-Luttinger model (see Chap. 6.3) it was necessary
to introduce an ultraviolet cutoff ¢. to make the integrals convergent. The
precise physical origin of this cutoff has remained somewhat obscure. In the
present problem, however, the effective ultraviolet cutoff can be identified
with the Thomas-Fermi screening wave-vector. To calculate the anomalous
dimension, we consider the long-distance behavior of the static Debye-Waller
factor. Using Eqgs.(7.7),(7.8) and (7.13), and introducing the dimensionless
integration variable p = ¢, /k, we obtain

e? /°° dp 1 - cos(pkz) (7.15)
2mur Jo '

Pl vive|

To calculate the asymptotic behavior of the integral for large xx, we write

Q(.’L‘, 0) =
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1 —cos(prx) d

— [Inp — Ci(pkz)] , 7.16
’ p[ (pr)] (7.16)
where [7.18]
e t
Ci(:v):—/ dt% . (7.17)
An integration by parts yields
Q(w.0) = —5— | tn[Cilprla) ] +2 [ d i
z,0) = — im [Ci(ps|z|) —Inp D
2mup | p—0 o V1+pp+V1+p?
2 oo
+ e— Cilprlz]) (7.18)

TUR \/1+p [p+ 1+ p??

Using the fact that [7.18]

lim [Ci(psle|) —Inp] = In(slz]) + 78 (7.19)

where v ~ 0.577 is the Euler constant, and noting that the last term in
Eq.(7.18) vanishes as IH(T‘TD as x — oo, we finally obtain

2

¢ - {m(mn +b+0 (IHET;LTD)] : (7.20)

Q(Ia O) ~ =

where the numerical constant b is given by
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We conclude that the interacting equal-time Green’s function vanishes at
large distances as

G*(r,0) = G%m)(“)m

K|

— 5(r,)3(r )(2‘;) (L;)”w% L (12

where the anomalous dimension 7 is given by

F2 e?
Yeb = lim ’YCb(Qm) - 1 < > — 5 - (723)
q2—0 2/1+ Fgl\/1+ Fq +1]? .- 2mvR

We would like to emphasize again that this expression is only valid for
e?/vp < 1, so that it would be incorrect to extrapolate Eq.(7.23) to the
experimentally relevant regime e2/vr = O(1). In this regime the simple con-
tinuum approximation for the Fourier transform of the Coulomb potential is

(7.21)
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not sufficient, and one has to use numerical methods to calculate the anoma-
lous dimension. This numerical calculation has been performed in [7.1], with
the result that in the experimentally relevant regime the anomalous dimen-
sion is indeed of the order of unity. Recent photoemission studies [7.3,7.4,7.6]
of quasi-one-dimensional conductors suggest values for the anomalous dimen-
sion in the range 1.040.2, which is in agreement with our result. However, the
comparison of the experimental result with Eq.(7.23) is at least problematic,
because our calculation was based on several idealizations which are perhaps
not satisfied in the realistic experimental system. First of all, the experi-
ments are certainly not performed on perfectly clean systems. Because any
finite disorder changes the algebraic decay in Eq.(7.22) into an exponential
one (see Chap. 9), the Luttinger liquid behavior is completely destroyed by
impurities. Therefore one cannot exclude the possibility that the experiments
do not measure the Luttinger liquid nature of the system, but are essentially
determined by impurities. Another possibly unjustified idealization in our
calculation is the neglect of processes with large momentum transfers, which
might favour charge-density wave instabilities or other broken symmetries.
The associated pseudo-gaps in the excitation spectrum will certainly lead to
a further suppression of the momentum integrated spectral function in the
vicinity of the Fermi energy, which competes with the suppression inherent
in the Luttinger liquid state. Nevertheless, in spite of all these caveats, we
believe that the large value of 7., due to long-range Coulomb forces can give
rise to an important contribution to the suppression of the spectral weight
seen in the experiments.

At finite 7 we have not been able to calculate the integral defining
Q(z, ) analytically. In [7.1] the numerical method developed by Meden and
Schénhammer [7.20] was used to calculate the full momentum- and frequency-
dependent spectral function. More detailed numerical calculations can be
found in the thesis by Meden [7.19]. In contrast to our present discussion, in
the works [7.1,7.2,7.19] the spin degree of freedom was also taken into ac-
count, and the phenomenon of spin-charge separation was studied. The fact
that the spin and the charge excitations manifest themselves with different
velocities in the single-particle Green’s function is one of the fundamental
characteristics of a Luttinger liquid [7.15].

7.2 Finite interchain hopping

Experimentally the interchain hopping ¢; can never be completely turned off.
Realistic Fermi surfaces of quasi-one-dimensional conductors have therefore
the form shown in Fig. 7.2. The amplitude of the modulation of the Fermi
surface sheets is proportional to the interchain hopping ¢, . Because the in-
trachain hopping ¢ is of the order of EF, the relevant small dimensionless
parameter which measures the quasi-one-dimensionality of the system is
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Fig. 7.2. Fermi surface of
a periodic array of chains
with interchain hopping.
Only the intersection with
the plane k, = 0 is shown.

gLl (7.24)

From the previous section we know that for § = 0 the system is a Luttinger
liquid. We now calculate the Green’s function of the system for small but finite
0, assuming transverse hopping only in the y-direction. This approximation is
justified for materials where the interchain hopping ¢; = ¢, in the y-direction
is large compared with the interchain hopping in the z-direction. As discussed
in [7.5], this condition is satisfied for some experimentally studied materials.

7.2.1 The 4-patch model

We now break the symmetry of the Fermi surface by deforming the flat sheets
into wedges, so that we obtain a model with four patches.

For simplicity let us first assume that the Fermi surface has the shape shown
in Fig. 7.3: it consists of four perfectly flat patches, which are obtained by
replacing the sine modulation in Fig. 7.2 by a triangle. Because the coeflicients
in the Fourier decomposition of a triangular wave vanish rather slowly, the
microscopic origin for such a Fermi surface is a particular superposition of
long-range hoppings. We shall refer to our hopping model as the 4-patch
model. In a sense, this is the simplest example for a non-trivial model in
d > 1 which can be discussed within the framework of higher-dimensional
bosonization. The patches are now labelled by a = 1,2,3,4. Because the
curvature of the patches vanishes by construction, the local Fermi velocities
are constant on a given patch. From Fig. 7.3 we see that

(eg cosf + ey, sinf)vp
(ey cosf — e, sinf)vp
(
(

e, cosf + ey sinf)vp (7.25)

e, cosf — ey sinf)vp

1
2
3
4

e e e a
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A

Fig. 7.3. Fermi surface of the 4-patch model. Only the intersection with a
plane of constant k. is shown.

To calculate the Green’s function, we simply repeat the steps of the previous
section. The non—interacting polarization is now

4Zva. - ——Z ()

where the global density of states v = Zi:l v is for small 6 identical with
Eq.(7.3). As usual, the collective modes are obtained by solving Eq.(A.70),
which for M = 4 patches leads to the bi-quadratic equation

- <1 + %) (53 + 53) P41+ F)eée=0 | (7.27)

where we have introduced the notation

e =v"-q=uvp(g;cos0+ q,sinf) | (7.28)
£q = v q=vp(q,cosh — q,sinf) . (7.29)

The bi-quadratic equation (7.27) is easily solved. The two solutions are
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2 &2
P (A A
1 €242\’ - v
= Fq2< "2 q) +(1+ Fg)(&2 - &) : (7.31)
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Note that for small 6

0 o
+
fa 5 S ~ UF( +6%q) (7.32)
fng ~ U%(Qi - 92‘]5) ) (7.34)
and that
N 2 1/2
2 ~2 2 53 + 53 2 c2\2
Wg —Wg = Fq 5 + (14 Fq)(gq — §q) . (7.35)

The right-hand side of Eq.(7.31) is non-negative because

24821’
(1)

= (14 F&ei >0 . (7.36)
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Therefore both modes wq and @q are not damped and give rise to §-function
peaks in the dynamic structure factor. The dielectric function is then given
by

(@) = 1+ FyTo(g,u0) = =¥ =) (7.37)
ERPAG, W) = olq,w) = = ; .
! (w? = &) (w? = &3)
so that the RPA polarization is simply
2 2
272 _ 28t
Satq 2 (7.38)

Mypa(a.) = v :
(@~ = 3})

Note that erpa(q,&q) = €rpalq,&q) = 00, in agreement with Eq.(6.23). The
RPA dynamic structure factor is then easily calculated from Eq.(2.45). For
w > 0 we obtain

Srpa(q,w) = Zgd(w — wq) + Zgd(w — @q) (7.39)

with the residues given by

f +§
v wertt 656

Zy = 7.40

T 2wy w2 -2 ’ (7.40)
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Zq= — Saa — _ (7.41)
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In the limit # — 0 we have §~q — &g — VFQs, so that wg — /1 + Fyur|g,| and
g — vr|gz|- It is also easy to see that the residue Zg reduces in this limit to
the result (7.5) without interchain hopping, while the residue Zq vanishes.

To calculate the Green’s function, we substitute Eq.(7.39) into Eqs.(6.14),
(6.16) and (6.17). Because the dynamic structure factor consists of a sum of
two J-functions, the frequency integration is trivial. As before Lg(r) = 0,
because we have covered the Fermi surface with a finite number of patches.
To see whether the interchain hopping destroys the Luttinger liquid state, it
is sufficient to calculate the static Debye-Waller factor. Substituting Eq.(7.39)
into Eqs.(6.14) and (6.16), we obtain

Q(r{9*,0) = R* — S*(r'&,0)
Zq N Zq
(wq +[ve-ql)?  (@g+[v>-q)?|

(7.42)

1

= LS s )] 72
q

To evaluate Eq.(7.42), we need to simplify the above expressions for the
collective modes and the associated residues. Depending on the relative order
of magnitude of Fy and 0, three regimes have to be distinguished,

(a): 0 <1< Fy
b): < Fg<1 . (7.43)
() Fg<bk1

Note that in the weak coupling regime (b) the energy scale set by the interac-
tion is smaller than the intrachain hopping energy ¢, but still large compared
with the interchain hopping ¢, . In the second weak coupling regime (c¢) the
interaction is even smaller than the kinetic energy associated with transverse
hopping. Because for |q| < x the dimensionless Coulomb interaction Fy is
large compared with unity, in the present problem only the strong coupling
regime (a) is of interest.

We begin with the evaluation of the first term in Eq.(7.42) involving the
mode wq. We then show that the contribution of the second term, which
involves the other mode &g, grows actually logarithmically for rﬁ‘ — 00, sig-
naling Luttinger liquid behavior. However, this is due to an unphysical nest-
ing symmetry inherent in our 4-patch model with flat patches; in Sect. 7.2.2
we shall slightly deform our patches so that they have a finite curvature,
and show that in this case the contribution from the second mode remains
bounded for all rﬁ‘ and is negligible compared with the contribution from the
first mode.

The plasmon mode

From Eqs.(7.30) and (7.31) it is easy to see that, up to higher orders in
0/ Fq, the collective density mode wq in the strong coupling regime can be
approximated by
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wg ~vp\/ 1+ Fg\/a2 +0%¢2 . (7.44)

Note that for § — 0 this mode reduces to the plasmon mode (7.4) in the
absence of interchain hopping. Therefore we shall refer to the collective mode
wgq as the plasmon mode. Substituting Eq.(7.44) into Eq.(7.40), we obtain for

the associated residue
voey [+ 0702

Zg~ : 7.45
a 2,/1+ I, (7.45)

which should be compared with Eq.(7.5). Note that the only effect of the

interchain hopping is the replacement [g.| — /g2 + 62¢2. The contribution

R7; of the plasmon mode to the constant part R of the Debye-Waller factor
(7.42) is then for small 6 given by

0o 1 F2
o = [T ag a > . (7.46)
P! /o < [q2 + 62¢2 2,/1 + Fy [\/1—i-Fq—1—ﬂ2 o

Although R7) is to this order in 6 independent of «, we shall keep the patch
index here. If we set # = 0 in this expression, we recover the previous result
(7.7) in the absence of interchain hopping, which is logarithmically divergent.
This divergence is due to the fact that for @ = 0 the first factor in Eq.(7.46)
can be pulled out of the averaging bracket. However, for any finite 6 the g,-
and g,-integrations are correlated, so that it is not possible to factorize the
integrations. Hence, any non-zero value of € couples the phase space of the
g-integration. Because for § — 0 the integral in Eq.(7.46) is logarithmically
divergent, the coeflicient of the leading logarithmic term can be extracted

by ignoring the g;-dependence of the second factor in the averaging bracket.
Then we obtain to leading logarithmic order
" 1
— / dq, < lim l 5 >
0 a2+ 022 =0 [ 20T+ Fy [\/1+ Fy +1]
BZ
F2
=— <ln (L) lim d 5 >
Olayl ) =0 | 2\ T Fy [T+ Fq+1]" |/ 4,
1
a2y en] ”

where 71, is given in Eq.(7.23), and b; is a numerical constant of the order
of unity.

The contribution Sgl(rﬁi)a, 0) of the plasmon mode to the spatially vary-
ing part of the Debye-Waller factor at equal times can be calculated anal-
ogously. Note that rﬁ‘ = 0% .r = +r,cosf + r,sinf. Repeating the steps
leading to Eq.(7.46), we obtain

2
F‘l

o
pl
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801570 = = [ dascostarf)

< cos(fqy () F? >
X
\/Q%+92q§2\/1+Fq [\/1+Fq+1]2

BZ
(7.48)

Because the Thomas-Fermi wave-vector k acts as an effective ultraviolet cut-
off, the value of the integral (7.48) is determined by the regime |q| < . For
Ok[rj| < 1 we may approximate in this regime cos(fgyri) ~ 1 under the
integral sign. Furthermore, for f<a|7°ﬁ‘| > 1 the oscillating factor cos(qwrﬁ‘) ef-

fectively replaces x by |r|“3‘|’1 as relevant ultraviolet cutoff. We conclude that
in the parametrically large intermediate regime

] < (08) 7 (7.49)

we have to leading logarithmic order

Q(anQ 1
Spl(rH v ,0) ~ —%Ycb lln (W) + b2

where by is another numerical constant.

, (7.50)

The nesting mode

Let us now focus on the contribution from the second term in Eq.(7.42), which
involves the collective mode wq. With the help of Eq.(7.36) the dispersion of
this mode can also be written as

2 &2
P2 = (1 + %) % [1 —(1- Gq)lﬂ , (7.51)

(L+Fy) 468

F. N2
O+ (2 +&)
For |G4| < 1 this implies to leading order

1 F
V 3 e éq
From this expression it is obvious that &g vanishes on the planes defined by
&g = 0 or £ = 0. These equations define precisely the set of points on the
Fermi surface. The vanishing of the collective mode @q on the Fermi surface
is due to the fact that by construction the curvature of the patches is exactly
zero, so that the Fermi surface has a nesting symmetry: patches 1 and 4 (or

e (7.52)
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2 and 3) in Fig. 7.3 can be connected by vectors in the directions of v* (or
v?) that can be attached to an arbitrary point on the patches. For realistic
Fermi surfaces of the type shown in Fig. 7.2 this nesting symmetry is absent,
so that the associated zero modes do not exist. The vanishing of the mode @4
gives rise to an unphysical singularity in Eq.(7.42). To see this more clearly,
it is necessary to calculate the residue Zg in the regime |G4| < 1. Expanding
the square root in Eq.(7.51) to second order in G4, we obtain

~92 2
Wy = = +0(G } . 7.54
T ngeg T T o
The numerator in the expression for the associated residue Z, (see Eq.(7.41))

can then be written as
G+& & G
) ~2 a5q q

1-1+Fy)—| . 7.55
R s MR (7.59)

For simplicity let us first consider the regime Fy > 1. From the definition
(7.52) it is clear that in this case the condition |G4| < 1 is valid for all
values of £ and éq. Because the terms of order Gg that have been ignored in
Eq.(7.54) are proportional to F~ 2 it is consistent to expand the right-hand
side of Eq.(7.55) to first order in F;!, in which case we obtain

~ng + gq ~ 5252 (52 - 52)2
2 Fq | (63 +&3)°

Substituting this expression into Eq.(7.41) and using Eqs.(7.53) and (7.44),

we obtain for Fg > 1

7 o~ v |§q||§:q| (§<21 _53)2

TV fal e &)

Note that this expression correctly vanishes if we set § = 0. We conclude that
for Fy > 1 the second term in Eq.(7.42) involves the integrand

Exéa -

O(Fql)] . (7.56)

(7.57)

—2

+1| ,  (758)

Zq ~ ’/|gq| (5121 - g121)2 \/§|§~q|
» . qg|)? Ty (£2 1 £2)2 =
(0g + v - ql) V2F2|E\ /€2 + €2 (€2 +6€2) fe2 + &2
where, without loss of generality, we have set v - g = &4. To discuss the sin-

gularities of this integrand, it is convenient to choose the integration variables
q = o' q = gy cosh+ qysinf and g, = —q, sinf + g, cos ). Then §q = vrq

and éq = vr(q — 20q.) to leading order in §. Hence,

(& -&)r {92(1 1 /ai for |qy| 2 6]q. |

7.59
(&2 +€2)? 1L for |g| < 0lqu (7.59)
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Note that the condition |g| < 0]g1 | is equivalent with |{4] < |€q]. Geometri-
cally this means that the wave-vector g is almost parallel to the surface of
the first and fourth patch, so that its projection ¢, onto the local normals o'
and ©* is much smaller than the projection onto the normals ¥ and ©° of the
other two patches, see Fig. 7.4. The contribution from the regime |g;| < ]q. |

V3

2
Y Fig. 7.4. Wave-vector g that con-
tributes to the nesting instability
in the 4-patch model. The direc-
tion of g is almost perpendicular
to ! and v*, so that |g| < 0]qL]

and hence |¢,] < [&4]-

to Eq.(7.42) is finite and small in the strong coupling limit of interest here.
On the other hand, in the regime |q|| < 6|q.| we have

Zq v 1
(@q +v>-qg)?  vplg| V2(V2+1)2F

for Fy>1 .  (7.60)

Substituting this expression into Eq.(7.42), we see that the contribution of the
nesting mode to the constant part R of our Debye-Waller factor leads to the

logarithmically divergent integral foelq” dq—?‘”

R™ — S*(r30“, 7) this divergence is removed, and we obtain a Debye-Waller
factor that grows logarithmically at large distances. This is precisely the
Luttinger liquid behavior discussed in Chap. 6.3, so that our 4-patch model is
a higher-dimensional example for a Luttinger liquid. However, the logarithmic
growth of the static Debye-Waller factor at large distances is not due to the
collective mode wg which in the limit § — 0 can be identified with the plasmon
without interchain hopping; instead, in our 4-patch model the Luttinger liquid
behavior is generated by the new nesting mode @g, which disappears at 6 = 0.
Clearly, the non-Fermi liquid behavior of our 4-patch model is due to the
artificial nesting symmetry of the Fermi surface, which manifests itself for
lg| < 0lgL|. In this regime the dimensionless parameter G4 in Eq.(7.51) is
small compared with unity for all Fy, so that it is easy to repeat the above
calculations for arbitrary Fy. We obtain from Eq.(7.53) to leading order

. Of course, in the combination
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) 1+ F,
Wq & mevrlayl . gyl S 6laxl (7.61)
1+ L

and from Eqgs.(7.41) and (7.55)

- vur|q)|
T+ B 4 Ry

;g < 0y - (7.62)

In the limit Fy > 1 this expression agrees with Eq.(7.57) if we restrict our-
selves to the regime |§4| < [£4]. We conclude that for |g| < 0]q.|

Zq - v
(©g + v - ql)?

(7.63)

2
4UF|QH|[1+%]%[1+Fq]% |: ;j;% +1:|
It is now obvious that the nesting singularity exists for arbitrary coupling
strength. However, this singularity is an unphysical feature of our 4-patch
model, and does not exist for realistic Fermi surfaces shown in Fig. 7.2.
We shall now refine our model by giving the patches a finite curvature. We
then use our bosonization results for non-linear energy dispersion derived
in Chap. 5.2 to show that the contribution from the nesting mode becomes
negligible compared with the contribution from the plasmon mode wq.

7.2.2 How curvature kills the nesting singularity

We consider a generalized 4-patch model with curved patches, and first give
a simple intuitive argument why the quadratic term in the energy dispersion
removes the nesting singularity. We then use our result (6.4) for the Debye-
Waller factor with non-linear energy dispersion to confirm this argument by
explicit calculation.

It is physically clear that any finite curvature of the patches will destroy
the nesting symmetry and hence remove the logarithmic divergence in the
Debye-Waller factor. Let us therefore replace the completely flat patches of
Fig. 7.3 by the slightly curved patches shown in Fig. 7.5. The corresponding
energy dispersions are

2
qL ~Q
& =% —= =07 - , 7.64
gq q + 2mL qL 1 q ( )
where 9 is a unit vector perpendicular to v®, and the effective mass m is
negative. Note that terms of the form qﬁ /(2m)) do not describe the curvature

of the patches and can be ignored for our purpose (recall the discussion
after Eq.(5.101) in Chap. 5.2). Let us first estimate the effect of curvature
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Fig. 7.5. Fermi

surface of the 4-
ky patch model with
curved patches. If
the component of g
perpendicular to v®
is denoted by ¢,
the patches can be
described by energy
dispersions of the
form (7.64) with
negative effective
mass m .

Bl

in a simple qualitative way, which leads to exactly the same result as the
explicit evaluation of the bosonization expression for curved Fermi surfaces.
Obviously, the curvature term in the energy dispersion becomes important for
vr|q| £ ¢% /(2Jm.|). Therefore we expect that for curved patches the lower
limit for the g-integral will effectively be replaced by ¢3 /(2|mL|vr). We
conclude that the effect of curvature can be qualitatively taken into account
by substituting

/9‘1#' dgy /9‘1#' day _ <2|m¢|vpt9) (7.65)
, —n | ZEETETY) .
0 q _q g lg.|

3[m | Jop

In physically relevant cases we expect |my| ~ m|/0 = kr/(vrf), so that
the right-hand side of Eq.(7.65) reduces to the integrable logarithmic factor
In(2kr/|q1]). Note that the above argument is only consistent if ¢ /(2|m | Jvop) <
OlqL|, even for the largest relevant ¢, . Keeping in mind that the effective
ultraviolet-cutoff for the ¢, -integral is the Thomas-Fermi wave-vector x (see
Eq.(7.11)), this condition reduces to £ < kp. Combining Egs.(7.60) and
(7.65), it is easy to see that the (regularized) nesting mode simply renormal-
izes the numerical constant b; in Eq.(7.47). We therefore conclude that the
leading small-§ behavior of R* is entirely due to the plasmon mode wg.

We now confirm the above argument with the help of the bosonization
result for the Green’s function for non-linear energy dispersion derived in
Chap. 5.2. With finite curvature we should replace the expression (7.42) for
the constant part of the Debye-Waller factor of the 4-patch model by R
given in Eq.(6.4). Of course, we should now use the dynamic structure factor
Srpa(gq,w) corresponding to the Fermi surface shown in Fig. 7.5. Due to the
curvature of patches, Sppa (g, w) is now more complicated than in Eq.(7.39).
Apart from a J-function peak representing the physical plasmon mode, we
expect that, due to Landau damping, the peak associated with the nesting
mode @q is now spread out into a continuum in a finite frequency interval.
However, in order to estimate the fate of the nesting mode in the presence
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of curvature, it is sufficient to substitute the dynamic structure factor (7.39)
for flat patches into Eq.(6.4). Certainly, if in this approximation the nesting
singularity is removed, then more accurate approximations for Sgpa(q,w)
will lead to the same result, because the curvature terms smooth out the
sharpness of the nesting mode. Combining then Eqgs.(7.39) and (6.4), we see
that the contribution of the nesting mode to R{ is given by

2sgn(£g)
nest ~ — T — (7.66)
RY et & Z q qlit‘(wq+|§q|)

with Z, and &g given in Eqs.(7.41) and (7.51). From Sect. 7.2.1 we know that
possible nesting singularities are due to the regime [g)| < 0|q.|. Thus, restrict-
ing the integral in Eq.(7.66) to this regime, we have from Eqs.(7.57) and (7.53)
in the strong coupling limit ngq ~ vplq|/(V2v) and @q &~ v2vp|q||. Re-
call that for the three-dimensional Coulomb interaction the strong-coupling
condition v fq > 1is equivalent with |g| < &, where the Thomas-Fermi wave-
vector k is given in Eq.(7.11). It is useful to introduce again the integration
variables ¢ = ©“ - g and ¢q; = ¥ - q. Putting everything together, we find
that the contribution from the critical regime |g| < 0[q.| to Eq.(6.4) can be
written as

2
2 (" flasl  lgylsgn(q %
0

1,nest ~ 172
nes w3y a7 J-0|q.| \/_|QI|| + ‘qll

Q‘WL‘UF

The g-integration can now be performed analytically. The integral is propor-
tional to g2 /|m |, which cancels the singular factor of |m |/¢? in Eq.(7.67).
We obtain

2 " 2 0
(llnest ~ - \/_Ii / qu_ |:1171 (M> + b3:| s (768)
’ 2(v/2 4 1)2m3vur Jo qL

where b3 is a numerical constant of the order of unity. This is the same
type of integral as in Eq.(7.65), so that our simple intuitive arguments given
above are now put on a more solid basis. As already mentioned, in physically
relevant cases we expect |m |vpf =~ kp. Using then Eqs.(7.3) and (7.11), we
finally obtain

(ll,ncst ~ _7Cbb4 ) (769)

where e, = €2/(2mvR) (see Eq.(7.23)), and by is another numerical constant
of the order of unity. Thus, for patches with finite curvature the contribution
of the nesting mode is finite. It is also easy to see that the curvature terms
do not modify the logarithmic small-§ behavior of R* given in Eq.(7.47).
This is so because the leading In(1/6)-term in Eq.(7.47) is generated by the
energy scale vpf|q, |, which is by assumption larger than the curvature energy

7t /@2m).
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7.2.3 Anomalous scaling in a Fermi liquid

Now comes the important conclusion about the physical system of interest (to
be distinguished from the 4-patch model discussed in Sect. 7.2.1).

Comparing Eq.(7.69) with the corresponding contribution (7.47) to the
Debye-Waller factor that is due to the plasmon mode wq, we conclude that for
small # the Debye-Waller factor is dominated by the plasmon mode. In par-
ticular, for realistic Fermi surfaces of the form shown in Fig. 7.2 the constant
part R® of the Debye-Waller factor is finite. To leading logarithmic order
for small # we may therefore approximate R® ~ R, where R is given in
Eq.(7.47). We conclude that for any non-zero 6 the system is a Fermi liquid,
with quasi-particle residue

Z% = e e (7.70)

where vcp is given in Eq.(7.23). Thus, for § — 0 the quasi-particle residue
vanishes with a non-universal power of 6, which can be identified with the
anomalous dimension of the corresponding Luttinger liquid that would exist
for = 0 at the same value of the dimensionless coupling constant e*/vp.
Combining Eqs.(7.47) and (7.50), we obtain for the total static Debye-Waller
factor to leading logarithmic order in 8

Q(rf9%,0) = R* — S°(rff%°,0)
. [m(wm) +o)| . RTi <R < (Br)T L (T71)

Exponentiating this expression, we see that the interacting Green’s function
satisfies the anomalous scaling relation,

G(r/s,0) = TG (r,0) , wTE <] /s < (BR)7T (7.72)

Thus, in spite of the fact that the system is a Fermi liquid, there exists
for small # a parametrically large intermediate regime where the interacting
Green’s function satisfies the anomalous scaling law typical for Luttinger
liquids, as discussed in Chap. 6.3. Moreover, the effective anomalous exponent
1s precisely given by the anomalous dimension of the Luttinger liquid that
would exist for @ = 0. This is a very important result, because in realistic
experimental systems the interchain hopping ¢ is never exactly zero. We thus
arrive at the important conclusion that for small € the anomalous dimension
of the Luttinger liquid is in principle measurable, although strictly speaking
the system is a Fermi liquid. The relevance of ¢; in an infinite array of
weakly coupled chains has also been discussed in [7.11,7.15] by means of a
perturbative expansion to lowest order in ¢, . In contrast, our approach is
non-perturbative in ¢, .
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7.2.4 The nesting singularity for general Fermi surfaces

We show that quite generally the nesting symmetries introduced via the patch-
ing construction give rise to logarithmic singularities and hence to unphysical
Luttinger liquid behavior.

The nesting singularity discussed in Sect. 7.2.1 is not a special feature of our
4-patch model. Singularities of this type will appear in any model where the
Fermi surface is covered by a finite number M of flat patches, such that at
least some of the patches have a nesting symmetry. The simplest analytically
tractable case is perhaps a square Fermi surface (M = 4) in two dimensions,
which has first been discussed by Mattis [7.21], and more recently by Hlubina
[7.22] and by Luther [7.23]. However, unless there exists a real physical nesting
symmetry in the problem, these nesting singularities are artificially generated
by approximating a curved Fermi surface by a collection of completely flat
patches.

There are several ways to cure this problem. The simplest one is perhaps to
choose the patches such that nesting symmetries do not exist. For example,
in the case of a circular Fermi surface in d = 2 we avoid artificial nesting
symmetries by choosing an odd number of identical patches (see Fig. 5.1 for
M = 5). The disadvantage of this construction is that it explicitly breaks the
inversion symmetry of the Fermi surface, so that the negative frequency part
of the dynamic structure factor has to be treated separately®.

The second possibility is to take the limit M — oo at some intermediate
point in the calculation, for example in the Debye-Waller factor given in
Egs.(5.31)—(5.33). Because for finite M the residue of the nesting mode in
the dynamic structure factor is proportional to M ~1, its contribution vanishes
in the limit M — oo. To see this, suppose that we approximate a spherical
Fermi surface with an even number M of identical patches (see Fig. 2.3 for
M =12 in two dimensions). The corresponding non-interacting polarization
I1y(q, z) is given in Eq.(A.66). From the discussion of the nesting mode in
the 4-patch model in Sect. 7.2.1 we expect that for some directions of g
there will exist one particular patch P} such that the energy |v* - g| is much
smaller than all the other energies |v® - q|, @ # p. Furthermore, we expect
that for sufficiently small ql‘l‘ = 0" - q the nesting mode wy gives rise to a
d-function peak in the dynamic structure factor with wj o |v* - q|. Because
for sufficiently small ql’r this energy is much smaller than |v® - q| with « # p,
the energy dispersion of the nesting mode can be approximately calculated
by setting 22 = 0 in all terms with « # u in the expression (A.66) for the
non-interacting polarization I1y(g, z) for finite patch number. This yields for

1 As already mentioned in the first footnote of Chap. 6, in this case the relation
(2.42) between the imaginary part of the polarization and the dynamic structure
factor (and all equations derived from Eq.(2.42)) are not correct. In particular,
the expressions derived in Chap. 6.1 cannot be used.
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the polarization in the regime of wave-vectors q satisfying |v* - q| < |v* - g|

v
(v g -~ 22

HO(qu) ~ M

[M —2+ (7.73)

The collective mode equation (A.70) is then easily solved, with the result
that the dispersion of the nesting mode is given by

1+ F
W= [T |t . 7.74
i= T (7.74)

For the associated residue we obtain with the help of Eq.(A.75)

v? v|vt - g
7b = - . (7.75)

o) 1
Fq &= 0(@2)| . M1+ 22251 [1 + Fy)?

If we set M = 4 we recover the corresponding expressions (7.61) and (7.62)

for the nesting mode in the 4-patch model. From Eq.(6.14) it is now obvious

that in the thermodynamic limit the constant part R* of the Debye-Waller
1 dg

factor is proportional to 7 /, o Clearly, the logarithmic divergence for

finite M is removed if the take the limit M — oo. It should be kept in
mind, however, that taking the limit M — oo at intermediate stages of the
calculation is not quite satisfactory, because M — oo implies that the patch
cutoff A vanishes. As discussed in Chap. 6.1.3, in this case it is difficult to
formally justify our derivation of the Green’s function with linearized energy
dispersion given in Chap. 5.1, because the condition ¢. < A is violated in
this limit (see Fig. 2.5). In Sect. 7.2.2 we have solved this problem with the
help of our background field method developed in Chap. 5.2, which leads to
a simple way for including the effect of the curvature of the Fermi surface
into the bosonization procedure.

7.3 Summary and outlook

In this chapter we have used our non-perturbative higher-dimensional bosoniza-
tion approach to calculate the single-particle Green’s function of weakly cou-
pled metallic chains. This problem is not only of current experimental inter-
est, but its solution via higher-dimensional bosonization also nicely illustrates
the approximations inherent in this approach. In particular, we have shown
that the replacement of a curved Fermi surface by a finite number of flat
patches leads to unphysical logarithmic singularities and to Luttinger behav-
ior in the Green’s function when at least two opposite patches are parallel. In
this respect we agree with the works by Mattis [7.21] and by Hlubina [7.22],
who studied this problem in the special case of a square Fermi surface. How-
ever, we have also shown that for more realistic curved Fermi surfaces these
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logarithmic singularities disappear. Any finite value of the interchain hop-
ping ¢, leads then to a bounded Debye-Waller factor, signalling Fermi liquid
behavior.

Very recently the singularities generated by flat regions on opposite sides
of a two-dimensional Fermi surface have been analyzed by Zheleznyak et
al. [7.24] with the help of the parquet approximation [7.9,7.25]. These au-
thors obtained results which are, at least at the first sight, at variance with
our finding (as well as with [7.21,7.22]). Note, however, that in our approach
we have ignored the spin degree of freedom as well as scattering processes
involving large momentum transfers. In particular, we have not taken into
account the instabilities towards charge- or spin-density wave order, which
according to the authors of [7.24] become essential at sufficiently low tem-
peratures. It is therefore not surprising that we obtain a different result than
Zheleznyak et al. [7.24]. Our calculation is restricted to a parameter regime
where the low energy physics is dominated by forward scattering. The exis-
tence of such a regime is by no means obvious [7.9], and we have assumed that
for some range of temperature, interchain hopping, and interaction strength
the instabilities mentioned above can indeed be ignored.

Our finding that any finite value of the interchain hopping leads to a Fermi
liquid is supported by lowest order perturbation theory [7.15]. However, there
have been recent claims in the literature [7.26,7.27] that coupled chains with
finite ¢; can remain Luttinger liquids if the interaction is sufficiently strong,
so that the anomalous dimension characterizing the Luttinger liquid at¢t; = 0
exceeds a certain critical value. It is important to realize that this result can
only be obtained within an approach that allows for a change in the shape
of the Fermi surface as the interaction is turned on?. Unfortunately, higher-
dimensional bosonization with linearized energy dispersion cannot describe
the renormalization of the shape of the Fermi surface due to the interactions,
because after the linearization the relative position of the flat patches on the
Fermi surface remains completely rigid®. On the other hand, our more general
bosonization result for the Green’s function with non-linear energy disper-
sion derived in Chap. 5.2 certainly incorporates also the renormalization of
the shape of the Fermi surface due to the interactions. Thus, an extremely
interesting open problem is the full analysis of the higher-dimensional
bosonization result for the Green’s function of coupled chains with
non-linear energy dispersion. Note that within the Gaussian approxi-
mation one should not only calculate the Debye-Waller factor Q¢ (r,7) in
Eqgs.(5.151)—(5.153), but also the prefactor self-energy X¢(¢) and the vertex
function Y*(g) given in Eqgs.(5.159) and (5.162). Furthermore, although for
t, = 0 and for linearized energy dispersion the Gaussian approximation is ex-
act and correctly reproduces the solution of the Tomonaga-Luttinger model

2 1 would like to thank Steven Strong for his detailed explanations of this point.
3 Recall in this context our discussion at the end of Chap. 5.1.5. concerning the
absence of effective mass renormalizations for linearized energy dispersion.
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(see Chap. 6.3), it is not clear whether for finite ¢, the Gaussian approx-
imation is still sufficient, so that it might be necessary to include at least
certain sub-classes of the non-Gaussian corrections discussed in Chap. 5.2.
Obviously, the problem of coupled chains is far from being solved. We hope
that the methods developed in this book will help to shed more light onto
this very interesting problem.

Finally, we would like to point out that the problem of calculating the
Green’s function of an infinite array of coupled chains is very different from
the problem of two coupled chains [7.13,7.14,7.16,7.17]. The two-chain prob-
lem is it not so easy to solve by means of higher-dimensional bosonization,
because in this case the Fermi surface consists of four isolated points, which
evidently cannot be treated as a simple higher-dimensional surface. It turns
out that even for long-range Coulomb interactions it is impossible to map
the two-chain system onto a pure forward scattering problem. In fact, the
calculation of the Green’s function in the two-chain system can be mapped
onto an effective back-scattering problem in one dimension [7.28,7.29], which
in general cannot be solved exactly. However, if one assumes certain special
values of the interchain and intrachain interaction, the Green’s function of
an arbitrary number of coupled chains can be calculated exactly [7.28]. Al-
though these special interactions are perhaps unphysical, it is interesting to
note that in these models Luttinger liquid behavior coexists with coherent
interchain hopping [7.29]. This seems to disagree with the result of Clarke,
Strong, and Anderson [7.26,7.30], who claim that Luttinger liquid behavior
necessarily destroys coherent interchain hopping.
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We couple electrons to phonons wvia Coulomb forces, and show that for
isotropic three-dimensional systems the long-range part of the Coulomb in-
teraction cannot destabilize the Fermi liquid state. However, Luttinger liquid
behavior in three dimensions can be due to quasi-one-dimensional anisotropy
in the electronic band structure or in the phonon frequencies. A brief account
of the results presented in this chapter has been published in [8.1].

The interplay between the vibrations of the ionic lattice in a solid and the
interactions between the conduction electrons still lacks a complete under-
standing [8.2-8.4]. Conventionally this problem is approached perturbatively,
which is possible as long as the mass M; of the ions is much larger than the
effective mass m of the electrons. In this case a theorem due to Migdal [8.5]
guarantees that, to leading order in y/m/M;, the electron-phonon vertex is
not renormalized by phonon corrections. However, in heavy fermion systems
the parameter \/m/M; is not necessarily small, so that Migdal’s theorem
may not be valid. Then the self-consistent renormalization of the phonon en-
ergies due to the coupling to the electrons cannot be neglected [8.6,8.7]. In
diagrammatic approaches it is often tacitly assumed that the phonons remain
well defined collective modes [8.6,8.7]. Moreover, an implicit assumption in
the proof of Migdal’s theorem is that the electronic system is a Fermi lig-
uid. In view of the experimental evidence of non-Fermi liquid behavior in the
normal state of some of the high-temperature superconductors [8.24], it is de-
sirable to study the coupled electron-phonon system by means of a method
which does not assume a priori a Fermi liquid. Our functional bosonization
approach fulfills this requirement, so that it offers a new non-perturbative
way to study coupled electron-phonon systems in d > 1. In one dimension
the problem of electron-phonon interactions has recently been analyzed via
bosonization in the works [8.8,8.9].

We would like to emphasize, however, that we shall retain only processes
involving small momentum transfers and neglect superconducting instabili-
ties. Recall that in BCS superconductors the phonons mediate an effective
attractive interaction between the electrons, which at low enough tempera-
tures overcomes the repulsive Coulomb interaction and leads to superconduc-
tivity [8.10]. Thus, the analysis presented below is restricted to the parameter
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regime where the electronic system is in the normal metallic state. However,
we do not assume that the electronic system is a Fermi liquid.

Throughout this chapter we shall work with linearized energy dispersion,
because we shall focus on the calculation of the static Debye-Waller fac-
tor Q*(r,0). As discussed in Chap. 6.1.3, the long-distance behavior of this
quantity should only be weakly affected by the non-linear terms in the energy
dispersion. Note that this approximation is most likely not sufficient for the
calculation of Q%(r,7) for 7 # 0, because in this case the double pole that
appears in the bosonization result for the Debye-Waller factor with linearized
energy dispersion leads to some unphysical features (see the discussion at the
beginning of Chap. 5.2 and in Chap. 6.1.3). In this case one should retain the
non-linear terms in the energy dispersion.

This chapter is subdivided into four main sections. In Sect. 8.1 we define
the coupled electron-phonon system in the language of functional integrals.
By integrating over the phonon degrees of freedom, we then derive the effec-
tive action for the electrons, and determine the precise form of the effective
retarded density-density interaction between the electrons mediated by the
phonons. Because this interaction is of the density-density type discussed in
Chap. 5, we obtain in Sect. 8.2 a non-perturbative expression for the elec-
tronic Green’s function by simply substituting the proper effective interaction
ffPA'fo‘ into Eqgs.(5.32) and (5.33). In Sect. 8.3 we show that our approach
takes also the renormalization of the phonon spectrum due to the coupling
to the electrons into account. Finally, in Sect. 8.4 we shall explicitly calculate
the quasi-particle residue and examine the conditions under which the residue
can become small or even vanishes. In particular, we discuss one-dimensional
phonons with dispersion 24 = ¢s|g,| that are coupled to three-dimensional
electrons with a spherical Fermi surface. We show that in this case the quasi-
particle residue vanishes at the points k* = +kpe, on the Fermi sphere, and
that close to these special points the single-particle Green’s function exhibits
Luttinger liquid behavior.

8.1 The effective interaction

We introduce a simple model for electrons that are coupled to longitudinal
acoustic phonons and derive the associated retarded electron-electron interac-
tion by means of functional integration.

8.1.1 The Debye model

Following the classic textbook by Fetter and Walecka [8.6], we use the Debye
model to describe the interaction between electrons and longitudinal acoustic
(LA) phonons. In this model the ionic background charge is approximated
by a homogeneous elastic medium. Although the ions in real solids form a
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lattice, the discrete lattice structure is unimportant for LA phonons with
wave-vectors |g| < kr. For a detailed description of this model and its phys-
ical justification see chapter 12 of the book by Fetter and Walecka [8.6].
However, some subtleties concerning screening and phonon energy renormal-
ization have been ignored in [8.6]. To clarify these points, we first give a
careful derivation of the effective electron-electron interaction in this model
via functional integration.

In our Euclidean functional integral approach, the dynamics of the iso-
lated phonon system is described via the action

Spn{b} = B [~iwm + 24]blb, (8.1)

where b, is a complex field representing the phonons in the coherent state
functional integral. For simplicity let us first assume isotropic acoustic
phonons, with dispersion relation 24 = c¢s|q|, where ¢g is the bare veloc-
ity of sound, which is determined by the short-range part of the Coulomb
potential and all other non-universal forces between the ions. The long-range
part of the Coulomb potential will be treated explicitly’. In Eq.(8.1) and
all subsequent expressions involving phonon variables it is understood that
wave-vector summations are cut off when the phonon frequency reaches the
Debye frequency [8.11]. As before, the electronic degrees of freedom are rep-
resented by a Grassmann field ¢, so that the total action of the interacting
electron-phonon system is

S{, b} = So{w} + Spn{b} + Sine{e), b} . (8.2)

Here Sp{t} describes the dynamics of the non-interacting electron system
(see Eq.(3.3)), and Sint {1, b} represents the Coulomb energy associated with
all charge fluctuations in the system,

2 B tot tOt [0/
Sint{wab} = %/ dT/d’r’/d’r‘lp (’I“,T)p (’l" 77') , (83)
0

r — |

where .
ptOt (Ta T) = wT(Ta 7')1/)(7"7 7-) - plon (’l", T) (84)

represents the total density of charged particles at point r and imaginary
time 7. The ionic density p'"(r, 7) is of the form

plon(rvT) = ZV + 5p10n(,,,77_) ) (85)

where the first term represents the charge density of the uniform background
charge, which in the absence of phonons exactly compensates the total charge

! From Appendix A.3.1 it is clear that the boundary between the long- and short-
wavelength regimes is defined by the Thomas-Fermi wave-vector kK = (47re2u)1/ 2,



176 8. Electron-phonon interactions

of the conduction electrons. Here z > 1 is the valence of the ions and zN is
the total number of conduction electrons. The fluctuating component of the
ionic charge density is related to the bosonic field b, via

5p (r, T) = —zgv ~d(r,T) (8.6)

where the displacement field d(r, 7) is given by [8.6]

d(r [bgei(@mmn) —pieilar-wnn] - (8.7)

) = i Z 4
’ VN £~ \2Mi 8
so that

|q| 1( P—Wy, T) t—i(gr—wmT)
Vv -d(r,7) \/_Z\/m[ e + bge " } . (8.8)

Substituting Eq.(8.4) into Eq.(8.3), we obtain three contributions, which after
Fourier transformation can be written as

Sint{wv b} SClt{w} + Sfrit Ph{1/}’ b} + Smt{b} (89)
with
Selt{w} T o7 Zf;bp—qpq ’ (8.10)
q

e ﬁ C ion ion

S P b} = o qub [0-api™ + p0p,] (8.11)
h cb 1011 1on

Sﬁ’lt{b} - 2V Z 7q q ) (812)

where we have defined

4me?
geb ) Tq forg#0 (8.13)
4 0 forg=0

The Fourier coefficients of the densities can be expressed in terms of the
Fourier coefficients ¢ and b, of the electron and phonon fields,

= Z@[J;LWHQ ) (8.14)
k

lq| +
N4 ST [bq+b_q} . (8.15)

The part of the action involving the phonon degrees of freedom can then be
written as
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Spn{b} + Shi{b} + Sine PH{b, v} = B [(—lwm + 24)blb,
q

W,
+T"(bq+biq)(b_q+bg)+gqp_q(bq+b1q)] . (8.16)
with

22N ¢ f&°

Wy = [ % ﬁ] o (8.17)
Z2N 271/2 cb

ng[—q—] L S (8.18)
Vo M; V2V (2

At this point Fetter and Walecka [8.6] make the following two approxima-
tions: (a) the bare Coulomb interaction f¢" in SAPh Ly b} is replaced by
the static screened interaction, 4me?/q? — 4me?/k?, and (b) the contribu-
tion Siﬂ’]};{b} is simply dropped. We shall see shortly that the approximation
(b) amounts to ignoring the self-consistent renormalization of the phonon
frequencies [8.6,8.7]. Although Fetter and Walecka [8.6] argue that these ap-
proximations correctly describe the physics of screening, it is not quite satis-
factory that one has to rely here on words and not on calculations. Because
in our bosonization method screening can be derived from first principles, we
do not follow the “screening by hand” procedure of [8.6], and retain at this

point all terms in Eqs.(8.10)—(8.12) with the bare Coulomb interaction.

8.1.2 Integration over the phonons

In this way we obtain the effective electron-electron interaction mediated by
the phonons.

We are interested in the exact electronic Green’s function of the interacting
many-body system. The Matsubara Green’s function can be written as a
functional integral average

J D¢} D {b}e Iyl
DG} D {bpe 5000
Evidently the b-integration in Eq.(8.19) is Gaussian, and can therefore be car-

ried out ezxactly. After a straightforward integration we obtain the following
exact expression for the interacting Green’s function

JD{g}e Syl
JD{@fesalel

G(k) = -8

(8.19)

G(k) = —p

(8.20)

with
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9al2q
w2, +Q2+QW

Se {1} = So{v} + SA A} — 62 p-gpq - (821)

The last term is the effective interaction between the electrons mediated by
the phonons. Combining the last two terms in Eq.(8.21) and using the above
definitions of Wy and g4, we finally arrive at

B
Se {1} = So{v'} + o Z fap—apq (8.22)
q
where the total effective interaction is given by
cb2’Ng® 2 2
wy, + 824
fo=15" |1 - VM| = feb . (8.23)
w2, + Q22 + feb S wg, + 22 + feP St
Defining the electron-phonon coupling constant v via
z*Ng?* 2,202
VL =viyiely, (8.24)

where v is the density of states, we see that Eq.(8.23) can also be written as

cb
fo= i (8.25)
1+ 1292 5P oy

It is instructive to compare Eq.(8.25) with the expression that would result
from the “screening by hand” procedure described above. The approximation
(a) amounts to the replacement

2 AT 42 2\ 2
9 z*Ngqg* (4me 1
quq VM, ( K2 ) 2V (8'26)

in Eq.(8.21), while (b) is equivalent with Wy — 0. Using the fact that x* =
4me?v, it is easy to see that in this approximation the effective interaction f,
in Eq.(8.23) is replaced by

2

—_ 8.27
wa, + 22 ( )

b 2
fq— ; -

For consistency, we should also replace 4we?/q? — 4me?/k? in the direct
Coulomb interaction, which amounts to setting ff;b — 1/v in the first term
of Eq.(8.27). Evidently the phonon contribution in Eq.(8.27) can be obtained
from an expansion of the exact result (8.25) to first order in 4? and the
subsequent replacement fgb — % in the phonon part. By performing these

replacements one implicitly neglects the self-consistent renormalization of
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the phonon frequencies [8.7]. Therefore one should also replace in Eq.(8.27)
Q4 — (24, where the renormalized phonon frequencies {24 include by defini-
tion the effect of the electronic degrees of freedom on the phonon dynamics. In
this way one arrives at the usual form of the electron-phonon interaction that
is frequently used in the literature. Evidently in the conventional “screening
by hand” approach the renormalization of the phonon dispersion due to in-
teractions with the electrons remains unknown, and it is implicitly assumed
that a self-consistent calculation would lead to an effective interaction of the
form (8.27), with well-defined phonon modes. Note that the coupling to the
electronic system will certainly lead to a finite damping of the phonon mode,
which is not properly described by Eq.(8.27). In contrast, the effective inter-
action in Eq.(8.25) is an exact consequence of the microscopic model defined
in Egs.(8.1)—(8.3). In fact, as will be shown in Sect. 8.3, the phonon energy
shift and damping can be derived from this expression!

8.2 The Debye-Waller factor

Given the effective frequency-dependent density-density interaction (8.25), it
is now easy to obtain a non-perturbative expression for the single-particle
Green’s function, which is valid even if the system is not a Fermi liquid.

Because the phonons simply modify the effective density-density interaction,
we can obtain a non-perturbative expression for the interacting Green’s func-
tion by substituting the interaction (8.25) into our general bosonization for-
mula for linearized energy dispersion given in Eqs.(5.31)—(5.33) and (5.37)—
(5.39). Because the interaction f, in Eq.(8.25) does not depend on the patch
indices, the effective interaction fFP4 in Eqgs.(5.32) and (5.33) is the usual
RPA interaction, so that the Debye-Waller factor associated with patch « is
given by

a _ 1 rpa 1 —cos(q -7 — wnT)
Q™ri7) = 3y zq: e v R (8.28)
with N
rea_ S _ 1 8.29
Ja L+ foIlo(q) 1+ fPIIpn(q) (8.29)
where 1
on(q) = o(g) +v7° (8.30)

1+w2 /62

is the dressed inverse phonon propagator [8.7]. Here 42 is the dimensionless

measure for the strength of the electron-phonon coupling,
2 2 N

= == — .1
V=Y = Ve (8.31)
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Using Eq.(A.5), this reduces for a spherical three-dimensional Fermi surface

to? )
_ zm [vp
¥ =33 (C—) : (8.32)

We conclude that the phonons simply give rise to an additive contribution to
the non-interacting polarization. Assuming that the Fermi surface is spheri-
cally symmetric, we can also write

Ipn(q) = vgpn(q,iwm) (8.33)
where the dimensionless function gpn(q,iws,) is given by
iwm

iwm
vrlq|

9on (@, 1wm) = g3(—=) + 7 01(57) (8.34)
q

and the functions ¢ (iy) and g3(iy) are defined in Egs.(A.12) and (A.14).
Note that the phonon part of Eq.(8.34) involves the dimensionless function
g1(ly) that appears in the polarization of the one-dimensional electron gas,
see Eq.(7.2). Of course, here the origin for this function is the coupling of the
electron system to another well defined collective mode, whereas in the chain-
model it was essentially due to the shape of the Fermi surface. However, the
appearance of the one-dimensional polarization function in Eq.(8.34) suggests
the possibility that a quasi-one-dimensional phonon dispersion 24 might lead
to Luttinger behavior even if the electron dispersion is three-dimensional. We
shall confirm this expectation in Sect. 8.4.2.

Because all effects due to the phonons are contained in the function
9ph(q,iwy,), the general expressions for the various contributions to the
Debye-Waller factor derived in Chap. 6.1 remain valid. We simply have to
use the corresponding RPA dynamic structure factor,

gph(g,w +i07)
2
1+ (%) gph(gq,w +10%)

v
Srpa(g,w) = —Im (8.35)

In the following section we shall discuss the form of Sgpa (q,w) in some detail.

8.3 Phonon energy shift and phonon damping

We show that the dynamic structure factor (8.35) contains the the self-
consistent renormalization of the phonon dynamics due to the coupling to
the electronic system.

2 Note that the total number of conduction electrons is now zN, so that we should
replace in Eq.(A.5) N — zN.
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The renormalization of the phonon spectrum due to the coupling to the elec-
trons can be obtained from the phonon peak of Sgrpa(g,w). The qualitative
behavior of the dynamic structure factor can be determined from simple phys-
ical considerations [8.7], and is shown in Fig. 8.1. In the absence of phonons,

5.0 plasmon Fl‘{ig. h8.f1.hA rough
;y W) . sketch of the various
ﬁgﬁgnna]'zed \ contributions to the

) . RPA dynamic struc-

se;‘glt%t?glgs ture factor (8.35)

" in the regime where
/ the phonon mode is

well defined. Here &
/ is the renormalized

- | phonon velocity, see
sl Veldl Wy Eq.(8.45).

Srpa(q,w) consists of a sum of two terms, which are discussed in detail in
Appendix A.2. The first term Sﬁ‘i;l,A(q,w) is a d-function peak due to the
collective plasmon mode. From Eq.(A.57) we see that for the Coulomb inter-
action in d = 3 the plasmon approaches at long wavelengths a finite value, the
plasma frequency wp = vrpk/ V/3. Within the RPA this mode is not damped,
so that its contribution to the dynamic structure factor is

Sipalq,w) = Zgb(w —wp) (8.36)

with the residue Z4 given in Eq.(A.60). For small zm/M; this contribution
is only weakly affected by phonons. This follows from the fact that at the
plasma frequency the ratio of the phonon to the electron contribution in
Eq.(8.34) is for |g| < k given by

=2 Wpl 2 2
Y91 () 0, y
Ta,) | gse (_q) _ 352 (_> _,m (8.37)
93(5otqr) UFrg Up M,

Evidently we may ignore the effect of the phonon on the plasmon mode

provided
75—F = 1/3’2;. <1 . (8.38)

Note that the validity of the Migdal theorem in a Fermi liquid is based on
precisely this condition. In addition to the plasmon mode, the dynamic struc-
ture factor is non-zero in the regime w < vp|g|. In the absence of phonons,
Srpa(g,w) is here a rather featureless function, representing the decay of
collective density fluctuations into particle hole pairs, i.e. Landau damping




182 8. Electron-phonon interactions

(see Eq.(A.27)). Mathematically, the Landau damping arises from the finite
imaginary part of the function gg(ﬁ +1i0%) for w < vr|q|. As long as the
renormalized phonon velocity is small compared with vgp and phonon damp-
ing is negligible, we expect that phonons give rise to an additional narrow
peak that sticks out of the smooth background due to Landau damping. This
is the renormalized phonon mode.

We now confirm this picture by explicitly calculating the approximate
form of the dynamic structure factor in the vicinity of the phonon peak. To
determine the renormalized phonon frequency, we look for solutions of the

collective mode equation

1+ (g)2gph(q,z) ~0 . (8.39)

Anticipating that this equation has a solution with |z| < vr|g|, we may
approximate the function g3(z) in Eq.(8.34) by the expansion of g3(x +i0T)
for small x, which is according to Eqgs.(A.11) and (A.19) given by

gs(z +i0T) ~ 1+ igx . (8.40)
Substituting this approximation for gs into Eq.(8.34) and using Eq.(A.15),
we find the following cubic equation for the dressed phonon frequency,
52

1 z
2o 7 i 202 =0 . 41
S| e e e =0 G

If we ignore the damping term, this equation has a solution at z = (24, where
the renormalized phonon frequency is
~ 2 (
g =02 |1+ ——= 8.42)
1+ (3)

For 2, < vr|q| the cubic term in Eq.(8.41) can be treated perturbatively.
This term shifts the solution to z = 24 — ily, with the damping given by

i 02 -
Iy= EKIQQI i +7(%)2]2 (8.43)
Note that
Ly 7o gl
Qg Aor[1+ (2231452 + (9)22
R B , forlgl <k (8.44)



8.3 Phonon energy shift and phonon damping 183

so that the collective phonon mode is always well defined as long as the
condition (8.38) is satisfied. Thus, in the regime ¥ < vp/cs there is a well de-
fined narrow peak with frequency Q and width F in the dynamic structure
factor, which sticks out of the smooth background due to the particle hole
continuum (see Fig. 8.1). This corresponds to the renormalized phonon mode.
Using Eq.(8.42) we may define a wave-vector-dependent phonon velocity

,72

2 =&(@lgl , &g =cy[l+——7
’ 1+ (@)

(8.45)

The renormalization of the phonon velocity is obviously a screening effect.
At short length scales there is no screening charge around the phonon, so
that it propagates with the bare velocity. At long wavelengths, however, the
phonon has to drag along the screening cloud, so that its velocity is modified.
For large & the renormalized phonon velocity reduces at long wavelengths to
¢s(0) = cs7. For a spherical three-dimensional Fermi surface we may use
Eq.(8.32) to rewrite this as

_ zm
és(0) = lgﬁvF . (8.46)

This well-known result is called the Bohm-Staver relation [8.11,8.12]. Note
that the renormalized phonon velocity (8.46) is independent of the bare ve-
locity cs.

To calculate the dynamic structure factor in the vicinity of the phonon
peak, we also need the height of the peak. Expanding the denominator in
Eq.(8.35) around w = qu, we obtain for the residue associated with the
phonon peak

124
8 .
(ra7)* 59n(qw + 10+)’w:f3q

ph __
Zg' =

lq| * 72
q<?> 1T+ (22147324 (2)2] - (8.47)

Compared with the residue of the plasmon peak in Eq.(A.60), the phonon
residue is at long wavelengths smaller by a factor of

(%)2 &LN . (8.48)

Wpl 1/1_|_,->/2

Note that this is a small parameter even at g*> ~ k2 provided Eq.(8.38) is
satisfied. In summary, for 4 < vp/cs the total dynamic structure factor can
be approximated by

Ot

v
2

1 ) zZph Iy
S 7 — geo , + SS , + _f , 8.49
rPA(Q,w) = SRpa(q,w) + Sgpa(q,w) T (w— 2g)2 + (8.49)

Qo
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with 24, I, and ZBM given in Eqs.(8.42), (8.43) and (8.47). The plasmon con-
tr1but10n el (g,w) is given in Eq.(8.36), while the single pair contribution
Skpa(g,w) is given in Eq.(A.27).

8.4 The quasi-particle residue

We now calculate the quasi-particle residue Z< and determine the conditions
under which Z< becomes small or even vanishes.

According to Eqs.(5.86) and (6.14), the quasi-particle residue associated with
patch P on the Fermi surface is Z¢ = efi”  where the constant part R of
the Debye-Waller can be written as

a dq by 2 o0 WM
1= /(27‘()( )/O d (W+|'U°‘-q|)2 ’ (850)

with Sgrpa(q,w) given in Eq.(8.35). We would like to emphasize that this
expression is valid for arbitrary strength of the electron-phonon interaction.
In particular, it is valid for 4 2 vp/cs, where the phonon mixes with the
plasmon and the decomposition (8.49) of the dynamic structure factor is not
valid. In this case we should use Eq.(8.35). It is not difficult to see that
the integral exists for arbitrary values of 4 provided neither the electron
dispersion nor the phonon dispersion is one-dimensional. Therefore phonons
that couple to electrons via long-range Coulomb forces cannot destabilize the
Fermi liquid state.

In order to make progress analytically, we shall restrict ourselves from
now on to the regime ¥ < vr/cs. Then the phonons can be considered as
well defined collective modes, so that the dynamic structure factor can be
approximated by Eq.(8.49). As shown in Chap. 6.2.3 (see Eq.(6.56)), the
contribution of the first two terms in Eq.(8.49) to R* can be written as

—(5= )22, where the numerical constant 73 is given in Eq.(6.57). Because by
assumption I’ < Qq, the last term in Eq.(8.49) acts under the integral in
Eq.(8.50) like a d-function, so that

2 -
KR T3
R*=—-|—| =+ R} 8.51
(kF> 2 + ph > ( )
with

a ’72 dq Qq

Ph™ 9y (277) {Qq 4 |’UO‘ . ql}2 [1 + (%)2] [1 + ,72 4 (

. (852)
)?]

z
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8.4.1 Isotropic phonon dispersion

Let us first evaluate Eq.(8.52) for the isotropic phonon dispersion 2 = ¢slq|.
Using Eq.(A.5) we obtain

o _ 7% e [dg lq 1

ph = — 573 - 3 3
e or S AT (2@ g) 4 o gl 1+ (D27 1432+ ()]

[ME

(8.53)

Because according to Eq.(8.45) the renormalized phonon velocity é(q) de-
pends only on |g|, the angular integration can now be done exactly. The
relevant integral is just the function hs(x) given in Eq.(6.34). After a simple
rescaling we obtain

N 72 (R \? [ 1
R do— 5 ¥
v/ Jo [1+72+x][1+x+5—;(1+w)21+7 +x2}

(8.5

Clearly, in the regime (8.38) we may ignore the term proportional to ¢s/vp
in the denominator of Eq.(8.54). The integral is then elementary,

o 1 1
d _ = —In(1+47?) , 8.55
/0 M7+ [l+qa 72 n(t+57) (8.55)

so that we finally obtain

1

oh =] (é)zln(l +7%) . (8.56)

Note that the small parameter ¢s /v has disappeared in the prefactor, so that
the final result depends only on the dimensionless strength of the electron-
phonon coupling 5. Combining Eqs.(8.56) and (8.51), and using the fact
that (k/kr)? = 2¢2/(mvr) (see Appendix A.3.1), we obtain

e2

R = ——— [@ + %ln(l + %} : (8.57)

TUR
In the regime k < krp where our bosonization approach is most accurate,
the prefactor e?/(mvr) in Eq.(8. 57) is a small number, see Eq.(A.51). For
weak electron-phonon coupling 42 we may expand In(1 + 72) ~ 52. Because
T3 is a number of the order of unity, the phonon contribution to the quasi-
particle residue is then negligible. On the other hand, for large 42 the phonon

contribution is dominant. Exponentiating Eq.(8.57) we obtain for the quasi-
particle residue
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Z% = (8.58)

V1452
If we take the high-density limit vp — oo at fixed 7, the quasi-particle residue
approaches unity. On the other hand, if we keep the density fixed but increase
the electron-phonon coupling 7, we obtain

e~ s

2

WCWF 2

ZQ:[ _ } L 1< < (“—F) . (8.59)
v Cs

8.4.2 Quasi-one-dimensional electrons or phonons

It is straightforward to generalize our results for anisotropic systems. For
example, for strictly one-dimensional electron dispersion the polarization in
Eq.(8.30) is given by

(qugc)2 iwm

Io(q) = VW%T e i Vgl('UF|Qm|) . (8.60)
In this case it is not difficult to show that Eq.(8.52) gives rise to Luttinger
liquid behavior even if the phonon dispersion is three-dimensional.

Alternatively, we may couple one-dimensional phonons to three-dimensional

electrons. Then we should set 25 = c¢s|gz| in Egs.(8.42) and (8.52), while
choosing for ITp(q) the usual three-dimensional polarization. Let us examine
this possibility more closely. From Eq.(8.52) we obtain in this case

W _ A [dg |¢|

R P T L P E R P
(8.61)

The crucial observation is now that for * = +e, we have [0 - q| = |q.],

so that the phase space for the q.-integration is decoupled from the remain-
ing phase space and the integral is logarithmically divergent. For all other
directions ©* # =e,, the phase space for the g-integration is coupled, so
that the logarithmic divergence is cut off and the quasi-particle residue is
finite. Although for ¥ = +e, the integral in Eq.(8.61) is logarithmically
divergent, the total Debye-Waller factor Q%(r e, ) is finite*. Because the
divergence in Ry, is logarithmic, we expect Luttinger liquid behavior. To
obtain the anomalous dimension, it is sufficient to calculate the leading loga-
rithmic term in the large-distance expansion of Q*(r,e;,0). Introducing the
dimensionless integration variable p = q/x, we obtain from Eq.(8.61)

3 We have encountered precisely the same situation before in our analysis of metal-
lic chains without interchain hopping, see Chap. 7.1.
4 We use the label a = z for the patch with k% = kre,.
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e? ¢ 1 —cos(pgtiry) [ o
T(rpeq,0) = —— — 572 dp, — 2%/ d dp.
Q (T ¢ ) 27T-2’UF ’UFFY /0 P Pz /—oo py Loo b
1
—> - - (8.62)
[+ &1 2] 0+ p2? 452 4 )

In the regime (8.38) where the phonon mode is well defined we may again
ignore the term proportional to ¢s/vr in the first factor of the second line in
Eq.(8.62). Furthermore, to extract the leading logarithmic term, we may set
pz = 0 in the second line of Eq.(8.62). The p,- and p,-integrations can then
easily be performed in circular coordinates, so that we finally obtain

Q" (rz€s,0) ~ —ypnln(xlra]) , Klre[ — o0, (8.63)

where the anomalous dimension is

o = G [ViTaE-1] (8.64)

TUR U

Note that for weak electron-phonon coupling the anomalous dimension ~py, is
proportional to 42, while in the strong coupling limit it is of order 4. However,
one should keep in mind that Eq.(8.64) has been derived for ¥ < wvp/cs
(see Eq.(8.38)), so that in the regime of validity of Eq.(8.64) the anomalous
dimension is always small compared with unity.

It is also interesting to calculate the quasi-particle residue in the vicinity of
the Luttinger liquid points k% = +kpe, on the Fermi surface. A quantitative
measure for the vicinity to these points is the parameter § = 1 — [9” - e,].
Obviously § = 0 corresponds to the Luttinger liquid points, so that for small
enough d we should obtain a Fermi liquid with small quasi-particle residue.
A simple calculation shows that for 0 < § < ¢s/vr the constant part Rp,, of
the Debye-Waller factor is finite, and behaves as

S 5
Rpy, ~ —ph {m (%) +eto(E )} Ll = (8.65)
F S

where ¢ = O(1) is a numerical constant. Hence, for § — 0 the quasi-particle
residue vanishes as

<= (8.66)

,UF5 Tph Cs
, 0
UF

Zgn X {

S
Note that the exponent is given by the anomalous dimension of the Lut-
tinger liquid that would exist for § = 0. Recall that the quasi-particle residue
of weakly coupled chains discussed in Chap. 7.2 shows a very similar behav-
ior. Obviously the parameter 6 in Eq.(7.70), which measures the closeness
of the coupled chain system to one-dimensionality, corresponds to vpd/cs
in Eq.(8.66). Both parameters are a dimensionless measure for the distance
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to the Luttinger liquid points in a suitably defined parameter space. From
Eq.(8.65) it is also clear that in the present problem the vicinity to the
Luttinger liquid points k% = +kpe, becomes only apparent in the regime
d < cs/vp. For 6 2 ¢s/vp the correction term of order vpd/cs in Eq.(8.65)
cannot be ignored. In the extreme case 6 = 1 the integration in Eq.(8.61)
gives rise to a factor

/ dqy#z x Z—F , (8.67)
0 {5—;|qu + Qy} *

so that outside a small neighborhood of the points k* = t+kpe, the prefactor
of R7,, has the same order of magnitude as in the isotropic case, see Eq.(8.56).

8.5 Summary and outlook

In this chapter we have studied the Debye-model for electron-phonon inter-
actions with the help of our non-perturbative bosonization approach. The
Debye-model has been discussed and physically motivated in the classic text-
book by Fetter and Walecka [8.6]. However, these authors did not treat the
screening problem in a formally convincing manner (although the physical
content of their “screening-by-hand”approach is correct). In Sect. 8.1 we have
shown by means of functional integration that the screening of the Coulomb
interaction in the Debye-model can be derived in a very simply way from first
principles.

Higher-dimensional bosonization predicts that long-wavelength isotropic
LA phonons that couple to the electrons via long-range Coulomb forces
can never destabilize the Fermi liquid state in d > 1. On the other hand,
anisotropy in the phonon dispersion can lead to small quasi-particle residues
at corresponding patches of the Fermi surface, while the shape of the Fermi
surface remains spherical. Of course, in realistic materials the phonon disper-
sion cannot be strictly one-dimensional on general grounds®, but we know
from Chap. 7.2 that the vicinity to the Luttinger liquid point in a suitably
defined parameter space is sufficient to lead to characteristic Luttinger liquid
features in the spectral function of a Fermi liquid. More generally, our cal-
culation suggests that the coupling between electrons and any well defined
quasi-one-dimensional collective mode can lead to Luttinger liquid behavior
in three-dimensional Fermi systems.

Finally, let us again point out some open research problems. So far we
have explicitly evaluated the static Debye-Waller factor Q*(r, 0) in the regime

5 Even at T' = 0 a one-dimensional harmonic crystal is not stable. For example,
the mean square displacement of a given site diverges logarithmically with the
size of the system. At 7' > 0 the divergence is even linear. I would like to thank
Roland Zeyher for pointing this out to me.



8.5 Summary and outlook 189

¥ < wvp/cs (see Eq.(8.38)) where phonons and plasmons involve different
energy scales. Although we have convinced ourselves that the Fermi liquid
remains stable in the strong coupling regime 4 2 vr/cs (where Migdal’s theo-
rem does not apply), the calculation of the Debye-Waller factor for strong
electron-phonon coupling still remains to be done. Let us emphasize that
our non-perturbative result for the Green’s function is also valid in this case,
but its explicit evaluation most likely requires considerable numerical work.
An even more interesting (but also more difficult) problem is the evaluation
of our non-perturbative result for the Green’s function of electrons with non-
linear energy dispersion given in Egs.(5.181)—(5.187) for our coupled electron-
phonon system.

Another direction for further research is based on the expectation that,
at sufficiently low temperatures, the retarded interaction mediated by the
phonons will drive the Fermi system into a superconducting state. As
already mentioned in Chap. 5.4, with the help of a Hubbard-Stratonovich
field that couples to the relevant order parameter [8.14] it should not be too
difficult to incorporate superconductivity into our functional bosonization
formalism. In this way our approach might offer a non-perturbative way to
study superconducting symmetry breaking in correlated Fermi systems.
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9. Fermions in a stochastic medium

We use our background field method to calculate the disorder averaged single-
particle Green’s function of fermions subject to a time-dependent random
potential with long-range spatial correlations. We show that bosonization pro-
vides a microscopic basis for the description of the quantum dynamics of an
interacting many-body system via an effective stochastic model with Gaussian
probability distribution. In the limit of static disorder our method is equivalent
with conventional perturbation theory based on the lowest order Born approz-
imation. We also critically discuss the linearization of the energy dispersion,
and give a simple example where this approrimation leads to an unphysical
result. Some of the calculations described in this chapter have been published
in [9.1].

The complicated quantum dynamics of a many-body system of interacting
electrons can sometimes by modeled by an effective non-interacting system
that is coupled to a dynamic random potential with a suitably defined prob-
ability distribution [9.2]. Although the precise form of the probability dis-
tribution is in principle completely determined by the nature of the degrees
of freedom that couple to the electrons (for example photons, phonons, or
magnons), one usually has to rely on perturbation theory to characterize
the random potential of the effective stochastic model. In this chapter we
shall show that for random potentials with sufficiently long-range spatial
correlations our bosonization approach allows us to relate the probability
distribution of the effective stochastic model in a very direct and essentially
non-perturbative way to the underlying many-body system.

The dynamic random potential could also be due to some non-equilibrium
external forces. In this case the identification with an underlying many-body
system is meaningless. The motion of a single isolated electron in an ex-
ternally given time-dependent random potential has recently been discussed
by many authors [9.3-9.9]. Here we would like to focus on the problem of
calculating the average Green’s function of electrons in the presence of a
filled Fermi sea. We shall show that our functional integral formulation of
higher-dimensional bosonization offers a new non-perturbative approach to
this problem in arbitrary dimensions.
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Although within the conventional operator approach this connection be-
tween bosonization and random systems seems rather surprising, it is obvi-
ous within our functional bosonization approach: In Chap. 5 the calculation
of the Green’s function of the interacting system has been mapped via a
Hubbard-Stratonovich transformation onto the problem of calculating the
average Green’s function of an effective non-interacting system in a dynamic
random potential V*(r,7), see Egs.(5.1), (5.14), and (5.103). As shown in
Chap. 5.1, for linearized energy dispersion and for sufficiently long-range po-
tentials V*(r, 7) it is possible to calculate the Green’s function G*(r, 7', 7, 7")
for a given realization of the random potential without resorting to perturba-
tion theory. The translationally invariant Green’s function of the many-body
system is then obtained by averaging G*(v, ', 7, 7') over all realizations of the
random potential V*(r, 7). Of course, in the interacting many-body system
the probability distribution for this averaging is determined by the nature of
the interaction and the kinetic energy (see Eqs.(3.34)—(3.37)), while in the
stochastic model the probability distribution of the random potential has
to be specified externally. However, in our calculation of the Green’s func-
tion G*(r, 7', 7,7') for frozen random potential the nature of the probability
distribution is irrelevant, so that the method described in Chap. 5 can be
directly applied to disordered systems.

9.1 The average Green’s function

We introduce a model of non-interacting fermions subject to a general dy-
namic random potential and derive a non-perturbative expression for the av-
erage Green’s function by translating the results of Chap. 5 into the language
of disordered systems.

9.1.1 Non-interacting disordered fermions

The Green’s function G(r, 7', 7,7') of non-interacting fermions moving under
the influence of an imaginary time random potential U(r,7) is defined via
the usual equation

(—iV,)?

-0, —
2m

+pu—=Ulr, )| Gr, v r7)=60r—r)0"(r—7"). (9.1)

We assume that the random potential has a Gaussian probability distribution
with zero average and general covariance function C(r — v/, 7 — 7'), i.e.

Ulr,7)=0 | (9.2)
Ulr, ) U, 7)=Cr—r',7—71") , (9.3)

where the over-bar denotes averaging over the probability distribution P{U}
of the random potential U. Explicitly, the probability distribution is given by
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1 -1
T 23V Zq Cq U-qUq

P{U} = , (9.4)

[D{U}e 7 2, Cr Uil

where the Fourier components of the random potential and the covariance
function are

B )
qu/ dT/dre_l(q'r_“’mT)U('r,T) , (9.5)
0

B .
C, = / dr / dre i@r=—wnm)C(p 1) (9.6)
0
Hence,

U0, = / DIUYP{U}UU_, = BVC, . 9.7)

All statistical properties of our model are contained in the covariance func-
tion Cy = Cgq,iw,,- If we would like to describe an underlying many-body
system in thermal equilibrium [9.2], then it is (at least in principle) possible
to continue the covariance function to real frequencies, so that the average
real time dynamics corresponding to Eq.(9.1) can be obtained by analytic
continuation. On the other hand, for an externally specified non-equilibrium
potential U(r, 7) there is in general no simple relation between real and imag-
inary time dynamics®.
We are interested in the average Green’s function

Gr—r',7—7)=G(r v, 1,7) . (9.8)

For an exact calculation of the average Green’s function one should first
solve the differential equation (9.1) for an arbitrary realization of the ran-
dom potential, and then average the result with the probability distribution
(9.4). Usually this an impossible task, so that one has to use some approxi-
mate method. A widely used perturbative approach, which works very well
for time-independent random potentials, is based on the impurity diagram
technique [9.3]. In the metallic regime it is often sufficient to calculate the
self-energy in lowest order Born approximation. For static disorder the av-
erage Green’s function is then found to vanish at distances large compared
with the correlation range of the covariance function as [9.3,9.10-9.12]

lr—7'|

Gr—r',7—7)=Go(r —v',7—7")e" 20 | (9.9)

where G is the Green’s function of the clean system, and the length ¢ is
called the elastic mean free path. In Fourier space Eq.(9.9) becomes

! However, for some special cases the analytic continuation is certainly possible.
For example, in Sect. 9.3.1 we shall discuss the Gaussian white noise limit, where
C, is a frequency-independent constant, so that the analytic continuation is
trivial.
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1
G(k) = — - — (9.10)
Wn — (gk_m —p) + sgn(wn)ﬁ

where 7 = {/vr is the elastic lifetime. The extra factor of e~ in Eq.(9.9)
is nothing but the usual Debye-Waller factor that arises in the Gaussian
averaging procedure. Below we shall show that this factor can also be obtained
as a special case of the Debye-Waller that is generated via bosonization.

Within our bosonization approach the average Green’s function is cal-
culated in the most direct way: First we obtain the exact Green’s function
for a given realization of the random potential, and then this expression is
averaged. As explained in detail in Chap. 5.1, our approach is most accurate
if there exists a cutoff ¢. < kr such that for |q| 2 ¢. the Fourier compo-
nents U, of the random potential (and hence also the Fourier components
Cy of the covariance function) become negligibly small. In other words, we
should restrict ourselves to random potentials with sufficiently long-range
spatial correlations. Evidently the most popular model of static d-function
correlated disorder does not fall into this category. This would correspond
to Cq = Y080w,,,0, where the parameter g is related to the elastic lifetime
7 via 79 = (2r7v)~ L. However, in view of the fact that a random potential
with a finite correlation range ¢! is expected to lead for distances |r| > ¢;*
to qualitatively identical results for single-particle properties as a §-function
correlated random potential, the restriction to long-range correlations seems
not to be very serious.

To model the disorder, we simply add the term

Sais{t, Uy =BY > U_yp8 (9.11)
q [e%

to the action (3.25) in our Grassmannian functional integral (3.24). Here
py 1s the sector density defined in Eq.(3.5). The average Green’s function
can now be calculated by repeating the steps described in Chap. 5.1. For
simplicity, in this chapter we shall work with linearized energy dispersion. In
Sect. 9.4 we shall further comment on the accuracy of this approximation in
the present context. Thus, after subdividing the Fermi surface into patches
as described in Chap. 2.4, we linearize the energy dispersion locally and thus
replace Eq.(9.1) by a linear partial differential equation for the sector Green’s
function G*(r,r’,7,7") (see Eq.(5.14))

[0, +iv* -V, = U(r,n)]G*(r,v',7,7")=6(r —r")0*(r —7') . (9.12)

As shown in Chap. 5.1.1, the exact solution of this linear differential equation
is given by Schwinger’s ansatz [9.1], and can be written as (see Eqs.(5.17),
(5.22) and (5.23))
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G (r,r' 7, 7)) =G5(r — 7', T —1")

i(gr—wmT) _ ei(q-r/—wmr')

1 e
— U . (9.13
<o | gy DU (9.13)

q

The Gaussian average of this expression is now trivial and yields the usual
Debye-Waller factor,
G ) = G — v, — )
= G§(r — 7,7 —7)eQanlr=rir=r) (9.14)
with

2
ei(q-wamT) _ ei(q-T'fme’)

1
o o S
Q4i(r =7, 7—1") SV Eq U,U_, (o — " q)°

1 Zcql—cos[q-(r—r’)—wm(T—T')] '

“ T (lm = v g 1)

q

The average Matsubara Green’s function can then be written as (see Eqgs.(5.37)—
(5.39))

ﬁ . o ~ «
G(k) =>_ 6°(k) / dr / dre il(k=k") r—nt] Qo (g 7)e@ais(mT) (9.16)
> 0
This completes the solution of the non-interacting problem.

9.1.2 Interacting disordered fermions

Disorder and interactions are treated on equal footing in our bosonization
approach, so that it is easy to include electron-electron interactions into the
above calculation. Eq.(9.12) should then be replaced by

[0, +iv* -V, —U(r,7) = V*r,7)|G%(r, v, 7,7")
S(r—r)5*(r—7") ,(9.17)

where V*(r,7) is the same Hubbard-Stratonovich field as in Eq.(5.14). The
solution of this equation is again of the form (9.13), with U, replaced by
Ug+ (BV)V, where V* are the Fourier components® of V(r, 7). Given the
exact solution of Eq.(9.17), we obtain the translationally invariant average
Green’s function of the interacting many-body system by averaging over the
disorder and over the Hubbard-Stratonovich field. Explicitly,

2 The additional factor of 3V is due to the different normalizations of the Fourier
transformations, compare Egs.(5.13) and (9.5).
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G*(r—r',7—7)=
/D{U}P{U}/D{¢a}7>{¢a,U}go‘(r,r’,T,T’) (9.18)

with P{U} given in Eq.(9.4). The probability distribution P{¢*, U} has ex-
actly the same form as in Eqs.(3.35)~(3.37), the only modification being that

the elements of the infinite matrix V' in Eq.(3.37) are now given by

Vo = 5 326070 [qsg_k, o] (9.19)

Recall that according to Eq.(3.31) the Fourier components V[ of the poten-
tial V@(r,7) in Eq.(9.17) are related to the Fourier components ¢§ of our

Hubbard-Stratonovich field via V;* = iqﬁg‘. For long-range random-potentials
the closed loop theorem guarantees that the Gaussian approximation is very
accurate, so that we may approximate

P{op*, U} =~
exp {—Seffg{(ba} _ % ana/ [ﬂo(q)]aa’qﬂq[]q]
[ DA exp [=Suna{6m} = & T pour Lo (@) 62,V

where the Gaussian action Semg 2{¢*} is given in Eq.(4.30), and the matrix el-
ements [IT,(q)]*® of the rescaled sector polarization are defined in Eq.(4.22).
Note that by construction

(9.20)

/D{w}w{w,(]} 1 9.21)

i.e. for any given realization of the random potential U the distribution
P{¢>, U} is properly normalized. Because the random potential U in Eq.(9.20)
appears also in the denominator, it seems at the first sight that the averaging
over P{U} in Eq.(9.18) cannot be directly performed, so that one has to use
the replica approach [9.13]. Fortunately this is not the case, because we have
the freedom of integrating first over the ¢®-field before averaging over the
disorder. Then it is easy to see that the U-dependence of the denominator in
Eq.(9.20) is exactly cancelled by a corresponding factor in the numerator, so
that the averaging can be carried out exactly, without resorting to the replica
approach. Thus, after performing the trivial Gaussian integrations we obtain
for the average sector Green’s function of the interacting many-body system

G*(r,7) = Go(r,m)exp |Q°(r,7) + Qu(r, )] (9:22)

where the Debye-Waller factor Q%(r,7) due to the interactions is given in
Eqs.(5.31)-(5.33), and the modified Debye-Waller factor Q%,,(r, 7) due to dis-
order is obtained from QS (7, 7) in Eq.(9.15) by replacing the bare covariance
function C; by the screened covariance function
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C
CRPA — 1 9.23
‘ [+ o (q) f,)° (9:25)

Diagrammatically this expression describes the screening of the impurity
potential by the electron-electron interaction. The corresponding Feynman
diagrams are shown in Fig. 9.1. Note that in Fourier space the screening

x

Fig. 9.1. Screening of the impurity potential.
The bare impurity potential is denoted by a
dashed line with a cross, and the thick wavy
line represents the RPA interaction (see Fig. 4.3
(d)). The effective screened disorder potential
U(?PA is denoted by a double dashed line with
cross. In [9.15] we have discussed these dia-
grams in a different context.

correction in Fig. 9.1 is —UgI(q) (?PA, which should be added to the bare
disorder potential U,. Hence, the total screened disorder potential has the

Fourier components

Io(a)fe Ug
1+ 1o(q)f, 1+ Io(q)f,

In d = 1 aresult similar to Eq.(9.22) has also been obtained by Kleinert [9.13],
and by Hu and Das Sarma [9.14]. However, Kleinert has obtained his result
by combining functional bosonization [9.42] with the replica approach to
treat the disorder averaging. As shown in this section, there is no need for
introducing replicas if one integrates over the Hubbard-Stratonovich field
before averaging over the disorder. In the expression derived by Hu and Das
Sarma [9.14] the screening of the random potential is not explicitly taken into
account.

URPA — U, — U,

q

(9.24)

9.2 Static disorder

We show that for static random potentials with sufficiently long-range corre-
lations Eq.(9.16) agrees precisely with the usual perturbative result.
According to Eq.(9.5) the Fourier coeflicients Uy of a time-independent ran-

dom potential U(r) are

Uy = Bu,, 0Uq , Ug= / dre 97U (r) . (9.25)
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For simplicity let us assume that the Fourier transform of the static correlator
has a simple separable form?,

L _
Oq = VUquq = Bawm,O'}/q y Vg = 70€ |al2/4e ) (9-26)

where |g|; = Zle |gi]. As discussed in Chap. 5.1.3, for linearized energy
dispersion we may set r = rﬁ‘f)o‘ in the argument of the Debye-Waller factor,
because the function G§(r,7) is proportional to 6(4=1(r%), see Eq.(5.48).
Then we obtain from Eq.(9.15) for V — oo

N » Y dg _ ) 1 — cos(0” - qrﬁ‘)
dlS(T” v 77-) = - |’UO‘|2 / (27T)de lali/q (f)a ; q)2 (927)
Note that for a spherical Fermi surface |[v®| = vp is independent of the

patch index, but in general v® depends on a. The Debye-Waller factor is
independent of 7 because we have assumed a static random potential. For
|rﬁ‘qc| > 1 the integral in Eq.(9.27) is easily done and yields

a [ePNet |Ta| o
Quis(rjv 77')N—$ oo el >1 (9.28)

where the inverse elastic mean free path (% is given by

1 g\t o
— (X 2
Lo ( ™ ) |[ve|? (9:29)
We conclude that at large distances
G(r,1) = G§(r,T) exp [— |v2€;f|] . (9.30)

The complete averaged real space Green’s function is then according to
Eq.(5.43) given by

[0 'Tq (9.31)

_ ik r ~ya
G(r,7) = Ze G§ (r,7)exp {— 57a

[0}

From Eq.(9.28) it is evident that in d = 1 any finite static disorder destroys
the Luttinger liquid features in the momentum distribution [9.14]. Recall that
regular interactions in one-dimensional Fermi systems give rise to a contribu-
tion to the Debye-Waller factor that grows only logarithmically as rﬁ‘ — 00,
see Eq.(6.89). At sufficiently large distances this logarithmic divergence is
completely negligible compared with the linear divergence due to disorder

3 Any other cutoff function (for example efqz/qg) yields qualitatively identical
results. Our choice leads to particularly simple integrals.
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in Eq.(9.28). Note also that the linear growth of the Debye-Waller factor in
Eq.(9.28) is independent of the dimensionality of the system, and implies
that the momentum distribution nge 4 is for small g an analytic function of
q. Thus, any finite disorder washes out the singularities in the momentum
distribution.

For a comparison with the usual perturbative result, let us also calculate
the Fourier transform of Eq.(9.30). Shifting the coordinate origin to point k&*
on the Fermi surface by setting k = k™ + ¢, and choosing |g| < ¢, it is easy
to show that Eq.(9.30) implies for the averaged Matsubara Green’s function

1

G(ka +q, lwn) =G" (q, lwn) = = = i ) (932>
i0n — v - g+ sgn(Wn) 53w
where the inverse elastic lifetime associated with sector « is given by
[ qc)d—l o
S = (X ) 9.33
T Lo ( T o] (9:33)

Eqgs.(9.32) and (9.33) agree with the usual perturbative result of the lowest
order Born approximation for the average self-energy. The relevant diagram
is shown in Fig. 9.2, and yields for the imaginary part of the self-energy

ImX(k) = % > TgU_glmG(k + q, —i0™)
q

_J ~lal1/4c _iot
_qu:e ah/eImG(k + ¢, —i0") . (9.34)

Because the random potential is static, the self-energy does not depend on the
frequency. Note that for g. = oo, corresponding to a random potential with

=X~ Fig. 9.2. Lowest order Born approxima-

//' AN tion for the average self-energy of non-

/ \ interacting fermions in a static random

K <’ k+g ‘l< K potential. The dashed line with the cross

denotes the average UgU_gq.

o-function correlation in real space, we may shift ¢ + k — ¢ in Eq.(9.34), so
that the self-energy is independent of k. Then Eq.(9.34) reduces to the usual
result % = ImXY = mygv. As already mentioned, the approximations leading
to Eq.(9.31) are not accurate in this case, because the correlator involves
also large momentum transfers. On the other hand, for ¢. < kr only wave-
vectors |q| < kp contribute in Eq.(9.34), so that we may linearize the energy
dispersion. Then we obtain
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1 d
— = 2AmI(k") = 27770/—(27:_1)de|‘“/q°5(va -q)
Yo a—1 1
= —— (2 — 9.35
(27T>d71( qC) |’UO‘| ’ ( )

which agrees precisely with Eq.(9.33). We conclude that for static disorder
with long-range correlations our bosonization approach reproduces the lowest
order Born approximation for the elastic lifetime.

9.3 Dynamic disorder

We first derive a strikingly simple relation between interacting Fermi sys-
tems and effective stochastic models with time-dependent disorder. We then
explicitly evaluate the average Green’s function in some simple cases.

The case of a static random potential is not very exciting, because we have
simply reproduced the perturbative result. New interesting physics emerges
if we consider a general dynamic random potential. To calculate the average
Green’s function, we should specify the dynamic covariance function Cy in
Eq.(9.7) and then evaluate the Debye-Waller factor (9.15). If we would like
to describe with our stochastic model an underlying interacting many-body
system in thermal equilibrium, then the form of C; is determined by the na-
ture of the interaction. In the case of the coupled electron-phonon system at
high temperatures an explicit microscopic calculation of Cj; has been given
by Girvin and Mahan [9.2], who found that the disorder can be modeled
by a white noise dynamic random potential, corresponding to a frequency-
independent C. The identification of C;; with the parameters of the under-
lying many-body system given in [9.2] is based on a perturbative calculation
of the self-energy at high temperatures.

In contrast, our functional bosonization approach allows us to relate the
covariance function C; of the random system at low temperatures in a direct
and essentially non-perturbative way to the underlying many-body system.
Evidently, the requirement that the average Green’s function of the ran-
dom system should be identical with the Green’s function of the interacting
many-body system without disorder is equivalent with the postulate that
the corresponding Debye-Waller factors should be identical. Comparing then
Q§;s(r, 7) in Eq.(9.15) with the Debye-Waller factor Q*(r, 7) due to a general
density-density interaction given in Egs.(5.31)—(5.33), we conclude that we
should identify

e 2w
Cq = _f;{PA = —fq + f(?/o dWSRPA(q,w)

—_ 9.36
where f, is the bare interaction of the underlying many-body system, and we
have used Eq.(6.3) to express fpr in terms of the dynamic structure factor.
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Eq.(9.36) is the link between the phenomenological stochastic model and the
microscopic many-body system. In spite of its apparent simplicity, Eq.(9.36)
is a highly non-trivial result, because it is based on a non-perturbative re-
summation of the entire perturbation series of the many-body problem.

9.3.1 Gaussian white noise

Even if the random potential is determined by some non-equilibrium external
forces, it is useful to decompose the covariance function C, as in Eq.(9.36),
because then we can simply use the results of Chap. 6.1 to evaluate the
Debye-Waller factor. Let us first consider the case of Gaussian white noise
random potential with covariance given by*

C, = Coe~lal/a (9.37)

Because a white noise random potential involves fluctuations on all energy
scales with equal weight, the covariance function C is independent of the fre-
quency. Comparing Eq.(9.37) with Eq.(9.36), it is clear that the correspond-
ing Debye-Waller factor can be simply obtained from Egs.(6.14), (6.16), and
(6.17) by setting fq = —Coe~1911/% and Sgpa(q,w) = 0. From Eq.(6.14) it is
then obvious that in this case the constant part of the Debye-Waller factor,

o 1 Cq
Rdis - BV ; (1wm — v q)2 ) (938)

vanishes for 3 — oo. This is in sharp contrast to the static random potential,
where RS, is divergent, see Eq.(9.27). For the space- and time-dependent
contribution we obtain from Eqs.(6.16) and (6.17)

(i |T|Z % . qro)e1al /g o= lv* all7]
ReSdiS(T”'U ,7’) :_OOW - COS(’U ~qr” )e qi1 q,e v o-q 7(9.39)

QO (pOHY ) — Tz~ 5% . glr®)e—lal1/aco—Ivall7]
IdeiS(T”'U ,T) = OO2V d sin(|o q|7~H Ye~lali/aeq q (9.40)

Note that in this limit only the term Lg(7) in Eqs.(6.16) and (6.17) survives.
With the above simple form of C, the g-integration is trivial. We obtain for
the total Debye-Waller factor

iWr
Gis(rifo®, 1) = =83 (rio”, 1) = , 9.41
Qd]s( I ) d ( I ) Tﬁ +i|v°‘|7’—|—isgn(7)qc_1 ( )
where we have defined o 1
w =2 (q—) . 9.42
2r \mw ( )

4 Note that the constant Cp has units of volume x energy, just like the usual
Landau interaction parameters.
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Note that W has units of velocity. We conclude that the average sector
Green’s function is given by

iWwr
0% - r +i|lv*|T 4+ 1isgn(T)ge

G¥(r,7) = G§(r,T) exp T - (9.43)

Because the Debye-Waller factor vanishes at 7 = 0, we have G*(r,0) =
G§(r,0), so that the white noise dynamic random potential does not af-
fect the momentum distribution. Hence, the average momentum distribution
exhibits the same jump discontinuity as in the absence of randomness. In
contrast, a static random potential completely washes out any singularities
in the average momentum distribution.

In Fourier space Eq.(9.43) looks rather peculiar. Let us first calculate the
imaginary frequency Fourier transform,

s
G (q, i) = / dreé® G (q 1) (9.44)
0
where
G*(q,7) = /dre’iq'TGo‘(r,T)

s 0o 7iq‘("‘z .
= _1/ dzr— - exp[ - IW.T —| , (9.45)

27 x +ijve|r x + i|ve|T +1sgn(7)qe

with ql(ll = 9% - q. Because the argument of the exponential in the last factor
of Eq.(9.45) is always finite, we may expand the exponential in an infinite
series and exchange the order of integration and summation. For § — oo
the resulting integrals can then be done by means of contour integration.
Assuming for simplicity qﬁ‘ > 0 and 7 > 0, the relevant residue is

]
Res - © - —
e ol Ao i )
oo N co (_iqa)k(_iqc)erl
— e I¥lejToq /e Z Z O, ktm+1 I i . (9.46)
k=0 m=0 ’
After some straightforward algebra we obtain
‘1u n (Waer)™
Go(q, ) = —e 1*"lai e 4] /qcz Z g;' ' (9.47)
m=0 ’

Substituting this expression into Eq.(9.44), the 7-integration is trivial, so that
we obtain in the limit § — oo
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-q /q(‘ ‘

o0 q\
. e
G*(g,iw) = ——— Z

n=0

n W m
Z [ g } . (9.48)
The summations are now elementary, and we finally obtain

1
Waqe +iw —v® - q

Wq.e—?"a/a Tl
x {1 TR exp [—inqq} } . (9.49)

iw—v*-q iw— v -

G(q,iw) =

Recall that we have assumed 9% - q > 0. For |w| < Wg. and g <
min{qc, Wq./|v*|} this reduces to

~ O
G(q,iw) ~ %e Xp [ inf} . (9.50)
iw—v*-q v - q
If we now analytically continue this expression to real frequencies by replacing
iw — w+i0T, we encounter an essential singularity at w = v - q. As will be
explained in Sect. 9.4, we believe that this singularity is an artefact of the
linearization of the energy dispersion.

9.3.2 Finite correlation time

A dynamic random potential with a finite correlation time can be modeled
by the covariance function

0, = 7, 2

—_— 9.51
qwgn_i_gg ’ ( )

with some residue Z, and frequency (2. In the time domain this implies for
f— o0

1 .
T) = 5 Z Cpe i onT = Z e~ %l (9.52)
Note that we can rewrite Eq.(9.51) as
* 2w
Cq = : dWScol(qvw)w ; (9.53)
with
Seol(q,w) = Zgb(w — 2q) . (9.54)

Comparison with Eq.(9.36) shows that the exponentially decaying imaginary
time correlator in Eq.(9.52) corresponds to an undamped collective mode of
an underlying many-body system. To calculate the Green’s function, we sim-
ply compare Egs.(9.36) and (9.53), and note that both expressions agree if we
set fg — 0 and fq?SRpA(q, w) — Scoi(q,w). Hence we can obtain the spectral
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representation of the Debye-Waller factor by making these replacements in
Egs.(6.14), (6.16) and (6.17). The constant part is given by

dg Zq
RY — — . 9.55
= | @n) (29 1 0" - q])? (9:55)

In contrast to the Gaussian white noise random potential, the finite correla-
tion time leads to a renormalization of the quasi-particle residue. Similarly,
Sg‘is(rﬁ‘f;a, 7) can be obtained by substituting Eq.(9.54) into Eqs.(6.16) and
(6.17). For simplicity we shall assume here that the frequency {24 = (2 is dis-
persionless and larger than all other energy scales in the problem, and choose
Zq = Zoe~lal1/9 Keeping the next-to-leading order in 90—1 we obtain

7 d-1
Qaulrfo, 1) ~ —t (%)

T orloe|2y \ 7

il

it + ilve|r +isgn(7)ge *
a — 20| 7|
Llotlee (e
2 1+ (1"ﬁ‘qc)2
If we take the limit 2y — oo while keeping Z/{2y constant, we recover
Eq.(9.41), with W = (Zo/(72))(g./m)%" . Because the leading term in
Eq.(9.56) has the same structure as Eq.(9.41), the spectral function exhibits

again an essential singularity at w = v®-q. Therefore the essential singularity
in Eq.(9.50) is not a special feature of the Gaussian white noise limit.

(9.56)

9.4 Summary and outlook

In this chapter we have used our background field method developed in
Chap. 5 to calculate the average Green’s function of electrons subject to a
long-range random potential. For simplicity, we have worked with linearized
energy dispersion. Although for static disorder we have correctly reproduced
the usual perturbative result of the Born approximation, for time-dependent
disorder we have obtained the rather peculiar expression (9.50) for the Fourier
transform of the Green’s function, which involves an essential singularity on
resonance (i.e. for w = v® - ). We believe that this singularity is an artefact
of the linearization of the energy dispersion. This is based on the observa-
tion that in the white noise limit considered in Sect. 9.3.1 the long-distance
behavior of the Debye-Waller factor is completely determined by the term
Lg(7) of Eqgs.(6.16) and (6.17). As discussed in detail in Chap. 6.1.3, this
term is generated by the double pole in the Debye-Waller factor for linearized
energy dispersion. On the other hand, for non-linear energy dispersion this
double pole is split into two separate poles, so that a term similar to Lg(7)
does not appear. Thus, an interesting open problem is the evaluation of the
Debye-Waller factor due to dynamic disorder for non-linear energy



9.4 Summary and outlook 205

dispersion. In this context we would also like mention that a numerical
analysis [9.16] of the higher-dimensional bosonization result for the Green’s
function with linearized energy dispersion (see Eqgs.(5.31)—(5.33) and (5.37)—
(5.39)) indicates that also for generic density-density interactions there exists
some kind of unphysical singularity in the spectral function close to the reso-
nance w = v*-q. We believe that this singularity has precisely the same origin
as the singularity in Eq.(9.50), namely the double pole in the Debye-Waller
factor for linearized energy dispersion.

Another interesting unsolved problem is the correct description of the dif-
fusive motion of the electrons within the framework of higher-dimensional
bosonization®. The signature of diffusion is known to manifest itself also in the
low-energy behavior of the single-particle Green’s function of an interacting
disordered Fermi system. Evidently our result (9.22) for the average Green’s
function in the presence of electron-electron interactions does not contain
interference terms describing the interplay between disorder and electron-
electron interactions. Note that the perturbative calculation of the average
Green’s function for disordered electrons in the presence of electron-electron
interactions leads to singular terms due to multiple impurity scattering. These
appear even at the first order in the effective electron-electron interaction and
involve the so-called Diffuson and Cooperon propagators [9.10-9.12]. While
the Cooperon involves momentum transfers of the order of 2k, the Diffuson is
most singular for small momentum transfers. Because our approach attempts
to treat the complete forward scattering problem non-perturbatively, the Dif-
fuson should not be neglected. In fact, it is well known that the Diffuson qual-
itatively modifies the effective screened interaction at long wavelengths [9.11].
Furthermore, the so-called g;-contribution to the self-energy [9.12], which to
lowest order in the electron-electron interaction involves two Diffuson propa-
gators, can be viewed as an effective long-range interaction between the elec-
trons. This interaction is generated by many successive impurity scatterings
and is a consequence of the diffusive motion of the electrons in a disordered
metal. Obviously, such a motion cannot be correctly described within the ap-
proximations inherent in higher-dimensional bosonization at the level of the
Gaussian approximation. However, in Chap. 5.2 we have developed a general
method for calculating the Green’s function beyond the Gaussian approxima-
tion, which might lead to a new non-perturbative approach to the problem
of electron-electron interactions in disordered Fermi systems.

5 The case of one dimension [9.17] is special, because, at least in the absence of
interactions, the localization length of one-dimensional disordered fermions has
the same order of magnitude as the elastic mean free path [9.11,9.12]. Therefore
the diffusive regime does not exist in d = 1.
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10. Transverse gauge fields

We generalize our functional bosonization approach to the case of fermions
that are coupled to transverse abelian gauge fields. This is perhaps the physi-
cally most important application of higher-dimensional bosonization, because
transverse gauge fields appear in effective low-energy theories for strongly cor-
related electrons and quantum Hall systems. In this chapter we shall restrict
ourselves to the formal development of the methods. An important physical
application to the quantum Hall effect is given in the Letter [10.1]. For lin-
earized energy dispersion we have discussed the gauge field problem in the
work [10.2]. It turns out, however, that in physically relevant cases quan-
titatively correct results for the single-particle Green’s function can only be
obtained if one retains the quadratic terms in the erpansion of the energy
dispersion close to the Fermi surface.

As shown in the classic textbook by Feynman and Hibbs [10.45], the static
Coulomb interaction 47e? /g% between electrons can be obtained by coupling
the electronic density to the scalar potential ¢ of the Maxwell field and in-
tegrating in the functional integral over all complexions of ¢. The transverse
radiation field A is usually neglected in condensed matter, because the cou-
pling between the current density and the transverse radiation field involves
an extra factor of vp/c. At metallic densities the Fermi velocity vp is two or-
ders of magnitude smaller than the velocity of light ¢, so that for all practical
applications it is justified to ignore the radiation field. The leading correction
to the static Coulomb interaction is an effective retarded interaction between
paramagnetic current densities, mediated by the transverse radiation field.
Within the RPA the propagator of the transverse radiation field is in Coulomb
gauge and for frequencies |w,,| < vr|q| given by (see Eq.(10.106) below)

Yo"
1 2 1-— - §)?

pRPAe = o (E) ( q>|w - (10.1)
(U m

el () + 5 CEP

Here v is the density of states at the Fermi surface, and k is the usual
Thomas-Fermi wave-vector in three dimensions. In 1973 Holstein, Norton
and Pincus [10.3] showed that the associated effective current-current inter-

action gives rise to logarithmic singularities in the perturbative expansion of
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the electronic self-energy, and concluded that the low-energy behavior of the
single-particle Green’s function is not of the Fermi liquid type. However, they
also showed that due to the smallness of the parameter vp/c the deviations
from conventional Fermi liquid behavior are beyond experimental resolution,
so that they have little practical consequences. Later the behavior of the
electrodynamic field in metals was studied in more detail by Reizer [10.4]. A
nice pedagogical discussion of this problem can be found in the textbook by
Tsvelik [10.5].

The recent excitement about the unusual normal-state properties of
the high-temperature superconductors [10.6-10.9,10.24] as well as half-filled
quantum Hall systems [10.10-10.12] has revived the interest in the problem
of electrons coupled to gauge fields from a more general point of view. In
theoretical models for these systems the transverse gauge field is not neces-
sarily the Maxwell field, so that in principle the magnitude of the velocity
associated with the gauge field can be comparable with the Fermi velocity,
and the effective coupling constant can be of the order of unity. Moreover,
the effective dimensionality is not necessarily d = 3. Thus, we are led to the
general problem of fermions in d dimensions that are coupled to transverse
gauge fields with RPA propagator given by

11— (k" q)?

WA = e { q|) - (10.2)
14 q Wi,
(I) + Adylgl

Here n > 0 is some exponent, \; is a numerical constant, and ¢. is some
characteristic momentum scale. We recover Eq.(10.1) by setting n =2, A\3 =
/4, and g. = vpk/c. On the other hand, the gauge field propagator in the
two-dimensional Maxwell-Chern-Simons action (which is believed to describe
the low-energy physics of composite Fermions in the half-filled Landau level
[10.12]) corresponds to the choice n = 1, Ay = 1, and ¢. = (2kr)?/k, where &
is in this case the Thomas-Fermi wave-vector in d = 2, see Eq.(A.50).

The low-energy behavior of the Green’s function of fermions that are cou-
pled to transverse gauge fields with propagator (10.2) has recently been stud-
ied with the help of a variety of non-perturbative techniques, such as renor-
malization group and scaling methods [10.13-10.16], a 1/N-expansion [10.17],
higher-dimensional bosonization [10.1,10.2,10.18,10.33], a quantum Boltz-
mann equation [10.19], and other non-perturbative resummation schemes
[10.11,10.20,10.21,10.51]. According to Ioffe et al. [10.17] as well as Castel-
lani and Di Castro [10.51], in the case of transverse gauge fields it is not
allowed to locally linearize the energy dispersion (thus approximating the
Fermi surface by a collection of flat patches) because the effective interaction
mediated by the gauge field is dominated by momentum transfers parallel to
the Fermi surface. In fact, the method used by Ioffe et al. [10.17] produces
results that are in disagreement with the predictions of higher-dimensional
bosonization with linearized energy dispersion [10.2,10.18]. Because the lin-
earization of the energy dispersion is one of the main (and a priori uncon-
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trolled) approximations inherent in earlier formulations of higher-dimensional
bosonization [10.31-10.37], one might suspect that the linearization is at least
partially responsible for this disagreement.

Let us give a simple argument why for the effective interaction mediated
by transverse gauge fields the curvature of the Fermi surface might indeed be
more important than in the case of the conventional density-density interac-
tions discussed in Chap. 6. Consider a fermion with momentum k = k% + q
such that |g| < kp. From Eq. (10.2) we see that the typical momentum
qw transfered by the gauge field in a low-energy process with energy w is
determined by (g, /qc)" = Aaw/(vrq. ), so that

1
A d\ T
qu = <—Z§C> wl}rn . (103)

Because the factor 1 — (k:a -q)? in Eq.(10.2) is maximal for wave-vectors q
that are perpendicular to k® (see Fig. 10.1), we conclude that the typical
momentum transfer ¢, parallel to the Fermi surface is of the order of ¢,,. On

VC(

qII

he T~

Fig. 10.1. Local coordinate system on
the Fermi surface and definition of the
components ¢ and g, of ¢ =k — k.

the other hand, for an energy dispersion of the form! §q = vrq + a2 /(2my),
the curvature term is negligible provided

il

— <1 . 10.4
2m, vpq (10.4)

Setting ¢1 ~ q. and using the fact that vpq ~ w close to the poles of the
Green’s function, we see that Eq.(10.4) reduces to

2
1 A a\ T+n 4 _
= Ade W <1 (10.5)
2mJ_ VR
! To study curvature effects, we may omit the term quadratic in q =q-0%, ie.

qﬁ/(QmH). As discussed in Chaps. 5.2 and 7.2.2, this term does not describe the
curvature of the Fermi surface and is irrelevant. For convenience we have also
omitted the patch index on ql‘r and ¢9 .
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For n < 1 this condition is always satisfied at sufficiently low energies, so
that in this case curvature should be irrelevant. On the other hand, for n > 1
the left-hand side becomes arbitrarily large for small w, so that we expect
that in the low-energy regime the curvature of the Fermi surface will become
important. Of course, the above arguments are rather hand-waving, so that
more rigorous methods are necessary to examine the role of curvature in
the bosonization approach to the gauge field problem. Having developed a
non-perturbative method to include curvature effects into higher-dimensional
bosonization (see Chap. 5.2), we shall in this chapter examine the role of
curvature by explicitly calculating the effect of the quadratic term in the
energy dispersion on the gauge field contribution to the Debye-Waller factor.

10.1 Effective actions

We define a general field theory for non-relativistic electrons that are coupled
to transverse abelian gauge fields. This theory contains the usual Maxwell
action as a special case. We discuss in some detail the effective matter action
that is obtained by integrating first over the gauge field, and the effective
gauge field action that results from the integration over the matter degrees of
freedom.

10.1.1 The coupled matter gauge field action

Transverse gauge fields can be viewed as Hubbard-Stratonovich fields that cou-
ple to the fermionic current density. We show how to obtain the propagators
via functional integration and how to impose the Coulomb gauge constraint
with the help of the Fadeev-Popov method.

Measuring wave-vectors with respect to local coordinate systems centered at
the Fermi surface, the Euclidean Maxwell action [10.7] can be written as

S{¢7¢Q,Aﬂc} :SO{¢}+81{¢7¢aaAa}+SQ{¢aaAa} s (106)
where the matter action Sp{¢} is defined in Eq.(3.3), and
Si{, ¢, A} =" " lipge”, — 45 - A%] (10.7)
q «

Safon, A%y = 2 3OS I, 10 o0 + B, 10 A%, - 45 ] (108)

q oo’

For convenience we have used the Coulomb gauge,

q-A2=0 , (10.9)
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because then the longitudinal and transverse components of the gauge field
A5 = [, A%] in Eq.(10.8) are decoupled. The sector density p§ is defined in
Eq.(3.5), and the gauge invariant sector current density jg‘ has a para- and
a diamagnetic contribution,

] 7Jgdraa+j2ia7a , (1010)
with
.para,a a k+q 2
.75 ’ :Z@ /)wkwk—i-q ) (1011)
.dia,ar __ a &
gt S At w2
q/

For arbitrary matrices f and ﬁq in Eq.(10.8) the above action is more general

than the usual Maxwell action. The latter can be obtained by choosing the
matrix elements of f . and h,, to be independently of the sector indices given

by?

- 647Te - ;o I) dme?
h) =hy= 5
] fq V q ’ [—q] q Vq2+(u.)én>2

(10.13)

If we set A® =0 in Eq.(10.6), then S{t, %, 0} agrees precisely with the ac-
tion given S{v, ¢*} defined in Eq.(3.25), which has been obtained from the
original density-density interaction by means of the Hubbard-Stratonovich
transformation discussed in Chap. 3.2. Evidently the gauge field Af can
be viewed as a generalized Hubbard-Stratonovich field which couples to the
(gauge invariant) current density. The Maxwell-Chern-Simons action, which
plays an important role in the theory of the half-filled Landau level [10.12],
contains an additional term involving the coupling between the ¢*- and the
A“-field [10.18]. This coupling is due to the fact that in these theories density
fluctuations are effectively mapped onto fluctuations of the gauge field. By
a proper choice of the propagator of the ¢“-field, one can therefore control
the value of the exponent n that characterizes the dispersion of the gauge
field propagator in Eq.(10.2). Because in this section we would like to discuss
the basic concepts, we shall ignore at this point the Chern-Simons coupling
between ¢“- and A%-field. From the general structure of the final result for
the single-particle Green’s function the modifications arising from the Chern-
Simons coupling will become obvious.

2 Of course, matrices with all equal elements are not invertible, so that we
. -1 =1, . . .

should regularize f . and h, in some convenient way. As already mentioned in

Chap. 3.2.1, our final results for physical quantities can be entirely expressed in

terms of the original matrices iq and h,, so that for our purpose it is sufficient to

1 =1
assume at intermediate stages that f . and h,~ have been properly regularized.
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In complete analogy with Eq.(3.24), the exact single-particle Green’s func-
tion is now given by

| D{YYD{¢"}D{ A% Je5 {0074}y, it
[ D{y}D{¢"}D{A Je ST¥-o" A"

G(k) = -8 (10.14)

where the functional integration over the A%-field is subject to the Coulomb
gauge condition (10.9). Although in a gauge theory the single-particle prop-
agator is in general gauge dependent [10.5], we expect physical quantities
derived from it to be gauge invariant®. Moreover, as recently shown by
Syljuasen [10.23], for a particular class of gauge choices, the most singular
part of the fermionic self-energy in non-relativistic quantum electrodynamics
is independent of the gauge.

The matrices f and h determine the free propagator of the gauge field,

J D{¢"}D{A%}e~ %" AT 40 A
Diiule) = [ D{¢p*}D{A e 506", A (10.15)

where we use the convention that A7 = ¢7. In Coulomb gauge the longitu-
dinal and transverse components do not mix, so that

Dggola) = [F )* . (10.16)
Dggila) = D§%(@) =0 , i=1,....d , (10.17)
D§%(q) = [hg)* [0 — (e @)(ej-@)] . i,j=1,....d , (10.18)

where ¢ = q/|q|. A simple way to derive Eq.(10.18) is to impose the Coulomb
gauge condition (10.9) in the functional integral by means of the Fadeev-
Popov method [10.4]. A very nice pedagogical discussion of this method can
be found in the recent textbook by Sterman [10.18, page 190]. In the prob-
lem at hand, the Fadeev-Popov method amounts to inserting the following
integral representation of the functional §-function into the integrand of the
denominator and the numerator of Eq.(10.15),

[[5(v- A% 1)} = /D{Aa}e* Y ANy (10.19)

and then treating the A“-integrations as unrestricted. The integration over
the auxiliary fields Ay, « = 1,..., M enforces the Coulomb gauge condition
(10.9) for each sector. Shifting

3 In particular, the imaginary part of the retarded Green’s function can be directly
related to the photoemission spectrum as long as certain standard approxima-
tions (which are discussed in detail in [10.22]) are assumed to be correct. Thus,
we expect that ImG(k,w +i07) is to a large extent gauge invariant. I would like
to thank C. Kiibert and A. Muramatsu for pointing this out to me.
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Ay — AT =N qrg (10.20)

o

and using [ﬁq]o‘o‘l = [ﬁ_q]o‘,o‘ (see also Eq.(3.19)), we replace

% SN, A, A +3 A% A —
qo

qg aao’
5 30 Sl A Ay 5 IS A N (1021)
q aa’ q aao!

Using the fact that the integration measure is invariant with respect to shift
transformations [10.5], we obtain

Digy(a) = { [ DOy panyesiaman

x / DA} D (A%} e 514"

1

Agi A%, 5~ aig Z[ﬁq]a“ugui@[ﬁq]m} . (10.22)

where
So{ A% X7} = %ZZ [[E;l]““’ A 4 @Plh N /\0‘} . (10.23)
q aao’

The unrestricted Gaussian integrations are now easily done, and we finally
arrive at Eq.(10.18).

10.1.2 The effective matter action

.. can be obtained by integrating first over the gauge field.

To see the connection with the conventional many-body approach more
clearly, it is instructive to calculate the effective interaction between the mat-
ter degrees of freedom mediated by the gauge field. Performing in Eq.(10.14)
the integration over the gauge field first, we obtain an expression of the same
form as Eq.(3.6), with matter action Spat{¥} = So{9} + Sint{?0}, where now

sim{w——ln( / D{¢"} / D{Aa}esl{w:¢“=A"‘}SzwvA"‘}) . (1024)

In Coulomb gauge the integration over the longitudinal component ¢“ is
trivial, and corresponds just to undoing the Hubbard-Stratonovich transfor-
mation of Chap. 3.2. Hence,
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1 .y
Sme{t} =5 SN T o2 0l + S} (10.25)

q aao
with

SE () = —In ( / D{Aa}eSS{w>A‘*}) | (10.26)

where the integration is subject to the constraint g - Ay’ = 0, and

SS{'(/J,AO‘} _ ZZ aa Aa AZ/ _ szgara,a . qu
q «

q aao’
1 o «@ o
+ o= E E Pg—qgAZ, Ay . (10.27)
2mc? 3 i

Because the diamagnetic part of the current density gives rise to a term in
Eq.(10.27) which is not diagonal in momentum space, the functional integra-
tion in Eq.(10.26) cannot be carried out exactly. The higher order diamag-
netic contributions generate also retarded density-density interactions, which
should be combined with the static Coulomb interaction due to the longitu-
dinal component of the gauge field. For the Maxwell field these corrections
are of higher order in €?/c ~ %, so that it is allowed to ignore them. Cal-
culating the action S{Sf{w} perturbatively, we find to leading order that the
transverse gauge field generates the following effective action for the matter
degrees of freedom,

S}~ g 350 S D

q aa’ ij

=y S R 5y~ (e @) )] A (10.28)

q aa’ ij

Hence, the coupling between radiation field and matter gives rise to an ef-
fective interaction between the transverse parts of the paramagnetic current
densities [10.24,10.25]. For d = 3 we may use the vector product to rewrite
the second line in Eq.(10.28) as

S {v ~ —5 Z Z (@ x P (g %GRy L (10.29)

q aa’

In a conventional many-body approach, one would now treat the effective
two-body interactions in Siys {1} perturbatively [10.4]. However, a priori such
an expansion cannot be justified, because the interaction becomes arbitrary
large for small wave-vectors and frequencies. In the case of the longitudinal
component of the gauge field the physics of screening comes as a rescue. By
performing an infinite resummation of a formally divergent series (which is
of course nothing but the RPA for the effective density-density interaction
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[10.6,10.9]), it is possible to formulate the perturbative expansion such that at
high densities the effective expansion parameter is small. Unfortunately, this
strategy fails in the case of the effective current-current interaction mediated
by the transverse radiation field, because in the static limit* transverse gauge
fields are not screened as long as the gauge invariance is not spontaneously
broken. Therefore the conventional many-body approach fails as far as the
perturbative calculation of the effect of S:24{1)} on the single-particle Green’s
function is concerned. This has first been noticed by Holstein, Norton and
Pincus [10.3], and has been discussed later in more detail by Reizer [10.4].

10.1.3 The effective gauge field action

...can be obtained by integrating first over the matter field. This is what we
need for our functional bosonization approach.

If we integrate in Eq.(10.14) first over the Grassmann fields, we obtain, in
complete analogy with Eqgs.(3.34)—(3.37),

G(t) = [ D{o*}DIA}PL6, A} Gt = (G}, (1030)

where the probability distribution is now

e Sett {¢%, A%}
f D{(ba}D{Aa}e*Seff{qba,Aa} )

P{o™ A%} = (10.31)

with
Se{0®, AY} = So{0®, A%} + Siin{0™, A°} . (10.32)

The potential energy part So{¢p®, A%} of the effective action is given in
Eq.(10.8), and the kinetic energy contribution is

Siin{0®, A%} = —TrIn[1 — GoV] . (10.33)
The matrix elements of V are

Vew =>_ 0% (k)Vi& (10.34)

Ve =

q

| =

N’ « [e3 1 o «@
l¢q —Uu - Aq + m Z A_q// . Aq+q// . (1035)
q"

4 Note that at finite frequencies transverse gauge fields are dynamically screened,
see Eq.(10.103) below. For the Maxwell field this is called the skin effect.
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Here u® = k®/(mc) is a dimensionless vector with magnitude of the order
of v /c. The infinite matrix G is defined as in Eq.(5.7), with V¥ now given
in Eq.(10.35). For the calculation of the kinetic energy contribution to the
effective gauge field action we shall use the Gaussian approximation. Note
that the generalized closed loop theorem discussed in Chap. 4.1 implies that,
at least in certain parameter regimes (at high densities and at long wave-
lengths), the corrections to the Gaussian approximation are small. In this
case the expansion of the logarithm in Eq.(10.33) can be truncated at the
second order, so that we may approximate (see Eq.(4.2))

. 1 12
Skin{¢aa Aa} ~ Tr [GOV} + QTI“ [G()V}
= Skin,1{0%, A} + Skin2{0”, A“} . (10.36)

The first term yields

Skin,1{9¢", A%} = ZN(?VOQ

(6% Ny « o 1 o o
:%:NO [I¢O—u -A0+mzq:A_q-Aq] , (10.37)

where N is the number of occupied states in sector K73 ,, see Eq. (4.19).
If we neglect the terms with the transverse gauge field, Eq (10.37) reduces
to Skin,1{¢"}, see Eq.(4.20). As already mentioned in the first footnote of
Chap. 4, the terms involving ¢§ and Ay do not contribute to fermionic
correlation functions at zero temperature, and can be ignored for our purpose.
Note, however, that the last term in Eq.(10.37) is quadratic and has to be
retained within the Gaussian approximation. This diamagnetic contribution
to the effective gauge field action can be written as

- . N
Sini{A%} = ZZA“A‘iq AL, A= 0 (10.38)
PRl Bmce
The second order term in Eq.(10.36) is
Sin,2{¢%, A%} = == Z ZHO Weve (10.39)
where I1¢(q) = YIIg(q) is the dimensionless sector polarization®. From

Eq.(10.35) it is clear that Eq.(10.39) contains also terms that are cubic and
quartic in the fields. The origin for these non-Gaussian terms are the dia-
magnetic fluctuations described by the last term in Eq.(10.35). Within the

5 See Eqs.(4.22) and (4.24); for simplicity we have assumed sufficiently small |q|/kr
and large sectors K73 5, so that only the diagonal element of Eq.(4.22) has to be
retained.
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Gaussian approximation we shall simply ignore these terms. It is important
to stress, however, that the closed loop theorem does not imply the cancella-
tion of these terms, because it applies to the total field V;*. Thus, within the
Gaussian approximation we have

Skin2{¢%, A%} & Skin2{0"} + SPm 5 { A%} + Sio{¢%, A%}, (10.40)

where Siin,2{¢*} is given in Eq.(4.23) (with II§*'(q) ~ 6°* II§(q)) and
StmalA%} = — Z Z 1§ (q)(u® - A% ) (u® - AZ) , (10.41)

Simalo, A“}—IZZHO (u® - A% )65 . (10.42)

Collecting all quadratic terms, we obtain for the effective gauge field action
defined in Eq.(10.32) within the Gaussian approximation

Sett 2{0%, A%} = Ser2{0"} + Senr2{ A} + S5 {0, A%}, (10.43)

with

Sanafo") = 5 3030 [0 ey (10.44)

q oo

Ser2{A%)} = = ZZZA,M B )Thee A9 (10.45)

q aa’ 1ij

Here the matrix f = é f A is the rescaled RPA interaction matrix (see
also Eqgs.(4.31) and (4.33)),

RPAL 1100/ oo aa’ Fro
(e = (F e 460 g (a) (10.46)
~RPA . . . .
and (h, )~1 is the following matrix in the sector and coordinate labels,
FRPAL 1500/ 7 Lao aa’ A a, afTa
[(ﬁq ) l]ij = 0ij [ﬁq ] +0 05 A% — ug u3 1 (@ (10.47)
where o
ud =e;-u® , ur=— . (10.48)
mc

The diamagnetic term A® in Eq.(10.47) represents the increase in energy due
to diamagnetic fluctuations of the transverse gauge field, while the last term
represents the lowering of the energy due to paramagnetism. In Sect. 10.3 we
shall show that in the static limit there exists an exact cancellation between
these two terms, so that the transverse gauge field is not screened. The ac-

tion S, r‘:rl]xz{(bo‘ AO‘} describes the mixing between longitudinal and transverse
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components of the gauge field, which arises due to the presence of the matter
degrees of freedom. Note that in Coulomb gauge the isolated gauge field ac-
tion S2{¢*, A} does not contain such a mixing term. In Sect. 10.3 we shall
show that in the special case when the elements of the interaction matrices
f and h are constants independent of the patch indices, this mixing term

does not contrlbute to the final expression for the Green’s function.

10.2 The Green’s function in Gaussian approximation

Using our background field method described in Chap. 5, we derive a non-
perturbative expression for the single-particle Green’s function in Coulomb
gauge. Gauge fizing is again imposed with the help of the Fadeev-Popov
method. We use the Gaussian approximation, but work with non-linear energy
dispersion.

10.2.1 The Green’s function for fixed gauge field

For simplicity let us first consider the case of linearized energy dispersion,
and then discuss the modifications due to the quadratic term in the energy
dispersion.

For linearized energy dispersion we may copy the results of Chap. 5.1. To ob-
tain the Green’s function from Eq.(10.30), we first need to calculate the diag-
onal matrix elements [G’]kk for a fixed configuration of the gauge fields. Obvi-
ously this can be done in precisely the same way as described in Chap. 5.1.1;
we simply should substitute the modified form (10.35) of the potential V,*

into the expression for G=! given in Eq.(5.7). Using Eqs.(5.10), (5.17) and
(5.25), we obtain for the interacting Matsubara Green’s function within the
Gaussian approximation

B ) N s
=Y 6% (k) / ar /0 dre-iltk—k") 7=,

x GS(r,7) <e¢°‘<">7>—¢a<070>> : (10.49)

Seft, 2

where now, in complete analogy with Eq.(5.26),
&% (r,7) — 2%(0,0) =

(63 o tas X o i [0} o
Z j_q(r’ T) (bq +iu - Aq - m Z A_q// . Aq+q// ,(1050)
q q"’

with J,* (7, 7) given in Eq.(5.27). The last term in Eq.(10.50) it is not diagonal
in momentum space, and represents higher order diamagnetic fluctuations
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beyond the RPA. Because in our derivation of the effective gauge field action
we have already ignored these higher order fluctuations, it is consistent to
drop this term here as well.

From Chap. 5.2.1 we know that for fermions with quadratic energy dis-
persion Fq.(10.49) should be replaced by

B i (o3 ~
G(k) = Z@a(k)/drA dTe*I[(kfk )P —&nT]

x <g;¥(r,0,7, 0)e¢a<TvT>*¢°‘<0=°>> : (10.51)
Setf,2

where the functional ¢*(r, ) satisfies the eikonal equation (5.108), and the
Green’s function G(r,r’,7,7') is the solution of the differential equation
(5.109). The potential V*(r,7) in these expressions should now be identi-
fied with the Fourier transform of Eq.(10.35). Because in this chapter we
would like to restrict ourselves to the Gaussian approximation, it is consis-
tent to truncate the eikonal expansion (5.110) at the first order. In this case
@ (r,7)—0%(0,0) is formally identical with Eq.(10.50), except that J*(r, 7)
is now defined in Eq.(5.123).

10.2.2 Gaussian averaging

We would like to emphasize again that we do not linearize the energy disper-
sion, because later we shall show that in the case of transverse gauge fields
the curvature of the Fermi surface qualitatively changes the long-distance be-
havior of the Debye-Waller factor.

Let us begin with the calculation of the average eikonal Q% (r, 7). Within the
Gaussian approximation Q*(r, 7) is given by (see Eq.(5.133))

Q7 (rT) — <e¢a(”7)*¢a(0’0)> . (10.52)

Sett,2
It is convenient to integrate first over the longitudinal field ¢® before aver-
aging over the transverse components A“ of the gauge field. Because of the
coupling between the longitudinal and transverse fields in Sﬂ‘-l’li]’é{(bO‘,Ao‘},
the integration over the ¢“-field generates also a contribution to the effective

action for the transverse gauge fields. From Eq.(10.42) we have
DT m)ég — SEa{e”, A%
q
=3y [(w/aﬁq(r, ) — il (qu® - A% | 62 . (10.53)
q o

so that the ¢*-integration in Eq.(10.52) yields
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/ D{¢"} exp

exp{ 3 Z <¢a o >Sm [5“ «ge (r,7) — I (g)u .Ai“/q}

q o'’

—Seft, 219"} — Sl?ilrif2{¢av A%} + Z T (r, 7')@52‘1 = const x
q

X [6“”“1;%, ) — i1 (gu®” - A;‘“N} } . (10.54)

From Eq.(4.32) we know that the Gaussian propagator of the ¢*-field is
simply given by the rescaled RPA interaction (see also Eq.(10.46)), so that

<e¢ﬂ(r,f)—¢ﬂ(o,o)> — QT (rr)

Seft 2

S DA exp [ =Sl o{ A%} 4+ % 00 K25 (r, 1) AT
J DIA}exp [~ Sl ,{A%)]

where the Debye-Waller factor Q§(r,7) due to the longitudinal component
of the gauge field is given in Eqs.(5.151)—(5.153), and

X

. (10.55)

Kgi (r,7) = I (r,)UGE (10.56)

Wlth ’ ’ 5o~ 7 ~RPA /
vgs' = ugoe — ' I (@)f, 1 (10.57)

2q
Note that the label o of Kﬁfl‘l(r 7) in Eq.(10.55) is an external label, and
not a summation label. The renormalized Gaussian action S’ H2{AO‘} dif-
fers from the action Seg2{A“} given in Eq.(10.45) by an additional term

that is generated because of the coupling between the ¢“- and A“-fields in
Skina{¢" A%},

Ser2{ A%} = Se 2{ A"}
o SOSTIE g (0) T (0) - A% - AT )

q aao’

9 Z Z Z (m quﬂAgﬂ 3 (10.58)

q aa’ 1ij

where we have defined

e’ — AP ea' e o) 18 ()N (10.59)

—q

H

Next, let us integrate over the transverse gauge field in Eq.(10.55). The
Gaussian integration generates another Debye-Waller factor, so that

<eq§a(rﬂ-)7(pa(0,0)> — QT (7)o R (r:7) , (10.60)

Seft,2
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where

Q2 (r,7) —%Z S5 (agiac ) y Koo (e K2 (7). (10.61)
q o’a’ ij Se
with

(Ag,4%, ;) = D" ()5

eff,2
o A%} fa fa
:fD{A be~ Slir,2{ }A Aﬂ” (10.62)
f’D{AO‘}e Lff,2{A ¥ ' ’

To calculate this propagator, we impose again the Coulomb gauge condition
by inserting functional §-functions in the form (10.19) and then shifting

AL, — AZ, Z Z Joe’gine’ (10.63)
This leads to the replacement
Sla2{A T+ Y A% q)g —
q «

« 1 ao/ o’
Ser2{A }+§ZZA [(gH,@)]* 2", (10.64)

q aao’

where (gH,q) is a matrix in the patch labels, with elements given by
[(qH,@)]* = aH )5 g - (10.65)
ij

Performing the independent Gaussian integrations we finally obtain

’

[DRPA(g)]20” = [H, ]2 — [(e;H_,q)(qH @) (qH_,e;)]"" | (10.66)

where the product in the last term should be understood as a product of
matrices in the patch indices. Using Eq.(5.123), the transverse part of the
average eikonal can also be written as

Qa(r,7) = Ri - Si(r,7) (10.67)
with
hRPA «
B = % Z [iwn, — §q][lwm e ] =56(0,0) ,  (10.68)
BEPAS cos(q - — wp)

See(r,7) BVZ o &l 78] (10.69)
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The effective interaction is

thPA,a =3 Z Z U [DRPA (g)|oe o’ (10.70)

—-q, Z 1] 9,3
a’a’ ij

Note that these equations are valid for arbitrary patch geometry and arbitrary

patch-dependent bare interactions [iq]‘m/ and [ﬁq]‘m/. In deriving Eq.(10.70)

we have assumed that the effective mass tensor is proportional to the unit
matrix. To discuss quasi-one-dimensional anisotropic systems, it is necessary
to allow for different effective masses m¢, i = 1,...,d. In this case Eq.(10.70)
is still correct, provided we take the different effective masses in the definition
of v® into account. Then we have v® = (M®)~1k®, where the effective mass
tensor M? is defined in Eq.(5.106). Hence we should replace in Eq.(10.47)

NO ua_)(Ma)—lk_'

2 b
Bmic c

5ijA~a — 6@'5? , A? =

(10.71)

For the special case of patch-independent bare interactions and linear energy
dispersion (i.e. g — v - q) Eqs.(10.67)-(10.70) are equivalent with the
expression given by Kwon, Houghton and Marston [10.18]. However, as will be
shown in Sect. 10.4, for physically relevant forms of the gauge field propagator
the linearization of the energy dispersion is not allowed. In fact, in [10.1] we
have shown that in the case of the two-dimensional Chern-Simons action
the low-energy behavior of the spectral function is completely dominated
by the prefactor self-energy 3¢ (§) and vertex function Y*(q) discussed in
Chap. 5.3.2, which are ignored for linearized energy dispersion.

Comparing Eqgs.(10.67)—(10.69) with (5.151)—(5.153), it is obvious that
at the level of the Gaussian approximation the contributions from the lon-
gitudinal and transverse components to the total Debye-Waller factor are
additive and formally identical; we simply have to use the corresponding
RPA screened propagators. Of course, this is only true in Gaussian approxi-
mation, which produces the first order term in an expansion in powers of the
RPA interaction. Clearly, the leading contributions to the prefactor Green’s
function are also additive so that we may simply copy the relevant equations
from Chap. 5.3.2. Thus, in complete analogy with Eqs.(5.132) and (5.163) we
obtain

<Q§‘ (r,0,7, o)eé"‘(“”*@"(oﬂo» = G(r, 1)@ (MFQLTT) (10.72)

Setf,2
with
G(r, 7') =Gy (r,7)+GS(r, 1)

1+Y0¢( )—FYQ( )

i(gr— Wn‘l') tr

E e — . (10.73
BV n = €kotq + 10— X7(q) — Eitr(q) ( )

Here X¢(q) and Ya((j) are given in Egs.(5.160) and (5.162), while X', (q)
and Y;¢(g) can be obtained by replacing in these equations f?PA’O‘ — thPA’O‘.
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In the special case of a spherical Fermi surface with radius kp = mup the
prefactor self-energy due to the transverse gauge field is explicitly given by
(see Eq.(5.186))

a (= 1 Ao o~
() = —5—‘/2@}) GG+ d)
q/

(q-4)q?+(q-q)?
m2fiwp — €3] [iwm +£%/]

, (10.74)

with thPA’O‘ given in Eq.(10.70). The corresponding vertex function is (see
Eq.(5.187))

. 1 v s~
Y@ = 35 SRR GG+ )
q/

q° +2q-q
Mfiwn — £ [lwm: + €% /]

(10.75)

As discussed in Chaps. 2.5 and 5.4, for spherical Fermi surfaces there is no
need to introduce several patches. Then the index « simply indicates that all
wave-vectors are measured with respect to a point k% on the Fermi surface,
as shown in Fig. 2.8. In this case there are no uncontrolled corrections due to
around-the-corner processes to the above expressions. In the following section
we shall simplify thPA’O‘ such that we see more clearly that it contains the
physics of transverse screening.

10.3 Transverse screening

Assuming patch-independent bare interactions, we derive from Eq.(10.70) the
transverse dielectric tensor and show that in the static limit the transverse
gauge field is not screened. We then discuss in some detail the form of thPA’O‘
for spherical d-dimensional Fermi surfaces, where the effective mass tensor
18 1sotropic.

10.3.1 The transverse dielectric tensor

Here and in the following section we assume that the effective masses m;
are independent of the patch index, i.e. [M®];; = m;d;;. The expression for
thPAVO‘ in Eq.(10.70) can be simplified if we assume that all elements of the
bare matrix ﬁq are identical, [ﬁq]‘m, =hy = ghq. Using the same method as
in Eq.(4.34), we find that in this case also the matrix H, is independent of
the patch indices, .

H,18% = hglE; ij (10.76)

ij
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where E, is a matrix in the spatial indices, with matrix elements given by

[Eglij = 0ij + hy [01j 0 — Pij(q) + (i - I ) (e; - Ig) fPA] . (10.77)
and

A= Z szc2 : (10.78)

Py(g) = Z(ei cu®)(ej - u)II§(q) (10.79)

11, = iuaﬂé‘(q) : (10.80)

The first term in Eq.(10.77) is the diamagnetic transverse polarization ten-
sor, the second term is the paramagnetic one, and the last term describes the
coupling between the longitudinal and the transverse fluctuations. Substitut-
ing Eq.(10.76) into the general expression for the gauge field propagator in
Eq.(10.66), we obtain

d -1 —1
[DFPA (@I = hy [[Eq iy - Zkl‘l[E‘;éiﬁm[Eq ]”] . (10.81)

where we have used the same notation as in Eq.(5.105). From Egs.(10.70)
and Eq.(10.81) we finally obtain

u®E; ! E.lu®
thPA,a — _hq ugEq—lug _ ( 99 Q)Ei] 4 q) , (1082)
gk, g

where ugy = u® — qupr. Eq.(10.82) can be further simplified by choosing
an appropriate coordinate system. Because the scalar products are indepen-
dent of the choice of the coordinate system and ¢ = [q,iw,,| appears as an
external parameter, we may choose the orientation of the coordinate system
such that one of its axis (eq, for example) matches the direction of g, as
shown in Fig. 10.2. Because for small g the function II§(g) in Eq.(10.80)
depends on g only via v - g, it is easy to see that in the long wavelength
limit ¢, - IT, = O for any direction ¢, that is orthogonal to q. Note that by
construction the d — 1 directions e;, ¢ = 1,...,d — 1 are all perpendicular to
g, so that the last term in Eq.(10.77) does not contribute to Eq.(10.82). For
the same reason P;;(q) = 6;;P;i(g). It follows that in this basis the matrix E,
is diagonal. The eigenvalues corresponding to the d — 1 directions orthogonal
to g are simply given by

Gi(q) = [Eq]ii =1+ thi(Q) , 1=1,...,d—1 (1083)

where the transverse polarization in direction e; is
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Fig. 10.2. Local coordi-
nate system associated with
a patch on the Fermi sur-
face in which the transverse
dielectric tensor E, is diag-
onal.

Oi(q) = Ai = > (e - u)2Mg(q) , i=1,...,d—1 . (10.84)

«

We finally obtain for the effective screened interaction
d=1, a2
pEPAe _ _p S (E W) 10.85
q q ; € (Q) ( )

Note that Eq.(10.85) involves only the transverse eigenvalues of E4, because
thPA’O‘ is by construction the propagator of the transverse components of
the gauge field. The dimensionless functions ¢;(q) are called the transverse
dielectric functions.

10.3.2 Screening and gauge invariance

According to Eqgs.(4.24), (4.36), (10.78) and (10.84) the longitudinal and
transverse polarizations are for small g and arbitrary frequencies given by

[0}

o Y-q
Mo(q) = v PT— (10.86)
1 N§ vY . q
Hi — 0o i a | 1_2 (e 10.
(q) e Ea [—V m;(v" - ;)" prrm v (10.87)

where e; - ¢ = 0, and we have used the fact that m;v* - e; = k% - e; (see
Eq.(10.71)). In the static limit we have IIy(q,0) = Y, v® = v, where the
total density of states is given in Eq.(A.2). A finite value of the longitudinal
polarization implies that long-range interactions are screened. For example,
for the three-dimensional Coulomb interaction the static longitudinal dielec-
tric function is within the RPA given by erpa(q,0) = 14+x2/q?, see Egs.(2.52)
and (A.55). For wave-vectors |g| < k the longitudinal dielectric function is
large compared with unity, so that the interaction is screened at length scales
larger than the Thomas-Fermi length x~!. On the other hand, as long as the
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gauge symmetry is not spontaneously broken, the transverse gauge field is
not screened in the static limit. Using Eq.(2.57), it is easy to see that the
transverse polarization in a direction e; orthogonal to g can in the static
limit and for small |g| be written as

I1;(q,0) = % / % {Q(M —€k) — Z—iié(u — ek.):| . (10.88)
But
Sl =) =~ 22O — ) (10.89)

so that we obtain after an integration by parts

mia.0) = [ o [@(u Ce) kD

= | @ %e(u—ek)] =0 . (10.90)

The vanishing of the transverse polarization tensor in the static limit is due to
a perfect cancellation between the dia- and paramagnetic contributions. The
fundamental symmetry which is responsible for this cancellation is gauge
invariance, which insures that the transverse gauge field remains massless
in the presence of matter. Hence, as long as the gauge symmetry is not
spontaneously broken, the transverse gauge field is not screened in the static
limit. However, as shown by Kohn and Luttinger [10.26], any interacting
Fermi system shows at very low temperatures a superconducting instability
(Kohn-Luttinger effect), so that gauge invariance is in fact broken at very
low temperatures, and the transverse gauge field is eventually screened. This
instability is not included in our calculation.

10.3.3 The transverse dielectric function
for spherical Fermi surfaces

For spherical Fermi surfaces the effective mass tensor is proportional to the
unit matrix. The d — 1 transverse eigenvalues of E; are then degenerate, and
are called the transverse dielectric function [10.7],

€1 (q) =1+hyIl (q) . (10.91)
From Eq.(10.84) we see that the transverse polarization I7, (q) is within the

RPA given by
M(g)=A- (ei-u)’II§(q) (10.92)

with A = N/(Vmc?) (see Eq.(10.78)). Here e; is any of the d — 1 unit
vectors perpendicular to ¢ = e4. From Eq.(10.87) it is easy to show that for
a spherical Fermi surface

I, (q) = (”—F)zmd ( W > , (10.93)

¢ vr|q|
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where the dimensionless function A4(z) is

_<(ei.;;,)27A q-k > , (10.94)

Ag(2) = PRy

Ul

k

Here the angular average is defined as in Eq.(A.4). By symmetry, the average

is independent of the choice of e;. Using the fact that <(el- . IE:)2> =1/d it
k

is easy to see that Eq.(10.94) can also be written as

e k2
Ag(z)=—=z EZAi) . (10.95)
q-k—=z/,
k
Because all transverse directions are equivalent, we may replace in the average

o1y o D (e R 1= (G- R’

i1 -1 , (10.96)
so that .
Aa(z) = ——= <1_(f1' )2> . (10.97)
d—1 q-k—=z i
From this expression we find
2
ImAg(z +i0F) = —% <5(q . x)>k
_ T for o] <1 (10.98)

with the numerical constant ~y4 given in Eq.(A.9). Note that, in contrast to
vd, the quantity

d
. Ya I'(3)
= = 10.99
R EERNCENNCIES 0
has a finite limit as d — 1. In particular,
1 1 1
Y1 = = Yo = — Y3 = — . 10.100
71 9 y V2 p , Y3 4 ( )
On the imaginary axis Eq.(10.98) implies
where -
M =0 = 7d1 (10.102)

For the Maxwell action discussed in Sect. 10.1.1 the bare interaction h,
is given in Eq.(10.13). Then we obtain from Eqs.(10.91) and (10.93) for the
transverse dielectric function
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w2 Aals
@) =1+ (=) «%)517?'373)2 . K =dmetv | (10.103)

C
CcK

After some simple rescalings we obtain for the effective interaction (10.69)

Ao _ L (tR)? L= (k- q . .
hy" V(C) (27 ()7 [(m e+ A () (10.104)

In the regime |w,,| < vr|q| we obtain from Eq.(10.101)

A ( Wm ) g leml (10.105)

vrlq| vrlq|

To this order in w,, the term proportional to w? in the denominator of
Eq.(10.104) is negligible, so that the effective interaction can be approximated

by

1
hEPA (”_F , for Jwm| < vrlg| - (10.106)

)2
AN (%)2+)\d(UF)2 |wm ]

For d = 3 we recover Eq.(10.1). The term proportional to |wp,|/(vr|q|) in
the denominator describes the dynamical screening of the fluctuations of
the gauge field due to Landau damping. This term is responsible for the
dynamical screening of the magnetic field in a clean metal, i.e. the anomalous
skin effect [10.5].

10.4 The transverse Debye-Waller factor

We now analyze the transverse Debye- Waller factor Q.(r, ) in Eq.(10.67) in
more detail. We determine the parameter regime where Qg.(r, ) is bounded
for large distances or times, and where the non-linear terms in the energy
dispersion must be retained in order to obtain qualitatively correct results.

In Sect. 10.2 we have derived a non-perturbative expression for the single-
particle Green’s function G(k) in Coulomb gauge (see Egs.(10.51) and
(10.72)). The effect of the Gaussian fluctuations of the gauge field is pa-
rameterized in terms of three distinct contributions to the Green’s function:
the Debye-Waller factor Q2. (r,7) in Eqgs.(10.67)—(10.69), the prefactor self-
energy X7 (¢) in Eq.(10.74), and the prefactor vertex Y;3(q) in Eq.(10.75).
Thus, the calculation of G(k) and the resulting spectral function has been re-
duced to the purely mathematical problem of doing the relevant integrations.
Unfortunately, it is impossible to perform these integrations analytically, so
that a complete analysis of our non-perturbative result for G(k) requires
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extensive numerical work, which is beyond the scope of this book. In the re-
cent Letter [10.1] we have made some progress in this problem. In particular,
we have shown that in physically relevant cases the low-energy behavior of
the spectral function is essentially determined by the functions X7, (¢) and
Y:%(q), and not by the Debye-Waller factor Q¢.(r, 7). Because for linearized
energy dispersion both functions X1, and Y} vanish, the problem of fermions
that are coupled to gauge fields can only be studied via higher-dimensional
bosonization if the quadratic terms in the expansion of the energy dispersion
close to the Fermi surface are retained®. To see more clearly why the curva-
ture of the Fermi surface is so important in the present problem, we shall in
this section study the Debye-Waller factor Qg.(r, 7) in some detail.

10.4.1 Exact rescalings

Let us consider a spherical Fermi surface in d dimensions and a general gauge
field propagator of the form

11— (& q)?
pRPAQ _ 2 (k_-4) , (10.107)
q v I .

where A4(iy) ~ Agly| for small |y|, see Eq.(10.97). Substituting Eq.(10.107)
into Eq.(10.67), we obtain

ol o) = 1 1—(1%(1-(})2 1—cos(q-r—wnT)
Qi(r.7) =~ > (%)W+Ad (#\’3\) fom — &) (om + €5, (10.108)

As discussed in Chap. 5.1.3, for linearized energy dispersion we may replace
T — v % in Eq. (10 108) because the sector Green’s function G§(r,7) is

proportional to 81 (¢ %), see Eq.(5.48). Although for non-linear energy
dispersion we should consider Qg (r,7) for all r, we shall restrict ourselves
here to the direction r = Tﬁ‘i}o‘. This is sufficient for investigating whether
the non-linear terms in the energy dispersion qualitatively modify the result
obtained for linearized energy dispersion. Obviously, for r = rﬁ‘f)o‘ the g-

dependence of the right-hand side of Eq.(10.108) involves only the absolute

value of g and the component” ql(ll = 9% - q. Then the d + 1-dimensional

integration in Eq.(10.108) can be reduced to a three-dimensional one with
the help of d-dimensional spherical coordinates: for V' — oo and 8 — oo we
have for any function f(|q|,q - 9%, iwm)

6 Because of the formal similarity between higher-dimensional bosonization and
the leading term in the conventional eikonal expansion [10.12], it seems that this
is true for any eikonal type of approach to this problem [10.11,10.20].

7 Note that for a spherical Fermi surface 9 = k.
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S Fllal a5 i) —
BVV ; ? I’ m

o0 s o0 d
%'Yd/ dqqd’lf dﬁ(sinﬁ)d”/ —wf(q,cosﬁ,iw) (10.109)
kg 0 0 2m

— 00

where the numerical constant g is given in Eq.(A.10), and we have used
Eq.(A.5). Introducing the dimensionless integration variables
q w w

p=— , y=-—= : (10.110)
Qe URq VRGP

and noting that Qto‘r(rﬁ‘ﬁo‘, 7) depends on the sector index « only via =

0% - r, we may write

Qu(r v, 7) = Qu(ger|, vrget) (10.111)

where the function Q4 (Z,7) is given by

,_ngdfl o0 m o0
Qu(z,7) = ——/ dppdfz/ dﬁ(sinﬁ)d/ dy
27T 0 0

— 00

1 — cos [p(Z cos ¥ — 7y)]

X 10.112
[p" + Aa(iy)] [iy — cos? — £p] [iy — cos ¥ + §p] (Z )
and the dimensionless coupling constant g is simply
g=L (10.113)
kr

Note that the linearization of the energy dispersion corresponds to setting
g = 0 in the integrand of Eq.(10.112). The evaluation of Eq.(10.108) for
r = 0% is now reduced to the three-dimensional integration. Possible non-
Fermi liquid behavior due to the coupling between fermions and the gauge
field should be due to the regime |y| = |wm|/(vr|g|) < 1, because here the
gauge field propagator is most singular. To further investigate this point, we
may approximate A4(iy) ~ Ag|y| (see Egs.(10.101) and (10.102)). Of course,
when substituting this expression into Eq.(10.112), we should restrict the y-
integration to the regime |y| < y. = O(1). Moreover, physically it is clear
that the power-law (|g|/qc)" of the gauge field propagator in Eq.(10.107) can
only be valid up to some finite cutoff )., because at short wavelengths non-
universal short-range interactions will dominate®. Assuming that the form
(10.107) remains valid up to |g| < Q., we should impose a cutoff p. = Q./qc

8 In the case of the three-dimensional Coulomb interaction we should choose Qc =
gc = K (the Thomas-Fermi wave-vector), so that p. ~ 1. In general, however, Q.
and ¢c need not be equal. For example, in Sect. 10.4.3 we shall show that in the
two-dimensional Chern-Simons theory for the half-filled Landau level Q. can be
much larger than gc.



10.4 The transverse Debye-Waller factor 231

on the p-integration in Eq.(10.112). With these cutoffs the integration volume
is finite, so that possible non-Fermi liquid behavior must be due to infrared
singularities.

To exhibit the infrared behavior of the integrand in Eq.(10.112) more
clearly, it is advantageous to perform another rescaling of the integration
variables, substituting

y=lcosdu , p= |cos19|%k: . (10.114)
Then we obtain (taking the above ultraviolet cutoffs into account)
Qi (ja %) =

d—1 pe|cosd| M ye| cos 9|71
L~ / dd(sin 9)? |cos19| 2/ dkkd_Q/ du
0 0

2m —ye| cos 9|1

=

1 —cos [k:| oS 19|%+1(:i:s19 - %u)]

x 10.115)

»
[E7 + Ag|ul] {m — 59 — 5k|cos 19| ] {iu — 59 + Sk cos19|%71}

where we have defined sy = sgn(cosd). From Eq.(10.115) it is now evident
that the regime ¢ & 7/2 can give rise to singular behavior (in the sense that
the ¥-integral diverges if we retain only the space- and time-independent

contribution Ry, ), because the integral over the factor | cos 19|%72 does not
exist for <=t —2 < —1. In fact, let us assume for the moment that the rest of
the integrand does not modify the small-¢ behavior of the integral. Evidently,
this assumption will be correct provided it is allowed to set g = 0 in the rest
of the integral, corresponding to the linearization of the energy dispersion. In
this case the angular integration is free of singularities as long as the integral

r(presk
( 1+77 d 1)

Adm:/ dd(sin 9) |cos19|__2 = (10.116)
0

is finite. This is the case for % —2>-—1,or

n<d—1 . (10.117)

This is precisely the criterion for the existence of the quasi-particle residue
that is obtained for linearized energy dispersion [10.2], where one sets g = 0
in the integrand of Eq.(10.115). In particular, for linearized energy dispersion
higher-dimensional bosonization predicts for the three-dimensional Maxwell
action (7 = 2) and the two-dimensional Maxwell-Chern-Simons action ( =
1) non-Fermi liquid behavior due to a logarithmic divergence of Ag,. As a
consequence, the momentum distribution exhibits an algebraic singularity at
the Fermi surface [10.2], just like in the one-dimensional Tomonaga-Luttinger
model. The crucial point is, however, that for n > 1 the assumption that the
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rest of the ¥-dependence of the second line in Eq.(10.115) does not modify
the infrared behavior of the integrand is not correct, because for n > 1 and
any finite g the curvature terms in the denominator of Eq.(10.115) become
arbitrarily large for cos®¥ — 0. Hence, for n > 1 the non-linear terms in
the expansion of the energy dispersion close to the Fermi surface cannot be
ignored! On the other hand, for n < 1 these terms vanish for cos? — 0,
so that in this case the criterion (10.117) is valid. Only then the finiteness
of A4, implies the existence of Rf., so that the system shows Fermi liquid
behavior. But in the physically interesting cases of the Maxwell action (d = 3,
n = 2) and the Maxwell-Chern-Simons action (d = 2, n = 1) the curvature
term in the denominator of Eq.(10.115) cannot be neglected. Interestingly,
for n = 1 there terms are independent of ¥, so that their relevance cannot
be determined by simple power counting. We shall come back to this point
in Sect. 10.4.3, where we show by explicit evaluation of the relevant integral
that even then the curvature terms are essential. Note that the above analysis
confirms our intuitive arguments based on the simple estimate (10.5). In
the following section we shall study the effect of the curvature terms more
carefully.

10.4.2 The relevance of curvature

We study the effect of the quadratic term in the energy dispersion on the
constant part Ry, of the Debye- Waller factor. This is sufficient to see whether
the curvature of the Fermi surface is relevant or not.

According to Eq.(10.115) the constant part Ry, of the Debye-Waller factor
can be written as

d—1 d—1 /2 -
Ry = —%/ dd(sin 9)?| cos 19|%72
m 0
pc|cos19\7%7 L
x/ dkk*2F(A; K", gk(cos®)n 1), (10.118)
0

with

o0 1
F(E,~) :/mdu[EHu” [iw—1— 2] [fu—1+ 7]

_2) 0 [T 1
W{“ D) ut B[+ (137

v, [ 1
-1+ 5)/0 du[u—i—E] (137 } .(10.119)

In deriving the prefactor in Eq.(10.118) we have used v4/Aq = (d—1)/7, see
Eq.(10.102). Because we are interested in the singularities of the integrand




10.4 The transverse Debye-Waller factor 233

for small cos®, we have replaced the upper cutoff +y./|cosd| for the u-
integration by 4oo. We shall verify a posteriori that the integral without
cutoff is convergent, so that this procedure is justified. Note, however, that
we retain the cutoff p. for the k-integration in Eq.(10.118), because for the
two-dimensional Maxwell-Chern-Simons theory the value of the integral will
crucially depend on this cutoff (see Sect. 10.4.3 below). Using

- 1 1 mF F
d = - —In(— 10.12
/0 u[u+E][u2+a2] a? + E2 {2@ n(a)] ) (10.120)

the integrations in Eq.(10.119) are easily done, and we obtain

ST i I,

T3¢ E+(+3)7
1—3l 1431
42 Sk { Ez} %)ln[ Eﬂ (10.121)
T Era-3r | Erape [0

It is easy to show that the function F(E,~) has a finite limit as v — 0, which
is given by [10.2]

TE—E? —1+ (E*>~1)InE

F(B,0) = (1+ E2)2

(10.122)

The cancellation of the singular prefactor 1/ in Eq.(10.121) can be traced
back to the factor sgn({g) in our general spectral representation given in
Eq.(6.4). In fact, it is instructive to re-derive Eqs.(10.118) and (10.121)
from Eq.(6.4). Therefore we simply note that the gauge field propagator in
Eq.(10.107) can also be written as

2w

REPA = — (R 2/0001 S —— 10.123
q ( q) 0 w RPA(qaw)w2+w72n s ( )
with -
1—(k ‘A])Q (‘k)n
heyY=—-_ 2 (= , 10.124
(1) (L (10.124)
and
Srpa(q,w) = 21 ! (10.125)
rPA(¢,w) = —Im : ,
7r L+ ()" Aa( 55 +107)
For |wy,| < vr|q| we may approximate (see Eq.(10.98))
w
Ag +i0T) &~ —idg—— 10.126
gy 10~ g Ho-120)

so that in this regime Eq.(10.125) reduces to the usual dynamic structure
factor due to an overdamped mode,
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v wly B vp|q|tt"

Z = 10.12
Tw24I2 0 1 Aaqd (10.127)

Srpa(q,w) =

Substituting Eq.(10.123) for the gauge field propagator into Eq.(10.108), and
taking the limit 8 — oo, the w,,-integral is easily done. The result is formally
identical with Eqs.(6.4)-(6.6), except that we should replace f7 — (hg)?* and
omit the terms proportional to fq. After rescaling the integration variables

as above, we obtain the following alternative expression for Ry,

_ d—2 ™
Ry = _M/ dd(sin 9)?

7T2 0

Pec
X / dpp?=3 [@(— cosv) — @) — O(cos V) + @)}
) 2 2

e T
X dx . 10.128
| e e z] (10.12%)
The z-integration is easily performed using
e T E T a a
d = —+ —=In(—= 0 10.129
/0 I[$2+E2][$+a] E? +a? 2t E n(E) » a>0, )

and after rescaling p = | cos 19|%k we recover Eq.(10.118).

From Eqs.(10.118) and (10.121) it is easy to determine whether Ry, is
finite or not. First of all, if we linearize the energy dispersion, we effectively
replace the function F(\; k", gk(cos 19)%71) in Eq.(10.118) by F(\;'k",0).
Because according to Eq.(10.122) this function is non-singular for small k,
the existence of R, is determined by the singularity in the remaining -
integration. In this way we recover the criterion (10.117). On the other hand,
for finite ¢ and n > 1 it is clear that the singularity of the integrand of
Eq.(10.118) for small cos ¥ is determined by the large-y behavior of the func-
tion F(E,~), which is given by

41
F(E,~) ~ ;7 . Yoo . (10.130)

Obviously the curvature term in the energy dispersion gives rise to an addi-

tional factor of (cos 19)27% /g2, so that the most singular part of the integral
in Eq.(10.118) becomes

_ m/2 -
Ry = —Bd)ngd_?’/ dﬁ(sinﬁ)d(cosﬁ)¥ , n>1 (10.131)
0
where By, is some numerical constant which depends on d and 7 in a com-

plicated way, but remains finite as long as n > 1. By simple power counting,
we see that this integral exists for =2 > —1, i.e.

n>3—d . (10.132)
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Combining this result with the criterion (10.117) for n < 1, and using the
fact that a finite value of Ry, implies the boundedness of the total Debye-
Waller factor Q(Z,7) for all & and 7, we conclude that outside the shaded
region shown in Fig. 10.3 the contribution of the transverse gauge fields to
the Debye-Waller factor remains bounded. Hence, non-Fermi liquid behavior
due to Qto‘r(rﬁ"f;a, 7) is only possible in the shaded regime shown in Fig. 10.3.
In particular, for the three-dimensional Maxwell action (n = 2, d = 3) higher-
dimensional bosonization with linearized energy dispersion predicts that the
static Debye-Waller factor grows logarithmically with distance (as in the one-
dimensional Tomonaga-Luttinger model), while the inclusion of curvature
leads to a bounded Debye-Waller factor!

n Fig. 10.3. The shaded triangle is the pa-
rameter regime in the d — n-plane where
the long-distance and large-time behav-
ior of the Debye-Waller Q, (r{*®®, 7) due
to transverse gauge fields gives rise to
non-Fermi liquid behavior. Note that for
linearized energy dispersion one incor-
rectly obtains non-Fermi liquid behavior
for all points above the dashed line n =
d — 1. The points M and CS correspond
to the three-dimensional Maxwell the-
ory and the two-dimensional Maxwell-
Chern-Simons theory, respectively.

In the marginal case = 1 our simple power-counting analysis is not
sufficient, and we cannot avoid explicitly performing the relevant integrations.
Because in two dimensions the case 7 = 1 is of particular physical interest
in connection with the half-filled Landau level, we shall analyze this case in
some detail in the following section.

10.4.3 Two-dimensional Maxwell-Chern-Simons theory

We evaluate the constant part Ry of the Debye-Waller factor given in
Eq.(10.118) for the special case of the two-dimensional Mazwell-Chern-
Simons theory (n=1,d =2).

Two-dimensional electron systems in strong external magnetic fields are dif-
ficult to handle within the framework of conventional many-body theory.
In fact, in this problem the most successful theories are based on varia-
tional wave-functions, and do not make use of the standard methods of sec-
ond quantization [10.27]. But also functional methods have been very fruit-
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ful [10.10,10.28,10.29]. Of particular recent interest has been the case when
the areal density of the electron gas and the strength of the external magnetic
field are such that the lowest Landau level is exactly half-filled®. Then the
two-dimensional electron system is mathematically equivalent to a system of
fermions interacting with a Chern-Simons gauge field such that the average
gauge field acting on the fermions is zero [10.10-10.12]. The Chern-Simons
field effectively attaches two flux quanta to each electron. The resulting spin-
less fermions are called composite fermions [10.30]. At the mean-field level,
where fluctuations of the Chern-Simons gauge field are ignored, the mag-
netic field generated by the Chern-Simons field exactly cancels the external
magnetic field, so that mean-field theory predicts that composite fermions
in the half-filled Landau level should behave like free spinless fermions with-
out magnetic field, with Fermi wave-vector kp = (47me)1/ 2. Here ne is the
areal density of the two-dimensional electron gas. Although the existence of a
well-defined Fermi surface in the half-filled Landau level has been confirmed
by several experiments [10.31-10.35] and there exists general agreement that
experimentally composite fermions manifest themselves as well-defined quasi-
particles, theoretically the situation is less clear. For a summary of the current
status of the fermionic Chern-Simons description of quantum Hall systems
see the recent review by Halperin [10.36].

In the usual perturbative approach the leading correction to the Green’s
function of composite fermions due to the fluctuations of the Chern-Simons
field is obtained from the GW self-energy (see Eq.(5.74))

- 1 & oy ~
Yew (@) = ~ 5 STREPAGE G+ ) (10.133)
q/

In d = 2 this expression is easily evaluated if one introduces circular coordi-
nates centered at k* and first performs the angular integration exactly [10.1].
In the regime where vp|q| is not much larger than |@,,|, one finds to leading
order for small frequencies [10.7,10.12]

v
58w (@) o —ioy ln( ch) . (10.134)
' |n |
After analytic continuation to real frequencies, the real part of the self-energy
vanishes as wIn(vrg./|w|) for w — 0, implying a logarithmically vanishing
quasi-particle residue!?. Because Z® vanishes, the momentum distribution

 This means that N¢o/¢ = 1/2, where N is the number of electrons in the
system, ¢o = hc/e is the flux quantum, and ¢ is the total magnetic flux through
the system.

10 In this section we shall consider only the case n = 1 (the Maxwell-Chern-
Simons theory), corresponding to the unscreened Coulomb interaction. In [10.1]
we have studied the general Chern-Simons theory with # > 1. Then XGw ., (§)

2
—isgn(Wn, )|@n|TF7, so that the quasi-particle residue vanishes like a power law
for w — 0. Note that 7 = 2 describes experiments where the long-range part of
the Coulomb interaction is screened by metal plates.
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does not exhibit a step-discontinuity at the Fermi surface (see Eq.(2.26)).
Thus, lowest order perturbation theory suggests that composite fermions are
not well defined quasi-particles. This seems to disagree with the experimental
evidence [10.31-10.35] that composite fermions behave like well-defined quasi-
particles.

Because the leading perturbative correction completely changes the mean-
field picture, the single-particle Green’s function can only be calculated by
means of non-perturbative methods, which sum infinite orders in pertur-
bation theory. However, controlled non-perturbative methods in d > 1 are
rare, and it is at least controversial whether the methods applied so far to
the problem of composite fermions in the half-filled Landau level are re-
ally valid. These include the so-called eikonal approximation [10.11], a 1/N-
expansion [10.17], and higher-dimensional bosonization with linearized energy
dispersion [10.18,10.33]. All of these methods predict some kind of non-Fermi
liquid behavior, but there is no general agreement on the detailed form of the
Green’s function. Although this might be related to the gauge-dependence of
the single-particle Green’s function (see, however, the work [10.23] and the
footnote after Eq.(10.14)), the discrepancies between the various approaches
could also be related to uncontrolled approximations inherent in each of the
different resummation schemes'!. Moreover, as we shall show in this section,
even in the marginal case of n = 1 higher-dimensional bosonization with lin-
earized energy dispersion does not correctly resum the leading singularities
in the perturbation series. Note that in two dimensions the case n = 1 cor-
responds to the right corner CS of the shaded triangle in Fig. 10.3. Naively,
one might expect that precisely on the boundary of the triangle one obtains
logarithmic singularities in the transverse Debye-Waller factor, which are cor-
rectly predicted by bosonization with linearized energy dispersion [10.18]. We
now show that at the special point d =2 and n = 1 this is not the case.

Using the fact that in two dimensions Ay = 1 (see Eqs.(10.100) and
(10.102)), we obtain from Eq.(10.118) for n =1

/2 . 2 ppe(cos9) !
g (sind) /
Ry = —= dv dkF(k,gk) . 10.135

’ 2 Jo cos? Jy (k, gk) ( )
To determine the proper values of our dimensionless constant g, we note
that in case of the Chern-Simons propagator the wave-vector ¢. in Eq.(10.2)
is given by q. = (2kr)?/k, where k = 2me?v = e?m is the Thomas-Fermi

wave-vector in two dimensions [10.12]. Hence we obtain from Eq.(10.113)
4kF 4UF
9=——"="72

K e

(10.136)

" For example, in the work [10.12] we have shown that in one dimension the usual
eikonal approximation [10.10] does not correctly reproduce the exact solution of
the Tomonaga-Luttinger model.
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To obtain the relevant ultraviolet cutoff p., we note that the dimension-
less Coulomb interaction becomes larger than unity for |g| < k, see Ap-
pendix A.3.1. Hence,

—“—(”)2—4 (10.137)
Pc % ep 2 .
Note that the charge e in Eq.(10.136) should be understood as effective
screened charge, which takes the dielectric screening due to the background
into account. Halperin, Lee and Read [10.12] have estimated vp/e? ~ 0.3
in the experimentally relevant regime, so that g =~ 1.2. Let us also empha-
size that the prefactor of ¢ = 4kp/k in Eq.(10.135) is the inverse of the
prefactor of k/kp that appears in the constant part R* of the Debye-Waller
factor for conventional density-density interactions in d = 2, see Eq.(6.49).
Hence the wave-vector scale g. = (2kr)?/k now plays the same role as the
Thomas-Fermi wave-vector « in the case of density-density interactions. Note,
however, that g = g./kr is the only small parameter which formally justifies
the truncation of the eikonal expansion (5.142) at the first order'?. We there-
fore conclude that Eq.(10.135) can only be qualitatively correct for g <« 1. If
this condition is satisfied, the higher-order corrections Q%(r,7), n > 2, to the
average eikonal (see Eq.(5.142)) are controlled by higher powers of g, which
are generated by additional loop integrations. Obviously, in the experimen-
tally relevant regime [10.31] the condition g < 1 is not satisfied, so that for
an accurate quantitative comparison with experiments it is not sufficient to
retain only the leading term in the eikonal expansion.

In order to perform a controlled calculation, we shall restrict ourselves
from now on to the regime g < 1, with the hope that the qualitative behav-
ior of the Green’s function does not change for larger g. Naively one might
be tempted to replace the upper limit for k-integration in Eq.(10.135) by
infinity, because p. = 4/g? > 1 for small g, and the ¥-integration seems to
be dominated by the regime cosv < 1. If we linearize the energy dispersion,
such a procedure is indeed correct, because in this case the k-integration
yields a finite number, which is according to Eq.(10.122) given by

e * wk—k>—1+(k*—1)Ink
dkF(k,0) =2 dk . 10.138
/0 (k,0) / T (10.138)

To perform the integration, we need [10.3,10.4]

12 Recall that in Chap. 4.3.4 we have shown by explicit calculation of corrections
to the density-density correlation function beyond the RPA that the loop in-
tegrations give rise to additional powers of g./kr, see Eq.(4.115). Because the
non-Gaussian corrections Q5 (r,7), n > 2, to the average eikonal involve addi-
tional powers of the interaction, these corrections are controlled by higher orders
in g./kr. Note that for a spherical Fermi surface the curvature parameter C'“
in Eq.(4.115) is of the order of unity. Furthermore, for the Chern-Simons action
the value of the relevant dimensionless effective interaction is not small, which
leaves us with ¢./kr as the only small parameter in the problem.
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I, = d 7x2#71 = 1F I'2 - 0 2 10.139
Z 1
H /O x[l $2]2 2 (:u) ( ,u) ’ <p< ’ ( )

2= 1ng

= d e —
/o TP
(p—1)m _ 1
{ ety [cot(mm) — 7| L 0<p<2 L (10.140)

t’\n

4
0 ;o k=1

Hence,

/ dkF(k,0) = 2 [ﬂ; s —Ty+1s—1 (10.141)
0 4 2 2 2

1
2

With I, = 1/2, I, = Iy = 7/4, [, = —7/4, and I3 = 7/4 we finally obtain

1 3 1
2 2 2

/OO AkF(k,0) = 7 . (10.142)
0

It is now easy to see that Ry, is logarithmically divergent. Of course, in
this case we should consider the total Debye-Waller factor Qi:(Z,7) in
Eq.(10.115), which grows logarithmically for large & or 7. Setting for simplic-
ity 7 =0, it is easy to show from Eqgs.(10.115) and (10.135) that, to leading
logarithmic order for large Z, one obtains with linearized energy dispersion

(sin)?
cos v

g /2
Qu(#,0) ~ ——/ 29
0

™

[1 — cos[(cos ¥)?%]] ~ —% InZ . (10.143)

This implies anomalous scaling characteristic for Luttinger liquids, with
anomalous dimension given by vcs = g/(27).

The crucial point is now that the above result is completely changed by
the quadratic term in the energy dispersion, because even for small g it is
not allowed to set g = 0 in the integrand F'(k, gk) of Eq.(10.135). To see this,
consider the function

h
J(g,h):/o dkF(k,gk) , g>0 . (10.144)

According to Eq.(10.135) the constant part Ry, of the Debye-Waller factor is
determined by J(g,pc(cosd¥)™1), where p. oc g~2, see Eq.(10.137). For g = 0
we have from Eq.(10.141) limp, oo J(0, h) = 7. To evaluate J(g, h) for finite
g, we use Eq.(10.121) to write J(g,h) = 3% _, J.(g, h), where!®

13 Although Js and J; are logarithmically divergent, the divergence cancels in the
sum Jz 4+ Ja, which is the only relevant combination.
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T 2/g 1 h 1
Jl(g,h):—/ dk—k—/ dk———— | (10.145)
o lh CETAERE Ly RO g

1
h 1+ %
Jz(g,h):_f/ db— 2)k , (10.146)
9Jo K41+ %5)?
gk [1— 4|
2 hdk(l—%ﬂn[ R }
Js(g,h) == [ = , 10.147
3(g, ) o B Rra-Zp ( )
gk |1+2¢]
Ja(gh) = -2 [ L2 - | . (10.148)

9Jo k k2414 %)

From Eq.(10.137) we see that the upper limit for the k-integration in
Eq.(10.118) is large compared with g/2, so that we may assume h > g/2.
In the first integral on the right-hand side of Eq.(10.145) and in Eq.(10.147)

we substitute x = k/(1 — %) (so that 9% = 9%) and in the second integral

of Eq.(10.145) we set z = k/(g—Qk —1) (so that 92 = —9&)_ Similarly, in the
above expressions for Jy and Jy we substitute z = k/(1 + %) (so that again
‘i—? = 2—75) With these substitutions it is easy to show that

2
m [9=2/h 1

2 xl + x2
9+2/h
2 2
= = Jarctan ——~ | —arctan | ——~ (10.149)
g g(1—=2) 91+ )
and )
2 [9=2/n Inz
J3(g, h) + Ju(g, h) = —— T——r 10.150
@1+ == [, ey (10.150)

In the limit of interest (g < 1, gh > 1) the width of the interval of integration
is small,
2 2 8
g1—-2) 9(+25)  g°h

Hence, to leading order, the integrals can be approximated by the product
of the value of the integrand at z = 2/g and the width of the interval of
integration. Then we obtain to leading order

(10.151)

2

Ji(g,h) + Ja2(g,h) = g—Z : (10.152)
4lng~!

Js(9,h) + Jalg, h) o~ (10.153)

Note that for small g the contribution J; + J3 is dominant. Taking the limit
h — oo, we obtain limy,_, J(g,h) = 0, so that we conclude that
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/ dkF(k,gk) =0 , g>0 , (10.154)
0

which should be compared with Eq.(10.142). Because Eq.(10.152) depends
on the product of the small parameter g and the large parameter h, it is clear
that for any finite g the limiting behavior of the integral J(g, h) for large h
is very different from limp_, o J(0,h) = 7. This is the mathematical reason
why the linearization of the energy dispersion in the two-dimensional Chern-
Simons theory is not allowed. Using Eq.(10.154), we see that Eq.(10.135) can
be rewritten as

/2 inyg 2 oS
Ry =2 ay &) / dkF(k, gk) . (10.155)
w2 Jo cosV  Jp (cos9)-1

From this expression it is evident that the cutoff-dependence of the k-integral
gives rise to an additional power of cos? in the numerator, which removes
the logarithmic divergence that has been artificially generated by linearizing
the energy dispersion. According to Eq.(10.137) we should choose p. = 4/¢?,
so that we obtain to leading order for small ¢ (see Eq.(10.152))

/ dkF (k, gk) ~ —gg cosd . (10.156)

g%(cos 9)—1

Hence Eq.(10.155) reduces to
1
Ry ~ —gg2 , g1, (10.157)

The precise numerical value of the prefactor 1/8 is the result of our spe-
cial choice of the cutoff p. in Eq.(10.137) and has no physical significance.
However, Eqgs.(10.143) and (10.157) imply that in the case of the two-
dimensional Chern-Simons theory it is not allowed to linearize the energy dis-
persion [10.18]. Physically Eq.(10.157) represents a contribution from gauge
field fluctuations with wavelengths large compared with the Thomas-Fermi
screening length x~! to the reduction of the quasi-particle residue. While
for linearized energy dispersion one finds that these fluctuations wash out
any step-discontinuity at the Fermi surface, the quadratic term in the energy
dispersion drastically changes this scenario: in the regime g < 1 under con-
sideration the right-hand-side of Eq.(10.157) is very small, so that this term
can be safely ignored and certainly does not modify the mean-field prediction
of a step discontinuity at the Fermi surface.

10.5 Summary and outlook

In this chapter we have generalized our non-perturbative background field
method for calculating the single-particle Green’s function to the case of
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fermions that are coupled to transverse gauge fields. Let us summarize again
our main result for the special case of a spherical Fermi surface in d dimen-
sions. As discussed in Chaps. 2.5 and 5.4, in this case it is not necessary to
partition the Fermi surface into several patches, so that uncontrolled correc-
tions due to the around-the-corner processes discussed in Chap. 2.4.3 simply
do not arise. The Matsubara Green’s function can then be written as

/8 H Ty jod [e3
G(ka—i—q,i&n):/dr/ dre i@r=onn)Go(p 7@ (M) (10.158)
0

Qa(rv T) = Q(ll(rv T) + Qﬁ(rﬁ) ) (10'159>

where the longitudinal Debye-Waller factor Q¢ (r, 7) is given in Eqgs.(5.151)
(5.153), and the contribution Q¢.(r, 7) from the transverse gauge field to the
Debye-Waller factor is given in Eqs.(10.67)—(10.69). The prefactor Green’s
function G°(r, ) has the following Fourier expansion,

1 ) - -
G (r,7) = 6—Vzel<q'r—w>aa(q~) , (10.160)
q

~ 14+Y%§) + Y% (q
G(q) = —= ) +a“~(q> — (10.161)
i0n, — €gotq + 10— 27(q) — 2f.(0)
where the self-energies and the vertex functions are given in Egs.(5.186),
(5.187), (10.74), and (10.75). Due to the spherical symmetry, it is sufficient

~Q

to evaluate Eq.(10.158) for external wave-vectors of the form g = qﬁ‘k , and
then replace ¢j* — |k| — kp in the final result, see also Eqs.(5.181),(5.182)
and the discussion in Chap. 2.5.

In Sect. 10.4 we have shown that for the calculation of the transverse
Debye-Waller factor Q2.(r,7) it is essential to retain the quadratic term in
the expansion of the energy dispersion close to the Fermi surface. In physically
relevant cases one obtains then a bounded Debye-Waller factor, which does
not lead to a breakdown of the Fermi liquid state. This is in sharp contrast
with the results of higher-dimensional bosonization with linearized energy
dispersion [10.2,10.18,10.33]. We would like to emphasize that the quadratic
term in the energy dispersion is #rrelevant in the renormalization group sense.
However, it is relevant in the sense that the exponentiation of the perturbation
series for the real-space Green’s function, which in arbitrary dimensions is the
characteristic feature of bosonization with linearized energy dispersion, does
not resum the dominant singularities.

One of the most interesting problems for further research is the evalua-
tion of the prefactor Green’s function G®(§) in the case of the Chern-
Simons theory for the half-filled Landau level. Because by construction our
approach exactly reproduces the leading term in a naive expansion of the
Green’s function in powers of the effective interaction (see Chap. 5.3.3), the
perturbatively obtained signature (10.134) of non-Fermi liquid behavior is
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certainly contained in Eqgs.(10.158)—(10.161). Very recently Castilla and the
present author [10.1] have made considerable progress in evaluating the above
expressions for the case n > 1. Because we know from Sect. 10.4 that the
contribution from the Debye-Waller factor is finite and small, the low-energy
behavior of the total spectral function is essentially determined by the imag-
inary part of the prefactor Green’s function G*(g,w + i0). Most impor-
tantly, we have shown in the Letter [10.1] that the Gaussian fluctuations of
the Chern-Simons gauge field do not invalidate the quasi-particle picture for
the composite fermions in the half-filled Landau level. On other words, our
non-perturbative approach predicts a narrow peak in the spectral function,
with a width that vanishes faster than the quasi-particle energy as ¢ — O.
This clearly demonstrates that lowest order perturbation theory is not reli-
able, and explains the experimental fact that composite fermions in half-filled
quantum Hall systems behave like well-defined quasi-particles [10.31-10.35].

In our opinion, the calculation of the Green’s function of fermions that are
coupled to gauge fields is the physically most interesting and important appli-
cation of the non-perturbative method developed in this book. Gauge fields in
non-relativistic condensed matter systems arise not only in connection with
the quantum Hall effect, but also in effective low-energy theories for strongly
correlated Fermi systems [10.6-10.9,10.24]. Because the gauge field problem
cannot be analyzed within perturbation theory, controlled non-perturbative
methods are necessary. In the absence of any other small parameter, the
Gaussian approximation employed in our background field approach is justi-
fied for g = qc/kr < 1 (see Eq.(10.113)). In this case the closed loop theorem
discussed in Chap. 4.1 guarantees that the corrections to the Gaussian ap-
proximation involve higher powers of our small parameter g.

It seems that the potential of our approach is far from being exhausted.
Let us point out two obvious directions for further research. First of all,
the combination of the methods developed in Chap. 9 with the results of
the present chapter might lead to a new non-perturbative approach to the
random gauge field problem. Random gauge fields and the related prob-
lem of random magnetic fields have recently been analyzed with the help of
many different methods [10.37-10.41]. Of course, this problem is interesting
in connection with the quantum Hall effect, because experimental systems al-
ways have a finite amount of disorder. Another interesting and only partially
solved problem is the explicit calculation of the non-Gaussian cor-
rections to our non-perturbative result for the single-particle Green’s func-
tion. Recall that in Chap. 4.3 we have performed such a calculation for the
density-density correlation function. Although in Chap. 5.2 we have derived
explicit expressions for the non-Gaussian corrections to the average eikonal
(see Egs.(5.142)—(5.147)), a detailed analysis of the leading correction to the
Gaussian approximation still remains to be done. At this point we cannot ex-
clude the possibility that, although the leading term in the expansion of the
average eikonal (i.e. the Debye-Waller factor Q%.(r, 7) given in Eq.(10.108))
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remains bounded for all » and 7, the higher order terms Q%(r,7), n > 2, in
Eq.(5.143) exhibit singularities which lead to non-Fermi liquid behavior in
the spectral function.



Appendix: Screening and collective modes

We summarize some useful expressions for the polarization, the dynamic
structure factor and the long wavelength behavior of the collective plasmon
mode within the RPA. The results presented in this chapter are not new, but
a systematic discussion of the above quantities as function of dimensionality
seems not to exist in the literature.

A.1 The non-interacting polarization
for spherical Fermi surfaces

... which we need in order to calculate the dynamic structure factor within the
RPA. Here and in the following two sections we assume spherical symmetry.

For a spherical Fermi surface in d dimensions it is easy to show from
Eqgs.(3.13) and (4.24) that the non-interacting polarization is in the limit
V.8 — oo and |g| < kr given by

iwm

1Io(q) = vga (—) , (A1)

vrq|
where the density of states at the Fermi energy is (see Eq.(4.28))

v [ Grata—m . (A.2)

and the dimensionless function g4(z) is defined by

A'I%
g<z>—<AqA—> : (A.3)
¢ q-k—=z i

Here k = k/|k|, ¢ = q/|q|, and < ... > denotes angular average over the
surface of the d-dimensional unit sphere in k-space, i.e. for any function f (12:)

(1607), = LT (A4
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where d{2;, is the differential solid angle at point k on the unit sphere. Note
that by construction ¢g4(0) = 1. For a system of N spinless electrons with
mass m in a d-dimensional volume V' the density of states can be written as

L_ AN _ 2 ¥
2wV (2m) vp (2m)

d—2
mkp =, (A.5)
where (2, is the surface area of the unit sphere in d dimensions,

04 = /cmfc _ 2 (A.6)

The integrand in Eq.(A.3) depends only on cosd = q - k. For this type of
functions it is convenient to use d-dimensional spherical coordinates,

<f(q . I})>k =y /07r dd(sin )2 f(cos?) , ford>1 , (A.7)

(fa-k), =5UM+fED] , ford=1 . (A

Here the numerical constant 7, is defined by

i = <5(q : /2;)>A - UOW dﬁ(sinﬁ)dﬂ - , (A.9)

k

and can be identified with the ratio of the surfaces of the unit spheres in d—1

and d dimensions,
241 r)
= = . A.lO
A PR =y (410

In particular,
Nn=0, ==, B=5 . (A11)

For z = iy and real y the function g4(iy) is an even and positive function of
y, and is in d = 1, 2, 3 explicitly given by

, y? 1
91(1y):1—1+y2:1+y2 , (A.12)
g2(iy) = 1 - bl : (A.13)

V1I+y?
g3(iy) = 1 — |y| arctan (%) . (A.14)
Y

On the real axis we have
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1
) —
gi(z +i07) = -2 (A.15)
T
c4i0t) =1 A16
2 ) (@+i07)2 —1 (A.16)
. T x+i0t +1

For |z| < 1 the function gq(z +i0") has in d > 1 a finite imaginary part.
In the expression for the RPA dynamic structure factor discussed below this
imaginary part describes the decay of density fluctuations into particle-hole
excitations, i.e. Landau damping [A.7]. From Eq.(A.3) it is easy to show that

Img,y(z +i0") = 7z <5(f]ic—:1:)>k ) (A.18)
so that
Imgy(z +107) = mygz , for [z| <1 . (A.19)

Keeping in mind that g4(0) = 1, this implies on the imaginary axis
ga(iy) =1 —myly| , for |yl <1 . (A.20)

For large |z| we have in any dimension

1
ga(z) ~ R for |z| > 1 . (A.21)

Finally, on the real axis we have in the vicinity of unity to leading order in
0=2z—-1>0
ga(l) <0 ford>3
ga(1+06) ~{ —3In(1/8) ford=3 | (A.22)
3—d
—cg/d7z ford<3

1

5 and ¢ =

where ¢4 is a positive numerical constant. In particular, ¢c; =

s

A.2 The dynamic structure factor
for spherical Fermi surfaces

Within the RPA the dynamic structure factor consists of two contributions:
The first one is a featureless function and describes the decay of density
fluctuations into particle-hole pairs, i.e. Landau damping; the second one
18 a d-function peak due to the collective plasmon mode.

For simplicity we shall assume in the rest of this chapter that the bare inter-
action is frequency-independent, i.e. f; = fq. Introducing the dimensionless
interaction
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Fy=vfy , (A.23)

we obtain from Eqs.(2.47) and (A.1) for the RPA density-density correlation
function in the long-wavelength limit

Irpa(q) = (A.24)

According to Eq.(2.45) the RPA dynamic structure factor is then given by

94(gg +107)
1+ Faga(=4= +101)

Srpa(q,w) = %Im{ (A.25)

vr|q|

From the properties of the function gq(z) discussed above it is clear that
there exist two separate contributions to the imaginary part in Eq.(A.25),

SRPA(Q? w) = SEPPA(Qv w) + SE{C}I’A(Qv w) . (A26)

The first term Sip, (q,w) describes the creation and annihilation of a single
particle-hole pair [A.7]. This process, which is called Landau damping, is only
possible in d > 1 and for energies 0 < w < vp|q|. Mathematically Landau
damping is due to the finite imaginary part of gq(z +i0") for x < 1. Thus

ga(F5= +i07)
SeP —o(1-— I velg] . (A27
rea(4:) ( vFIQI) T\ T Fagalot +107) (4.27)

The second term S§3, (g, w) arises from the poles of Eq.(A.24), which define
the dispersion relation wq of the collective plasmon mode,

1+Fqu( P |)_o . (A.28)

The formal solution of Eq.(A.28) is

Wq 1 1)
- =), A.29
orlg] ~ % ( 7 (4.29)

where g ' () is the inverse of the function gq(z), i.e. g; ' (ga(z)) = 2. Because
of the simple form of g1 (x) and g2(x), the solution of Eq.(A.29) in d = 1 and
d = 2 can be calculated analytically,

v:ﬁ”:\/l—i—Fq . ford=1 , (A.30)
Yq 1+ Fq U] , ford=2 . (A.31)

vrlal 1+2F, /I+2k,
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Note that wq is real, so that the plasmon mode is not damped. It is easy to
see that for repulsive interactions in arbitrary dimensions the plasmon mode
is not damped within the RPA [A.7], so that it gives rise to a d-function
contribution to the RPA dynamic structure factor,

Sipalq.w) = Zgd(w — wq) (A.32)
with ) l
v urlg
Z =L, (A.33)
. fq azHO(Q7 )‘ Fg Ya (UF\Q\)
where ¢/,(z) is the derivative of the function ga(z). Because the dispersion

relation of the collective mode satisfies Eq.(A.29), ¢/,(—=%; el ) can be considered
as function of Fj;. We conclude that Z4 is of the form

Zq =vur|q|Za(Fy) (A.34)

where the function Z,4(F) is given by

1
Za(F) = - o) (A.35)
In d =1,2,3 we have explicitly
1
F
Zo(F) = m ; (A.37)
Zy(r) = 5 F) L 1 (A.38)
R N |

The strong and weak coupling behavior can be obtained analytically in
any dimension. The collective mode for large Fy is determined by the asymp-
totic behavior of gq(x) for large x. From Eq.(A.21) it is easy to show that to

leading order
1 F
9 ()~ o F>1 (A.39)

2

and that

Then it is easy to see that for F > 1

o () ~ (A1)

It follows that the leading behavior at strong coupling is
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v

VFq , Fy>1 (A.42)

rlq|
(Uq ~ \/a
Z, 1

vorlal ~ 2Vd/Fy

The dispersion of the plasmon mode at weak coupling is determined by
the behavior of the function g4(1 + §) for small positive §, which is given
in Eq.(A.22). Because gq(1) is finite for d > 3, the collective mode equation
(A.28) does not have any solution for Fy < 1/|gq(1)] in d > 3. In this case
there is at weak coupling no collective mode contribution to the dynamic
structure factor. For d < 3 we find to leading order for small F'

Z4(Fy) = Fy>1 . (A.43)

_ 1 1+e2/F ford=3
1
——)~ A.44
9 (= F) {1+(ch)ﬁford<3 ’ (A-44)
1 Le2/F ford=3
== ~< 2 - A.45
9494 (= %)) {32dcd(ch)‘% ford<3 (A.45)
so that at weak coupling the collective mode and the residue are
Wq 1+e2/Fa ford=3
~ F 1 A.46
vrlq| {1—!—(0(1Fq)ﬁ ford<3 @<t ( )

e~2/Fq ford=3

cd(chq)% ford <3

o -n?;|"3

Z
Za(Fy) = —2 N{ , Fg<1l . (A47)

vor|q|

3—d

A.3 Collective modes for singular interactions

Here we explicitly calculate the dispersion relation of the plasmon mode and
the associated residue for singular interactions that diverge in d dimensions
as |q|™" for ¢ — 0 (see Chap. 6). We start with the physically most important
Coulomb interaction and then discuss the general case.

A.3.1 The Coulomb interaction in 1 < d <3

The bare Coulomb potential between two charges separated by a distance r
is e2/|r| in any dimension. For 1 < d < 3 the Fourier transformation to mo-
mentum space is easily calculated using d-dimensional spherical coordinates
(see Eq.(A.7)), with the result

- e2 I'(d—1)024¢2
fq_/drekrm_(kﬂ# , d>1 . (A48)

In d = 1 the integral in Eq.(A.48) is logarithmically divergent, and must be
regularized. Introducing a short-distance cutoff a, one obtains



A.3 Collective modes for singular interactions 251

1
= 2 —_— =
fq=2¢“In (|q|a> , d=1 . (A.49)

In dimensions d > 1 the Thomas-Fermi screening wave-vector k is defined by
kT =v(d - 1)24€* (A.50)

to that with the help of Eq.(A.5) we obtain

<é>dl _Ld=-Dege (A51)

Thus, the requirement that the Thomas-Fermi screening wave-vector should
be small compared with kr is equivalent with e? /vrp < 1. Note that e? Jup =
(krag)™! = ac/vr where ag = 1/(me?) is the Bohr radius, and o = e?/c ~
% is the fine structure constant '. Up to a numerical factor of the order of
unity, the parameter (x/kr)¢~! can be identified with the usual dimensionless
Wigner-Seitz radius rs, which is a measure for the density of the electron gas.

In d dimensions 7 is defined by V/N = Vy(aprs)? where

24 o s
V== A52
=g ar(4) (A.52)

is the volume of the d-dimensional unit sphere. Using the fact that the density
of spinless fermions in d dimensions can be written as N/V = V ki /(27)%,
we obtain in d dimensions

2.
rs_(1> 2me” (A.53)

Va VR

Combining this with Eq.(A.51), we conclude that

d—1
K I(d-1)025 2
(k:p) = Eni Virs . (A.54)

In particular, in d = 2 we have x/kp = €*/vp = /2, and in three dimensions
(k/kp)? = 2e%/(mvr) ~ 0.2637%.
With the above definitions, the dimensionless Coulomb interaction Fyg =

vfq can be written as

d—1

K

r=(m) (A.55)
" \ldl

Because Fy > 1 for |g| < &, the Thomas-Fermi screening wave-vector x
defines the boundary between the long and short wavelength regimes, and

1 Recall that we have set & = 1. In conventional Gaussian units we have ag =
h?/(me?) and a = €*/(hc).
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can therefore be identified with the cutoff ¢, introduced in Chap. 2.4.3. It
follows that for the Coulomb problem the bosonization approach is most
accurate at high densities, where r¢ < 1 and hence x < kr. We would like
to emphasize that bosonization is not an expansion in powers of rs [A.2]; the
condition rg < 1 is necessary to make the higher-dimensional bosonization
approach consistent.

For the Coulomb potential the dimensionless RPA interaction can be writ-
ten as

FqRPA = Uf(?PA = (A.56)

Because Fy diverges as ¢ — 0, the behavior of the collective mode for |g| <
k is determined by the strong coupling limit Fg > 1, which is given in
Eqgs.(A.42) and (A.43). Hence, for the Coulomb interaction in d dimensions
the collective plasmon mode and its weight are at long wavelengths given by

3—d
_vek (a7
wq - \/E ( P ) ) (A57)

d+1
VURK |Q|> 2
Zo = Led) . A58
T 9vd <f<a (A.58)

In three dimensions this yields

wq = 73 =wp , d=3 , (A.59)
v q\?
Zg = Swn (E) L d=3 . (A.60)

Thus, in d = 3 the plasmon mode approaches at long wavelengths a constant
value wp1, the plasma frequency.

A.3.2 General singular interactions

Finally, let us consider general singular interactions of the form (6.1). Defining

the screening wave-vector
k= (ga)"" (A.61)

we see that the dimensionless interaction corresponding to Eq.(6.1) is

"
Fo=vfg= (%) e~lal/ae (A.62)

The dimensionless RPA interaction can be written as

1
FRPA = i , : (A.63)
(Mynelal/ae 4 gg(2m )

vr|q]

K
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Assuming that k < gc, we see that Fyy > 1 for |g| < . In this regime the col-
lective mode and the associated residue are easily obtained from Eqs.(A.42)
and (A.43),

VUFR |(I| Lo/
1+n/2
VURK |(I|)
g = — . A.65
q 2\/8 (H ( )

For n = d — 1 these expressions reduce to Eqs.(A.57) and (A.58).

A.4 Collective modes for finite patch number

We discuss the polarization and the dynamic structure factor for Fermi sur-
faces that consist of a finite number M of flat patches. The calculations in
this section are valid for arbitrary Fermi surface geometries, i.e. we do not
assume that for M — oo the Fermi surface approaches a sphere.

A crucial step in higher-dimensional bosonization with linearized energy dis-
persion is the replacement of an arbitrarily shaped Fermi surface by a finite
number of flat patches P§. Let us assume that the number of patches is even,
and that for each patch P§ with local Fermi velocity v and density of states
v there exists an opposite patch P§ with v® = —v* and v® = v®. This
guarantees that the inversion symmetry of the Fermi surface is not artifi-
cially broken by the patching construction (see the first footnote in Chap. 6).
For simplicity let us also assume that all patch densities of states v are iden-
tical, so that v® = v/M, where v = E(Jy:l v® is the global density of states
(see Eqgs.(4.25) and (4.28)). Then the non-interacting polarization I1y(q, z) is
at long wave-lengths given by (see Eqs.(4.24) and (4.36))

2v M/2 (v™-q)? Py-2(q, 2)
Hola:2) = 37 e ar=2 " Qulgs) (4.66)
M/2
Qu(g,2) = [[(z* - (v*-9)?) , (A.67)
a=1
o M/2 M/2 /
Pyos(q.2) = 77> (")’ | [T (0" -0 =2%)| . (A69)
a=1 a’'=1
a'#a

where it is understood that the sums are over all patches with v* - q > 0,
and in the special case M = 2 the product in Eq.(A.68) should be replaced
by unity. The RPA polarization can then be written as
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Pyr2(q, 2)
QM(qa Z) + FqPM72(q7 Z)

where as usual Fy = v fq. Thus, the RPA condition for the collective density
modes,

ITrpa(g,2) =v (A.69)

1+ fqllo(g,2) =0 (A.70)

is equivalent with
Qm(q,2) + FgPr-2(q,2) =0 . (A.71)

Because the left-hand side of this equation is a polynomial in 22 with degree
M2, for a given q we obtain M/2 roots in the complex z2-plane. The lo-
cations of the roots is easily obtained graphically by plotting the right-hand
side of Eq.(A.66) as function of real z? and looking for the intersections with
—1/ fq. For generic q all (v® - q)? are different and positive, and we can order
the energies such that

0< (v -q)? <@ -q?<...<(v™/2.q)?° . (A.72)

A repulsive interaction leads then M/2 to real roots (wg)(o‘), a=1,...,M/2,
of the polynomial (A.71) (considered as function of z?), which are located

between the unperturbed poles,
0< (7 @) < (@)Y < (- q)? < (W) <
< (v g)? < (wa) M7 (A.73)
Because the roots are on the positive real axis in the complex z2-plane, they
represent undamped collective modes, which give rise to §-function peaks in

the RPA dynamic structure factor. Hence, for w > 0 the dynamic structure
factor has the following form?

M/2
Srpa(q,w) = > Z86(w —wg) (A.74)

a=1
with the residues given by (see also Eq.(A.33))

1
7o = . (A.75)
? fg %Ho(qu)‘

— o
Zf(—dq

In the limit M — oo and (at least) for sufficiently strong coupling® the

M
mode wgq /

% with the largest energy survives as a d-function peak, and can

2 The above simple proof that for finite M and repulsive interactions the RPA
dynamic structure factor consists only of d-function peaks can be found in the
work [A.2], and is due to Kurt Schonhammer.

3 Recall that in Sect. A.2 we have shown that for spherical Fermi surfaces in d > 3
the collective plasmon mode exists only for sufficiently strong interactions.
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be identified with the collective plasmon mode wq, see Eqs.(A.29)-(A.32).
All other modes represent a quasi-continuum in the sense that they merge
for M — oo into the particle-hole continuum described by Sppa(g,w) in
Eq.(A.27). For non-generic g such that v -q = 0 for some a; or (v -q)? =
(v - q)? for some a; # «aj, the number of distinct modes in the quasi-
continuum is reduced.

In the strong coupling limit it is easy to obtain an analytic expression
for the collective plasmon mode and the associated residue. From Eq.(A.42)
we expect that for Fg = vfq > 1 there exists one real solution wg with
w2 = O(Fy). For 2% close to w2 we may therefore expand IIy(g, z) in powers

q a
of 272, The leading terms are

M/2 M/2
Iy(q,2) = —v |—= > (@*-q?|2%-v i Z 240279
(A.76)

Substituting this approximation into Eq.(A.70), it is easy to show that the
dispersion of the plasmon mode is for large Fy given by

o M/2 M/2 (0 | 014
for Z v M%M/zi .q§z+0<Fq Hoo AT
M

Using the fact that for a spherical Fermi surface

2 gl 2 2 9 2 v%qQ
A}ILHOOM;(”“#) =0rq (0% -)7)g = =~ (A.78)

the leading term in Eq.(A.77) reduces for M — oo to Eq.(A.42). For energies
z close to wg we may write
Zq
HRPA((LZ) ~ — s (A79)

Z — Wq

with
M/2 1/2

Z , A.80
where in the second line we have retained the leading term in the expansion
for large large Fy. For M — oo and spherical Fermi surfaces we may use
again Eq.(A.78) and recover our previous result (A.43) for Z,.
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