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Abstract

Disordered electron systems can undergo a quantum phase transition, known as the
Anderson transition, from a metallic phase for weak disorder to an insulating phase
at strong disorder. In low dimensions (d =2+¢), an efficient tool for studying the
transition is an effective field theory called the nonlinear o-model. The renormal-
ization group treatment of this effective model supports a one-parameter scaling
hypothesis for the Anderson transition, where the conductance is the only relevant
scaling variable.

In the present work, we investigate the Anderson transition in the opposite case
of high lattice dimensions. Here the critical point moves into the strong coupling
regime, and a field-theoretical description, similar to the nonlinear c—model in low
dimensions, is lacking at present. The plan here is to identify a field-theoretical
mechanism that describes the critical regime in high dimensions. The main finding
is a distinct mechanism of spontaneous symmetry breaking. In the metallic phase,
the hyperbolic symmetry of the field theory breaks down to a maximal compact
subgroup, whereas at criticality it breaks down to a nilpotent subgroup. This distinct
symmetry-breaking mechanism naturally leads to a singular continuous spectrum of
the underlying random Hamiltonian—a spectral type that has not yet been widely
appreciated in the physics literature.

The explicit microscopic model we analyze is a variant of the standard Anderson
model, namely the Wegner N = 1-orbital model, which belongs to symmetry class A
in the Tenfold Way. The model is analyzed using an approximation that goes back
to Abou-Chacra, Anderson, Thouless (AAT). In this approximation, one obtains
self-consistent equations for advanced and retarded Green’s functions. It is exact
on tree-like lattices and is expected to capture the essential physics of Anderson

transitions in high lattice dimensions.
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Kurzzusammenfassung

In ungeordneten Elektronensystemen kann es einen Quantenphasentibergang, den
Anderson-Ubergang, zwischen einer metallischen Phase bei schwacher Unordnung
und einer Isolatorphase bei starker Unordnung geben. In niedriger Raumdimension
(d =2+¢), kann man den Ubergang durch eine effektive Feldtheorie, das nicht-
lineare o-Modell, studieren. Die Renormierungsgruppe dieses Modells unterstiitzt
eine Ein-Parameter-Skalenhypothese, in der die einzig relevante Skalenvariable die
Leitfahigkeit ist.

In dieser Dissertation betrachten wir den Anderson-Ubergang im Falle hoher
Raumdimension. Nun ist der kritische Punkt im Regime starker Kopplung, und eine
feldtheoretische Beschreibung in diesem Regime ist deutlich subtiler. Das Ziel dieser
Arbeit ist es, einen neuen feldtheoretischen Mechanismus, der das kritische Verhal-
ten in hoher Dimension beschreibt, zu identifizieren. Das Hauptresultat ist eine
neue Art der spontanen Symmetriebrechung. Wahrend in der metallischen Phase
die hyperbolische Symmetrie der Feldtheorie zu einer maximal kompakten Unter-
gruppe bricht, bricht sie am kritischen Punkt zu einer nilpotenten Untergruppe.
Dieser neue Symmetriebrechungsmechanismus fiihrt physikalisch zu singulér kon-
tinuierlichem Spektrum des zugrunde liegenden Zufallshamiltonians.

Als explizites mikroskopisches Modell analysieren wir eine Variante des Standard-
Anderson-Modells, ndmlich das Wegner N = 1-Orbital-Modell. Dieses gehort zu der
Symmetrieklasse A des “Tenfold Way”. Wir werden das Modell in der sogenan-
nten Abou-Chacra, Anderson, Thouless (AAT)-Naherung lésen. Im Rahmen dieser
Néaherung erhélt man selbstkonsistente Gleichungen fiir avancierte und retardierte
Greensche Funktionen. Wahrend die Nédherung auf unendlichen Baumgraphen ex-
akt ist, erwartet man, dass sie zumindest fiir lokale Observablen eine gute Naherung

in hoher Dimension liefert.
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1 Introduction

Wenn man gut durch gedffnete Tiiren kommen will,
mufl man die Tatsache achten, daf} sie einen festen
Rahmen haben: dieser Grundsatz [...] ist einfach eine
Forderung des Wirklichkeitssinns. Wenn es aber
Wirklichkeitssinn gibt, und niemand wird bezweifeln,
daf} er seine Daseinsberechtigung hat, dann muf} es
auch etwas geben, das man Moglichkeitssinn nennen

kann.

Robert Musil, Der Mann ohne Figenschaften

The progress in the study of mesoscopic properties of condensed matter over the
last century is one of the great achievements of both modern experimental and the-
oretical physics. The constituents of a condensed matter system are interacting
particles, such as electrons, in an environment, for example, given by static heavy
nuclei surrounded by bound electrons. In a mathematical model, the environment
can be simulated by a lattice G and the dynamics of the interacting particles by a
many-body Hamiltonian on that lattice. A typical condensed matter system consists
of a macroscopic number of particles, say 10?3, interacting with their neighbors. It
is hopeless to simulate their collective microscopic dynamics. A key insight that
enables the study of the low-energy (or long wavelength) behavior of a variety of
different models is the fact that the exact microscopic details are irrelevant for the
low-energy behavior. Rather, it can be deduced by analyzing a few (instead of 1023)
collective degrees of freedom of the system. An efficient tool to analyze these col-
lective degrees of freedom is quantum field theory. It categorizes the microscopic
theories into a comparably small number of universality classes, classified by the
fundamental symmetries of the theory [7] and (!) their symmetry-breaking mecha-
nism.

There are two major challenges when analyzing condensed matter systems. The
first one is that the interactions between the constituents can be quite strong, i.e.,
the problem at hand may be non-perturbative around the non-interacting limit. An

example is the Hubbard model for Mott insulators [I1]. The second one is that the



Anderson localization and Anderson transition

impurities of the underlying lattice can be quite large, making the problem non-
perturbative around the limit where impurities are absent. The impurities can be
simulated by a random potential V' which consists of independent random variables
V(j), j € G. The strength of the fluctuations of the random potential (its variance)
is called disorder. An example of this is the Anderson transition in high lattice

dimensions.

1.1 Anderson localization and Anderson transition

A strategy to gain analytical understanding of these strongly coupled problems is to
either investigate the strongly interacting case with disorder absent or the strongly
disordered case with interactions absent. The present dissertation addresses the
second case. We treat the electrons in the non-interacting (or mean-field) approxi-
mation on a high-dimensional lattice with disorder present. Since the pioneer work
of A\W. Anderson [10], it has been understood that disorder can localize the elec-
tron wave function due to quantum interferences. A heuristic argument goes as
follows: To analyze the transition probability for the electron from an initial site
n to a different site n’, one can write the propagation amplitude (n’,e™ 7 n) as a
sum over contributions from different lattice paths starting at site n and ending at
site n’. Each path accumulates a complex amplitude determined by the values of
the disorder potential on this path. After summing, one takes the squared abso-
lute value [28]. For large separations between n and n’, typically, the contributing
paths explore largely disjoint spatial regions. For large disorder strength, the fluc-
tuations of the disorder potential are strong, so the spatially separated paths probe
essentially independent regions of the configurations of the disorder potential. As
a consequence, the corresponding amplitudes have effectively uncorrelated complex
phases and tend to interfere destructively when summed.

By contrast, for paths that remain in the vicinity of the initial site n, there is
a significant spatial overlap. Now the complex phases of the path amplitudes are
correlated, and the degree of destructive interference is smaller.

As a result, for sufficiently strong disorder, the electron tends to stay in the vicinity
of the initial site n and the electron wave function remains localized.

In high enough lattice dimension (d > 2 for cubic lattices) and for weak disorder,
the above argument no longer applies. The electron wave function delocalizes, and
the system turns into a metallic state. This implies that electrons undergo a quan-
tum phase transition, known as the Anderson transition, from a metallic state at

weak disorder to an insulating state at strong disorder. When tuning the energy
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instead of the disorder strength, the corresponding critical energy is called mobility
edge. The concept of a mobility edge separating metallic and insulating states on

the energy axis was first introduced by Mott [62].

1.2 One-parameter scaling hypothesis and nonlinear

o-model

It took almost 20 years after the seminal work of Anderson to make progress in un-
derstanding the nature of the Anderson transition, theoretically and experimentally.
Detailed reviews of these developments are given in [53] 57, 23]. Based on earlier
works [85, [95], in [2] a one-parameter scaling hypothesis for the Anderson transi-
tion was proposed: the conductance g is the only relevant scaling variable near the

transition. Its flow when varying the system size L is given by

dIn(g)

Blg) = (L)’ (1.1)

The qualitative behavior of the vector field 5 was obtained by investigating the
asymptotic behavior for large and small conductances. A remarkable consequence
of the one-parameter scaling hypothesis is that, in symmetry class A, in dimensions
d=1,2 (for G = Z%), the conductance flows to zero in the thermodynamic limit.
This implies that in dimensions one and two, the electron wave function is always
localized. The Anderson transition can therefore only occur for d > 3. Furthermore,
an analytical milestone was the investigation of the Anderson transition by Abou-
Chacra, Anderson, and Thouless (AAT) [I]. They derived a self-consistent equation
(AAT equation) for the self-energy, which is exact on an infinite tree-like lattice, the
Bethe lattice [I3]. A stability analysis of the AAT equation enabled them to infer
the location of the critical points. The present work is based on the self-consistent
theory derived by AAT.

Support for the one-parameter scaling hypothesis came from the renormalization
group (RG) treatment of an effective field theory, the nonlinear o-model [92], an-
alyzed in the weak-coupling regime in two or near two space dimensions [39, 91].
In this effective field theory, the metal-insulator transition is encoded in a spon-
taneous symmetry-breaking mechanism: in the metallic phase, the symmetry is
spontaneously broken, whereas in the insulating phase, the symmetry is restored.
Indeed, in [102], the symmetry-breaking mechanism of the nonlinear o-model on the
Bethe lattice has been connected to the correct analytical behavior of the two-point

Green’s function in the metallic and insulating phases. A first microscopic deriva-
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&)

d=3
0 Zaniiii In(g)
d=2

Figure 1.1: One-parameter scaling hypothesis for Anderson transitions: For d <2
the vector field (3 is always negative, even for large conductances g. When
increasing the system size L, the system always flows to the insulating
limit. For d = 3, the vector field 3 changes sign at the critical value
g = g.. For g > g., the system flows to the metallic fixed point.

tion of the nonlinear o-model has been achieved in several works [24], 47, [78] using
the replica trick. A derivation using the supersymmetry method was first performed
by Efetov [22].

We note that, also numerically [76l 33] [74], 58], the Anderson transition in low

dimensions has been understood quite early.

1.3 The debate in high lattice dimension

While the validity of the one-parameter scaling hypothesis and the nonlinear o-model
is undisputed near two dimensions, the situation becomes more complicated in high
dimensions. The established thought is that the one-parameter scaling hypothe-
sis and the nonlinear o-model are still applicable [61], but there are also skeptics
[38]. The reason for this subtlety is that the Anderson transition point moves into
the strong coupling regime in increasing dimension, and there exists no proof of
renormalizability of the nonlinear o-model at strong coupling. The discussion about
the validity of the one-parameter scaling hypothesis, the applicability of the non-
linear o-model, and, more generally, the nature of the Anderson transition in high
dimensions is still an ongoing debate. We now give a short overview of this debate:

According to the traditional theory, there exist two phases: (i) the metallic state
at weak disorder, and (ii) the insulating state at strong disorder. At the critical

point, analytical and numerical investigations reveal that the wave functions turn
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out to be multifractal [93] [16], meaning that the scaling of the moments of the inverse
participation ratio with the system size is characterized by an infinite set of critical
exponents. An informative overview about the multifractality of wave functions is
given in Ref. [27]. Multifractality of wave functions here relies on the restriction to
finite systems and finite-size scalings. However, it remains elusive how multifractal-
ity arises from a field-theoretical mechanism directly in the thermodynamic limit, in
the same structural sense as metallic and insulating phases, which are characterized
by well-defined symmetry-breaking patterns.

Some time ago, it was proposed [8, [54] that there may exist a third phase, called
NEE for non-ergodic extended, in the Anderson model on infinite-dimensional lat-
tices, such as the Bethe lattice, where the electron eigenstates are fractal. While
this third phase is realized in simple models of random-matrix type [55], strong evi-
dence [86, [34], 14], 36}, [79] excludes its realization in the Anderson model on tree-like
graphs. Nevertheless, there does exist recent evidence that the Anderson model
on high-dimensional random graphs does not conform to the usual one-parameter
scaling hypothesis. Indeed, using large-scale numerical simulations of small-world
networks, the authors of Refs. [35, [36] found that two relevant parameters are needed
to describe the critical behavior: In the insulating phase, the wave functions have
a large localization length along some rare branches. This length diverges at the
critical point. The transverse localization length is much smaller and converges to
a finite value at criticality. On the metallic side of the transition, the wave function
remembers the critical properties on small scales, i.e., here it is non-ergodic, but
ergodicity is recovered on larger scales.

A more recent scaling analysis of the Anderson model on random regular graphs
is that of Ref. [89], where two scaling parameters are again involved, although for
large system sizes one-parameter scaling is recovered.

The above reveals that the critical properties of the Anderson transition in high
dimensions are an active subject of modern research. This brings us to the first
motivation for the present dissertation: Our goal is to shed new light on the critical
behavior of the Anderson transition in high dimensions by using field theory. That is,
our plan here is to detect a field-theoretical mechanism at criticality that is distinct

from the symmetry-breaking mechanism in the insulating and metallic phases.

1.4 Anderson transition via spectral types

A different viewpoint on the subject emerges from mathematical physics, where the

Anderson transition is often formulated in terms of the spectral decomposition of the
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underlying random Hamiltonian [6 67]. From this angle, the distinction between the
phases is encoded in the nature of the spectral measure. Pure point (pp) spectrum
(i.e., isolated eigenvalues) corresponds to the insulating phase, absolutely continuous
(ac) spectrum (i.e., a dense collection of “eigenvalues”) corresponds to the metallic
phase. Indeed, the corresponding eigenfunctions in the pp case are elements of
/%(G), thus localized, while in the ac case they are not square-summable because
they are extended over the whole lattice. In particular, it is by now well understood
why, for strong disorder and/or low dimension, random Hamiltonians possess pp
spectrum [31), [3, 15, 81]. In contrast, the proof of the existence of parameter regions
where the spectrum is absolutely continuous is significantly harder. On cubic lattices
Z%, especially d = 3, it is the subject of ongoing research for the Anderson model.
Nevertheless, the existence of a diffusive phase in d = 3, as well as a localized phase
for any dimension d > 1 for a simplified version of the nonlinear o-model, the H 212
model [103], was proved in [20, 19]. Additionally, significant recent progress has been
achieved for random band matrices, where delocalization and diffusive behavior have
been rigorously established [25, [T0T].

On tree-like lattices such as the Bethe lattice, the existence of an ac spectrum
in the Anderson model is established for energies near band center and sufficiently
weak disorder [49, B0, 4, [30]. The emergence of ac spectrum has been proven in
wider parameter ranges by identifying a mechanism called resonant delocalization:
Localized clusters of the wave functions connect due to rare resonances that occur
when the energy difference of these clusters is smaller than the tunneling amplitude.
Even though the probability of these events is exponentially small for increasing
distance, in high enough dimensions, these events still occur due to the exponentially
increasing number of sites [5].

Despite the progress in the identification of an ac spectrum for small to moderate
disorder, what remains elusive is the spectral type in the critical regime. In that
vein, we recall a fact from the spectral theory of random Schrodinger operators
(or any self-adjoint operator) in the infinite-volume limit. Apart from pp and ac
spectrum, there is also the possibility of singular continuous (sc) spectrum [71,
18]. In short, the sc-type “eigenvalues”, as opposed to the pp-type eigenvalues,
are neither discrete nor do they form proper bands, as opposed to the ac case.
Important work on the analysis of operators with singular continuous spectrum was
done in [80, [73], 46, [72]. A rather natural idea is to link the characteristic features
of fractal eigenstates with those of sc spectrum and, indeed, this link has been
pursued in a recent article [9]. This idea suggests that one could expect a singular

continuous spectrum in the critical regime. However, a structural field-theoretical
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interpretation of such a spectral type is lacking at present. The central claim of this
dissertation is the existence of a novel symmetry-breaking mechanism at criticality,
which provides a structural interpretation of singular continuous spectrum in high-
dimensional Anderson-type models. This mechanism is distinct from the symmetry-

breaking mechanism in the ac phase.

1.5 Proposed symmetry-breaking mechanism at
criticality and the debate about conformal

invariance

Yet there exists a third motivation for our work. A few years ago, Zirnbauer proposed
[105] a conformal field theory for the scaling limit of the critical point between
plateaus of the integer quantum Hall (IQH) effect. The key ingredient to arrive
at the conformal field theory is a mechanism of partial symmetry breaking. This
mechanism is based on the non-compact nature of the symmetry group and thus
is not restricted to the IQH transition or two dimensions. Indeed, the standard
Anderson model in high dimensions, or a variant thereof, the Wegner N-orbital
model, which we will study in the present work, both belong to the same symmetry
class, class A. By invoking the principle of universality, one could expect a similar
spontaneous symmetry-breaking mechanism to occur also in the Anderson model
and variants thereof in high dimensions. From the present perspective, our goal
is to identify a symmetry-breaking mechanism in the field theory for the Wegner
N-orbital model at criticality, and investigate whether or not it is similar to the one
identified in the field theory for the IQH.

Now is a good time to announce what this symmetry-breaking mechanism in the
field theory we develop in the present work looks like: The symmetry group of
the field theory turns out to be the non-compact Lie group G = SU(1,1), or, after
making use of a Lie group isomorphism, G =SL(2,R). In the insulating phase,
no spontaneous symmetry breaking occurs; the full symmetry group G is restored.
In the metallic phase, the symmetry is spontaneously broken down to a maximal
compact subgroup K = U(1). We propose that the symmetry-breaking mechanism
at criticality is distinct: Instead of being restored to the full group G, the symmetry
is spontaneously broken down to a nilpotent subgroup N C G. The emergence of
a nilpotent residual symmetry reflects the non-compact structure of G and has no

analogue in compact symmetry-breaking scenarios.
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regime symmetry
insulating SL(2,R) =G

metallic U(l)=KCG

critical R=NCCG

Table 1.1: Symmetry-breaking mechanisms in our field theory

Table summarizes the central result of this dissertation. To explain one possi-
ble consequence, we now state another open discussion about the nature of the crit-
ical point for Anderson transitions in high dimensions (presumably meaning d > 3):
The question of whether or not the critical theory is a conformal field theory. A
particularly influential argument against conformal invariance was put forward in
Ref. [66]. There it was argued that any Abelian conformal field theory in d > 2
necessarily implies a parabolic multifractality spectrum at the Anderson transition.
Since both analytical results in d =2+¢ [26, 63, [70, 48] and numerical results in
d=3,4,5 [r4, 87, 59, B4] demonstrate clear deviations from parabolicity, the au-
thors concluded that conformal invariance is likely absent at Anderson transitions.
Importantly, the authors of [66] argue that their conclusion relies on the assump-
tion that the symmetry of the target space, GG, is not spontaneously broken at the
critical point. The alternative scenario, namely spontaneous symmetry breaking at
criticality, was dismissed as unlikely by the authors. The present work addresses
precisely this alternative and proposes that partial symmetry breaking at critical-
ity does occur, thereby challenging their key assumption underlying the no-CFT
conclusion.

In summary, the three different perspectives portrayed above boil down to the
question of the nature of the Anderson transition in high dimensions. In this
work, we detect a field-theoretical phenomenon that naturally represents fractal
eigenstates and singular continuous spectrum as a distinct non-compact symmetry-
breaking mechanism. In the main part of this dissertation, we will mostly focus on
the connection between the symmetry-breaking mechanism and singular continuous
spectrum. The reason is that the phenomenon of an sc-type spectrum in general
has not been addressed very intensively in the physics literature. In the following
figures, we summarize the connection between the spectral type, the wave functions,
and the symmetry-breaking mechanism in the field theory. K,., &>0 is a cor-
relator introduced below. Its scaling in ¢ for € — 0 distinguishes between the three

spectral types and can be calculated in our field-theoretical approach.
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extended
eigenfunctions

Ky, ~ 1
ac spectrum

Figure 1.2: Correspondence between spectrum, behavior of eigenfunctions, and
symmetry-breaking mechanism in the metallic phase

localized
eigenfunctions

Kye~e¢ ™
pp spectrum

absence of symmetry
breaking

Figure 1.3: Correspondence between spectrum, behavior of eigenfunctions, and
symmetry-breaking mechanism in the insulating phase

critical
eigenfunctions

Figure 1.4: Correspondence between spectrum, behavior of eigenfunctions, and
symmetry-breaking mechanism at criticality



Structure of the thesis

1.6 Structure of the thesis

For demonstration of the field-theoretical phenomenon, we analyze a variant of the
standard Anderson model, namely the Wegner N-orbital model [96] of type A in
the Tenfold Way [42]. While previous treatments were mostly concerned with the
metallic limit for large N, our focus is on the model for N =1 (i.e., with a single
electron orbital per site) in high lattice dimension. The corresponding Hamiltonian

is a random Schrodinger operator, H, on an infinite graph, G, for example G = Z%:

H=> hyu C;[Lcn,, (1.2)

where the sum is over the lattice sites n,n’ € G, and c;fl,cn/ are fermionic creation
and annihilation operators. The Hamiltonian matrix elements h,,,, are complex
Gaussian random variables. For the definition of the probability law, we refer to the
beginning of Chapter [3| where the analysis of the model begins.

We shall solve that model in the approximation afforded by Abou-Chacra, Ander-
son, and Thouless (AAT) [I]. Exact on the Bethe lattice, the AAT approximation
is expected to capture the relevant physics in high dimensions [T}, [84].

The structure of the rest of this dissertation is as follows: In the preparatory
chapter, Chapter [2, we discuss the main mathematical and physical concepts which
are needed for the subsequent analysis but go beyond the standard curriculum of
a theoretical physicist. One important outcome of Section is an argument that

the product of retarded and advanced Green’s functions
Kne =E(|Gp?), Gn=Gpn(E+ie) (1.3)

is an observable suitable for detecting the three spectral types. In Eq. [1.3] the
expectation value E is over the disorder of the Wegner Hamiltonian, and G,, is the
retarded Green’s function of H at site n and energy E.

Afterwards, in Chapter [3| we first introduce the Wegner 1-orbital model and its
probability law in Section [3.1] We show how the problem of calculating the above
observable simplifies within the AAT approximation in Section [3.2} Initially, we
obtain a self-consistency equation for the retarded Green’s function. To calculate
the correlator K, ., we need both retarded and advanced Green’s functions, so next

we derive a self-consistency equation for a matrix Green’s function:
E—h 0 ic 0 -
— ie
9G = + -1, gesu(,l). 1.4
(G T A T
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For an enhanced perspective, we also include symmetry transformed matrices

9G,g# 1. [In a later chapter, we will see a connection between the existence of
different solutions of the self-consistency equation 9G and the fact that in symmetry-
broken phases there is a whole manifold of different extremal Gibbs states]. With the
AAT-self consistency equation for 9G in hand, we next introduce the field variables,
4 x 4 supermatrices Q;, to map the self-consistency equation to a supersymmetric
integral equation m (called AAT integral equation) for a superanalytic function
9Y(Q;) in Section . The function 9 contains the information about the Green’s
functions, and with it one can calculate (among others) the observable K, .. In
Section @ we connect the solutions 9) of the integral equation to the notion of
extremal Gibbs states of the field theory on arbitrary high-dimensional lattices such
as Z% d > 1. We find that calculating the field operator representing the observable
Kp e in an extremal Gibbs state, characterized by a symmetry group element g,

reduces to performing the integral

Kpe = / dQn e~ TrEm)Qn 9y, (1.5)

where @), is the field on site n € G, and Y (Qy,) is a solution of the supersymmetric
AAT integral equation with Grassmann variables set to zero. In the final part of
the chapter, [3.5] we naturally proceed by reducing the supersymmetric AAT integral
equation to a purely “bosonic” equation, i.e., with Grassmann variables fully absent,
Eq. [3.90/

In the following two Chapters, [4 and [5], we analyze the reduced “bosonic” integral
equation. In Chapter [] we first delve deeper into the geometric structure of the field
target space, Section Afterwards, in Section we analyze the “bosonic” AAT
integral equation, Eq. , by imposing U(1)i,, symmetry (i.e. we impose that its
solutions do not break the U(1) symmetry generated by the Pauli matrix o3). As
an outcome, we find explicit expressions for solutions Yy, Yae deep in the insulating
phase (pp spectrum), and deep in the metallic phase (ac spectrum). This happens
in Sections [£.3 and [£.4] The final subsection, Subsection [{.4.2] is a preparation
for the analysis in Chapter [5] Here we observe that there is a whole continuum of
symmetry transformed metallic, or, equivalently, ac-type, solutions 9Y,. of the AAT
integral equation, and we investigate how these solutions behave for g approaching
the boundary of SU(1,1)/U(1). This investigation serves as a first inspiration of
what might happen at criticality. The analysis of the critical regime happens in
Chapter |5l We find an explicit formula for the critical points (the critical manifold)

11
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at strong coupling using harmonic analysis in Section [5.1

2
K (we) = 121&”126) exp (%) . (1.6)
In Eq. , K is the branching number of the high-dimensional graph. wy is the
on-site disorder strength, w, is the critical quotient of on-site disorder strength and
hopping strength, and FE is the energy.

The eigenfunctions of the harmonic analysis also tell about the behavior of the
U(1)jg,-invariant metallic solutions when approaching criticality from the metallic
phase. This aspect is studied in Section [5.2] Most importantly, we calculate the
length scale A which tells at which radial scale the above close-to-critical metallic
solutions decay. In other words, the scale A roughly speaking controls the radial field
fluctuations; it diverges at criticality. Finally, with the knowledge of the behavior
of the metallic solutions Y,. on the way to criticality, we construct the critical,
N-invariant solutions, Yy in Section [5.3] They emerge due to the combination of
two effects. First, when approaching the critical point from the metallic phase, the
field fluctuations on the symmetry group orbits (the Goldstone manifold) become
stronger and stronger. Second, we propose that the U(1)iy, is spontaneously broken
and a typical field configuration concentrates around a point on the asymptotic
boundary of the Goldstone manifold. To explicitly construct these critical solutions,
we subject the U(1)jy4-invariant solution Y to a coupled limit, where the disorder
is tuned to the critical disorder from below, and the action of the symmetry group
Y —9Y (a Lorentz boost) is sent to infinity. To wrap up Chapter [5|and to justify the
important arrow in Figure[I.4] we next show that the solution Ys. indeed corresponds
to sc-type behavior of the observable K, . in Section .

In the final Chapter [6] before the conclusions, we deliver the symmetry character-
ization of the three types of solutions Yi¢, Ypp, Ysc, i.e., we justify the Table For
that purpose, we delve a bit deeper into the algebraic structure of our symmetry
group and discuss the relevant subgroups that determine the symmetries of the so-
lutions Y. As an additional benefit, we will see how the coordinate systems we used

throughout this thesis stem from different decompositions of our symmetry group
G =SU(1,1) = SL(2,R).

12



2 Framework

This chapter introduces the tools that will be used throughout this thesis and that
go beyond the standard curriculum of a theoretical physicist.

We begin with an introduction to superanalysis, Section [2.1I, where we define su-
perfunctions, the Berezin integral, what is meant by a supersymmetry, and we state
the supersymmetric localization theorem. These concepts are required because the
field theory we analyze originally contains commuting (“bosonic”) variables and
anti-commuting (“fermionic”, Grassmann) variables and has supersymmetries. Be-
cause of these supersymmetries, a localization theorem is at work and ensures the
normalization of the field integral. In the course of this work, we will integrate
out the Grassmann variables and obtain a purely “bosonic” theory. Nevertheless,
some identities of the resulting “bosonic” theory would seem mysterious without an
in-depth understanding of the supersymmetric origin, and for this reason, a brief
introduction to superanalysis is included. Readers mainly interested in the physical
insights may skip this section on first reading.

Next, we summarize the aspects of the spectral theory of self-adjoint operators
in infinite volume that are needed in this work (Section . In particular, we
review their three spectral types: pure point (pp), absolutely continuous (ac), and,
singular continuous (sc). We give examples of operators that possess purely pp, ac,
and sc spectra. Building on that, we introduce self-adjoint operators whose matrix
entries are random variables, so-called random Schridinger operators or random
Hamiltonians. We explain what can be inferred about their spectral types, and,
most importantly, we motivate an observable that distinguishes between the three
spectral types. This observable will be analyzed in our field-theoretical approach for
the Wegner N = 1-orbital model. Since one focus of this thesis is the identification
of singular continuous spectrum in Anderson transitions in high dimensions, a clear
understanding of this section is essential.

Because field theory will be our tool for analysis, next our focus goes to the
mechanism of spontaneous symmetry breaking in field theories on an infinite lattice
G (Section . Of course, this concept is familiar to most theoretical physicists

who have a basic education in field theory. Nevertheless, the field theory we analyze

13



comes with a peculiarity. Its symmetry group is a non-compact group, namely

G =SU(1,1), or, after modding out a trivially-acting subgroup, the Lorentz group
G'=SU(1,1)/Zy = SO(1,2). (2.1)

While spontaneous symmetry breaking is well understood for the compact case,
the non-compact case is more subtle. In a sense, in this work, we aim to better
understand the similarities and differences between the two cases. A main insight
will be that the emergence of singular continuous spectrum is closely related to the
non-compactness of the symmetry group and, correspondingly, the non-compactness
of symmetry group orbits. To pursue the goal of investigating the non-compact
symmetry-breaking mechanism, we find it useful to formulate it in a general and
clean way. This is done in the language of so-called (extremal) Gibbs states in
infinite volume.

Finally, within the field-theoretical approach, a central tool to study the transition
from metallic to insulating states will be harmonic analysis on the two-hyperboloid
H?. The reason for this will become clear in the course of the thesis. In short,
the transition from metallic to insulating behavior can be located by investigating
the maximal eigenvalue of a linear integral equation; the transition occurs when
this eigenvalue reaches magnitude one. The linear equation contains one massive
degree of freedom and two symmetry (Goldstone) degrees of freedom. The symmetry
degrees of freedom parametrize the two-hyperboloid H2. To find the corresponding
eigenfunctions and eigenvalues, we rely on standard results from harmonic analysis.

These are introduced in this final section of the present chapter, Section [2.4]
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2.1 Superanalysis

Superanalysis is the generalization of analysis to functions that depend on commut-
ing and anti-commuting (Grassmann) variables. In the field-theoretical treatment
of Anderson transitions, it is a standard tool: Using the Wegner-Efetov supersym-
metry method, one expresses disorder expectation values of Green’s functions as an
integral over commuting and anti-commuting variables [23]. For more details on
the mathematics presented here, we refer to the standard source, Berezin’s book
[12]. For overviews of the application of the supersymmetry method to mesoscopic
systems, we refer to [22, 23] B82], 41], O0, 104]. In this work, we use superanalysis
mostly in the early sections, Sections [3.5] and supersymmetric localization

acts in the background in several steps throughout the whole thesis.

2.1.1 Zo-graded linear algebra

The setting is a Zg-graded vector space V = Vy @ V; over a field K (here K =R
or K=C). The elements in Vp (V1) are called even- (odd-) homogeneous. To

distinguish between the even and odd elements, one introduces the parity function:

0, vel
Vov—|v= (2.2)
1, vel,

and extends it to arbitrary v € V' by linearity. When Vj = KP and V; = K9, we
simply write V = KPI7. After studying the elements of Zo-graded vector spaces, we
now introduce the linear maps on V', End(V'). Because of the Zy grading of V', they

decompose in blocks and inherit a Zo grading:
A 0 0 B
End(V)=End(Vp® V1) ZEnd(V)p®End(V); 2 X = 0 D + c ool (2.3)

Here A € End(Vp), D € End(V7) constitute the space of even linear maps, End(V)o,
and B € Hom(V1,Vy), C € Hom(Vp, V) constitute the space of odd linear maps,
End(V);.

In this thesis, we make use of the generalization of the trace to Zs-graded vector

spaces, the supertrace
STry : End(V) —» K, STry X =TrA—TrD, (2.4)

where Tr denotes the usual trace of a linear map.
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2.1.2 Grassmann variables

In physics literature, so-called supervectors and supermatrices contain Grassmann
variables. In the next step, these enter the stage. Let A denote a Grassmann algebra
over K. Since a general element in A consists of even and odd monomials in the
generators, A is a Zo-graded vector space: A = Ag@ Ay, where Ag (A1) contains
even (odd) polynomials in the generators. Starting from the vectors in the graded
vector space V', the corresponding supervectors, with entries in A, are elements of
the tensor product (Ag®Vp) ® (A1 ®@V1) = (A®V)p. In math literature, this space
is sometimes called the Grassmann envelope, and it is denoted by V(A). Next, we
construct supermatrices. As we have already seen, the space End(V) is Za-graded,
so we can repeat the procedure from above. The Grassmann envelope of End(V)
is denoted by End(V)(A) and its elements are supermatrices. They can again be
represented in terms of block matrices A, B,C, D. Now the entries of these matrices
take values in A; in A, D (B, () the matrix elements are even (odd) in the generators
of A. The algebra End(V)(A) naturally acts on V(A) and can be identified with
the linear maps on V(A): End(V)(A) = End(V(A)). Using this and the fact that
V(A), End(V)(A) are Za-graded, the notion of supertrace for supermatrices is well-
defined. For V =Kl one writes V(A) = KPl9(A) and End(V)(A) = End(KP/9)(A).
Another important operation in linear algebra is the determinant. The general-
ization to supermatrices is called superdeterminant: For End(V)(A) > X, the su-

perdeterminant is defined as:

B A B\ Det(A-BD'C) Det(A)
SDet(X) = 8Det (C D) = De(d)  Dea(p—caip (%Y

where Det denotes the usual determinant.
To put this subsection into perspective, we mention that the original field variables
of our field theory are 4 x 4 supermatrices with complex variables u,u,v,v, and

Grassmann variables (,(,w,w:

o(a -1 ¢ o). (2.6)

E N e g

The field theory action contains terms such as STr(Q?).
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2.1.3 Superfunctions

Superfunctions are functions that depend on commuting and Grassmann variables.
They are defined by a power series expansion in the Grassmann variables. The series
will eventually terminate because the generators of the Grassmann algebra square
to zero. Here we define superfunctions in the linear setting, where the underlying
space is a Zsg-graded vector space V = V@ Vp. This is sufficient for our purposes.
Real- or complex-analytic superfunctions are maps F : Vo — A(V]"), i.e., real- or
complex analytic functions on Vj that take values in the Grassmann algebra over
the dual space of Vj. They form an associative algebra, and, as announced above,

they can be written as a power series:

dim(V1) . o .
Fla)= Y S Fiiyin(at 2?2800y chigie i (2.7)

n=0 1i1<is<...<in

where Fj, 4, . i, : Vo — K are real- (K=R) or complex- (K = C) analytic functions,

-5ln

z' are coordinates of Vg, and ¢/ € Vj* are generators of A(V{").

2.1.4 Berezin integral

How can we generalize the integral over the functions Fj, ;, . ;, to the superfunction
setting? The answer is that an additional step is needed to map the superfunction
to a number. This additional step is the elimination of the Grassmann vari-
ables. It is often called fermionic integration, even though, actually, one performs
derivatives. It maps the superfunction, which contains the odd generators ¢/, to a
function on V4. This function is then promoted to a top-degree differential form that
can be integrated over V{ (or an open subset thereof). The fermionic integration
makes use of the operation of anti-derivation on A(V}"). Fixing a set of generators
{¢7}, it is simply the partial derivative 9/0¢7. It anti-commutes with other partial
derivatives 0/0¢* and fulfills the anti-Leibniz rule:

0
g0 (€¢) = 07¢ = ¢*aj. (2:8)

Now in the fermionic integration €2y one performs the derivatives with respect to all

G-
a 0 0
Qf[F] :const.agn 8(”*1"'8@}-' (2.9)

Hence we have mapped the superfunction to an ordinary function on V4. Finally, it

gets mapped to a top-degree differential form on V. The whole procedure is denoted
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by Qper[F]. Qper is called Berezin integration form (or Berezin measure).

Example

We look at the example of two real vector spaces Vo = V; with dim(Vp) =n. Let
2’ be coordinate functions on Vg and ¢/ be basis vectors of Vj* (and generators of

A(V}")). Then, a Berezin integration form is

g 0 0
a1 2
QBer =da” Adz“ A Ad2" ® aCn 9en 1 gt (2.10)
and for a superfunction (2.7)) the Berezin integration yields:
Qper[F] = [ dz' Adz? A Ada" Fia_ (2!, ... 2"). (2.11)

Vo Vo

2.1.5 Supersymmetry and supersymmetric localization

Throughout this work, we will encounter superfunctions that possess supersymme-
tries. In the present section, we simplify the notation by again restricting to the
case of two real vector spaces Vp = V) with dim(Vp) =n. A supersymmetry is a
symmetry generated by an odd vector field ) (realized as a first-order differential

operator):

S 1 9 1 9
Q:;w (x7C) Ot +a ('IaC)aij (2'12)

where w'(x,() is odd in the Grassmann generators ¢/ and a'(z,() is even. A su-
perfunction F' is called supersymmetric with respect to @ if it vanishes upon @
action:

Q[F] =0. (2.13)

We furthermore assume that @) is a Killing vector field of the Berezin integration
form Qper:
dive,, Q = 0. (2.14)

The divergence divgy,  is the obvious generalization of the divergence in the ordinary

manifold setting:

/Vo QBer[(diVQBerQ)f] = _/VO QBer[Q[F]], (2.15)

for suitable superfunctions F. A beautiful and, for this work, highly relevant result
of the integration theory of supersymmetric superfunctions is the so-called super-

symmetric localization theorem. A complete proof of a version similar to the one
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we use here is given in [77]. We assume that a superfunction F has a supersymme-
try (), which additionally is a Killing vector field of the Berezin integration form.
Furthermore, we assume that the vector field () has a discrete zero locus. The zero
locus of @ is the subset of Vj on which the number part of @ (i.e., the terms of
() that remain when all Grassmann variables are set to zero) vanishes. Finally, we
assume that the odd vector field Q squares to zero Q% = 0.

Then the Berezin integral over the superfunction F localizes on the discrete points
contained in the zero locus. To be more precise, for even and Q-invariant superfunc-
tions Gy whose number part equals one in a small neighborhood around the zero

locus and equals zero outside a larger neighborhood, we have

i QBer[-'r] = /Vo QBer[gOf]~ (2'16)

We will not give a proof here, but we present a heuristic argument that goes back
to Witten [I00]. Locally (away from the zero locus of )), we can find coordinates
such that Q = 9/9¢* for some i = 1,...,n. Now, as F vanishes upon action of @Q, it
is independent of ¢*. We have already learned that fermionic integration is nothing
but performing partial derivatives with respect to the Grassmann coordinates (7, so
the integral over F vanishes in the region where we can find coordinates such that
Q = 0/9¢". Consequently, the integral over F vanishes everywhere except for the

zero locus of @ (here we obviously cannot find coordinates such that Q = 9/9¢").

Example:

We now look at an example on the graded vector space R22. We choose the Berezin

measure - 52
Qpar = ——® e (2.17)
Let F be an integrable superfunction of the form:
F=F(zz+0). (2.18)
F has several supersymmetries. One is given by the odd vector field
Q:Caaz—zaac. (2.19)

Its zero locus is the origin z = 0. Obviously, Q% = 0 is fulfilled. Furthermore, it can
be checked that @ is divergence-free when acting on superfunctions whose number
parts decay quickly enough at infinity. According to the localization theorem ([2.16]),
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the Berezin integral over F localizes at the origin z = 0. Here we use a slightly

modified theorem where we replace the function Gy by a bump function:
Gl =Gl(zz+C() = e 1FHO e R, (2.20)

Clearly, it is also (Q-invariant. The Berezin integral over F then coincides with the
limit:
/R , Qe[ F] = Jim /R  QperlGHF). (2.21)

The integral on the r.h.s. can be calculated:

li Oper[GHF] = i g O
tiglo/ﬂ@ Ber[ 0 ]_ti}go R27®ﬁe (ZZ—FCC)
d?z 0? e 7z (C d?z 0? e
— 1 ol WA 22 NS0 R 1 2 Rl SINP ¢Z2 (e
M8 Jee @ acac © f<t+t> FO) Jeo = ® azac ©
= F(0).

(2.22)
Consequently, supersymmetric localization ensures that the Berezin integral over
superfunctions F = F(zz + () simply yields its value in z =0 = ( = ¢, no matter
how complicated the function F might look.

2.2 Spectral types of self-adjoint operators in infinite

volume

One main goal of this thesis is to find a field-theoretical mechanism that describes a
singular continuous spectrum of the Wegner Hamiltonian. The present section serves
as a reminder of the three spectral types a random discrete Schrodinger operator
may have on an infinite lattice G: absolutely continuous spectrum (ac), pure point
spectrum (pp), and singular continuous spectrum (sc). The following presentation
of the characteristics of the spectral types is based on [6].

A suitable observable to distinguish between the spectral types is the integrated
local density of states (ILDOS). In short, they can be characterized as follows:

1. ac spectrum: The ILDOS is an absolutely continuous function (actually,
smooth in most cases). The corresponding eigenstates are (ergodic) extended
and thus are not elements of £2(G). For Anderson-type models, an absolutely

continuous spectrum corresponds to the metallic phase.

2. pp spectrum: The ILDOS is not a continuous function but a step function.

A pure point spectrum consists of the proper eigenvalues of the Schrodinger
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operator. The ILDOS jumps as soon as the energy argument meets an eigen-
value. The corresponding eigenstates are localized and are elements of £?(G).

For Anderson-type models, a pp spectrum corresponds to the insulating phase.

3. sc spectrum: The ILDOS is still a continuous function (jumps are absent)
but not absolutely continuous; its derivative is singular and does not exist as
a function. A function that undergoes such behavior is the Cantor function,
an example of a “devil’s staircase”. Singular continuous spectrum is typically
expected to occur at isolated points (critical points) or in fine-tuned models.
In this section, we will see an example of a Hamiltonian that possesses singular

continuous spectrum in a wide parameter range.

2.2.1 Spectral representation

Let H be a self-adjoint operator on a Hilbert space H = (?(G), where G is an
infinite lattice. We use the expression Hamiltonian or Schrodinger operator for
H interchangeably. The spectral representation for the mean values of a bounded

function f of H, in a normalized state v € H, reads:

(W f(H)) = [ vy (dE) f(E). (2:23)

vy(dE) is a probability measure on R that describes the spectral distribution of H
in the state v. While this definition seems rather abstract at first glance, it is the

natural generalization of the finite volume analogue:
(. FHY) = 301, )[* f (), (2:24)
k

where Ej are the eigenenergies and ¢, are the corresponding eigenvectors. In sim-
pler words, the subtlety about the infinite-volume limit is related to the fact that
the spectrum can consist of more than separated eigenvalues. The infinite-volume
version ([2.24]) reduces to the finite volume version in the case of pp spectrum,

as will become obvious now.

2.2.2 Spectral measure and its Lebesgue decomposition

The measure vy (dE) is called spectral measure. It can be Lebesgue-decomposed into

three components

vp(dE) = 3¢ (dE) + viP(AE) + V(A E). (2.25)
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The ac component of the spectral measure is absolutely continuous with respect
to the Lebesgue measure on R. In other words, it possesses a density function
py(E) € L'(R)

vy (dE) = py(E)dE. (2.26)

The pp component is a sum of point measures on the eigenvalues corresponding to

proper (square-summable) eigenfunctions vy, € £2(G):
VIP(AE) = 3 |(W, i) P (E — Ey) dE. (2.27)
k

When inserting (2.27)) into the general spectral representation (2.23)), we obtain the
finite volume version (2.24). Finally, the third component v(dE) is a singular-
continuous measure. It is supported on a set of zero Lebesgue measure, yet it has

no atoms (it does not charge single points).

2.2.3 Integrated local density of states

After the rather abstract definitions above, we now focus on the state localized at
the lattice site n € G, |[¢)) = |n), and the function f(H)=0(H — FE), E € R, where

O is the Heaviside step-function. Using the spectral representation (2.23)) we obtain:

E

In(B) = {n, f(H)n) = [ va(dB) (2.28)

—00

which is the infinite-volume version of the integrated local density of states at energy

E and site n. It can also be expressed in terms of the Green’s function

1
G (2) = (n, o Hn/>, (2.29)
where z € C can take values in the upper or lower half plane:
. E dEl / . / .
In(E)=limy |~ (Grn(E'—ie) = Gun(E' +ie)), >0, (2.30)

From this, it follows that the spectral measure can be associated with the local
density of states (LDOS):

vn(@E) = Tim 3 (G n(E—i2) — Grn(E +ic)). (2.31)

e—0 27i ’

where the limit is meant in the sense of distributions. With this identification in

hand, we use the expressions spectral measure and LDOS interchangeably. We now
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relate the three different types of measures in the Lebesgue-decomposition of the
spectral measure v, (dE) to the different behaviors of the ILDOS.

1. ac spectrum: The ac component of the spectral measure possesses a density
function, p,(F) € L'(R). In expression (2.30), limit € — 0 and integral can be
exchanged. The density function equals:

1 . ) .
pn(E) = 5 gg% (Gpn(E—ie) — Gppn(E+ie)). (2.32)
Here the limit is a classical limit, which means that the limit is well-defined

as a function. Now

Io(E) = / b;o pn(E')AE. (2.33)

Because p,(E) € L'(R), I,(F) is an absolutely continuous function.

In(E)

Figure 2.1: A schematic of I,,(F)
in the case of ac spec-
trum. It has an in-
tegrable density func-
tion and is thus abso-
lutely continuous.

2. pp spectrum: The pp component of the spectral measure is a sum of weighted

point measures. In other words, the limit

pn(E) = i lim (G (E —ig) — Gpn(E+ic)) (2.34)

271 e—0

only exists in the sense of distributions and yields a sum of weighted delta
distributions. When plugging the pp component into (2.28)), we obtain a step

function:

L(E)= Y [, (2.35)

kB <E

where the sum is restricted to eigenstates ¢, with eigenenergies Ej < F.
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In(E)
Figure 2.2: A schematic of I,,(F)
— in the case of pp
spectrum.  Its den-
sity consists of a sum
— of weighted delta dis-
tributions, and thus
I,(F) is a step func-
tion.

3. sc spectrum: It may happen in principle that I,,(F) is continuous but not
absolutely continuous, i.e., one has only the weaker property that there exists
a number « € (0,1) such that
|]n(E) — In(El)|

V5 € (0,a]: El’iLnE E_mp =0. (2.36)

As an aside on mathematical terminology, Eq. is satisfied by Holder-
continuous functions with Holder exponent . Absolute continuity is recovered
for « = 1. Again, the limit
r .. . :

pn(E) = i gl_rf(l) (Grn(E —ie) = Grn(E +ie)) (2.37)
only exists in the sense of distributions. However, now the distribution does not
charge single points, even though it is supported on a set of Lebesgue measure
zero. An example for an sc-type ILDOS is the Cantor function [29], and the
corresponding LDOS (the spectral measure) is the distributional derivative
of the Cantor function, the Cantor measure. To define the Cantor function,
one makes use of the Cantor set C, a subset of the unit interval [0,1]. It is
the result of the following process: We subdivide the unit interval into three
equal intervals [0,1/3],[1/3,2/3],[2/3,1] and remove the middle one. Then we
perform the same procedure for the remainder [0,1/3]U([2/3,1] and repeat the
process ad infinitum. The numbers that have not been removed by this process

are the elements of the Cantor set.
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Figure 2.3: The first four iterations of constructing C'.

It turns out that every such number has a triadic representation:

o
=Y 21 37" (2.38)
k=1

with z; € {0,1} for all i. The Cantor set is uncountable but has Lebesgue
measure zero. [It is a fractal with Hausdorff dimension In(2)/In(3).] The

Cantor function is then defined on the Cantor set as
o0
fla)y=> ap 27F (2.39)
k=1
and can be extended to a continuous function f : [0,1] — [0,1]:

fly)=sup{f(z);z e,z <y}. (2.40)

The function so obtained is continuous, but not absolutely continuous. Its
derivative exists on [0,1]\ C' and it equals zero there, but it is nowhere differ-
entiable on C'. The distributional derivative f’ defines the Cantor measure, an

example of a singular continuous measure:

V(dE) = f/(E)dE. (2.41)
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[ Figure 2.4: A schematic of I,(FE)
in the case of sc spec-

trum, the Cantor func-
tion. Its density is a
distribution supported
on a Lebesgue zero set
without charging sin-
gle points.

2.2.4 Spectral types - Dynamical meaning

Next, we want to relate more concisely the notion of spectral types to the metallic,
insulating, and critical structure of the wave function in Anderson transitions. This
is quite simple because the spectral measure has an immediate connection to the
(time-integrated) probability to find a quantum system that was initiated in a state
1) back in this state at time ¢. Anticipating that we will analyze a model of Anderson
type, we call this probability return probability. Here we again specialize to the state
|n). The return probability is given by:

Proby,n(t) = |(n,e n) (2.42)

The relation to the spectral measure is an easy consequence of the spectral repre-
sentation. Indeed, by invoking ([2.23)) we obtain:

2
Proby s (t) = ’ [om(@B)e e <o), (2.43)

where the hat on the right means the Fourier transform of the spectral measure. We

again compare the behavior for the three spectral types:

1. ac spectrum: We recall that the LDOS is a L' function. According to the

Riemann-Lebesgue lemma, its Fourier transform vanishes at infinity and thus:

lim Prob,,_,(t) = 0. (2.44)

t—o0

In most, if not all, of the physically relevant cases, the LDOS is also an L? func-
tion: pp(E) € L2(R). Using the Plancherel theorem, |0, (¢)[? is then integrable

and the time-integrated return probability stays finite for infinite times:

T
lim /0 dt Proby,_p(t) < oc. (2.45)

T—o00
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This reflects the fact that the ac-type eigenfunctions are extended: The elec-
tron diffuses away from the starting point n fast enough for the time integral
to converge. More concretely, the states ¢¥*¢ corresponding to the ac
spectrum leave any finite region around the fixed lattice site n with probabil-
ity one in the large time limit ¢ — oo (they are not recurrent). Absence of

recurrence is a property reserved for infinite systems.

2. pp spectrum: Now the LDOS is a sum of weighted delta distributions. Con-
sequently, the return probability at time t coincides with the finite volume

analogue:
2

Proby,_,(t) = , (2.46)

Z |<TL, 77Z)k> |2 e_itEk
k

where F} are the eigenvalues and v the corresponding eigenvectors. The
return probability is uniformly bounded from below by a positive constant at
all times. Hence the time-integrated return probability diverges. For a general
spectral measure v, the pp component can be detected by looking at the large

time limit of the time-averaged integrated return probability [97]:

1T 2
Jim /0 dt Proby_ (1) :zkj (B, (2.47)
where again Ej, are the discrete eigenvalues, i.e., belong to the pp component
of the spectrum. The pp-type eigenfunctions are localized. When the electron
is initialized at or near site n, events of nonzero overlap with the state |n)
happen again and again ad infinitum. In other words, the pp wave functions

are confined to a finite region around n for all times t.

3. sc spectrum: In the case of sc spectrum, we recall that the integrated local
density of states is Holder continuous with Holder exponent a. Equivalently,
we call the spectral measure v, itself uniformly Hoélder continuous with expo-
nent « € (0,1), if for all intervals I with length || <1 (in a certain energy

regime where sc spectrum is found), one has
v(I) < C|II9, (2.48)

where C' < oo is a constant. Again, the pp measure is recovered for a = 0 and

the ac measure for « = 1. Now for sc spectrum the time-integrated return
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probability diverges as 7'~ in the large time limit [S2, 56]:

1 /T c
- /O dt Probp_sn(t) < (2.49)

_ﬁ7

where again ¢ < oo is a constant. The sc-type eigenfunctions are neither lo-
calized nor fully delocalized, but their support is a fractal. The temporal
dynamics depopulates the initial site n, but fails to do so quickly enough for
the time integral to remain convergent for T"— oco. In other words, the
eigenfunctions can only show recurrence over vanishing fractions of time in the

large time limit T" — oc.

2.2.5 Examples

Here we give examples of Schrodinger operators with absolutely continuous, pure

point, and singular continuous spectrum.

1. ac spectrum: The standard example of a Schrédinger operator with purely
absolutely continuous spectrum is the lattice Laplacian A on ¢2(Z%). To show
it, one uses Fourier transform F : 2(G) — L?([—n,n]%). For a state ¢ and a

function f, one obtains:

(W, F(A)W) = (Fo, FF(A)FLFp) = (Fo, f(FAF HFy)

d d 2.50
[T (FOWN 123 cos(iy) 220
T, s j=1
By changing coordinates, we obtain:
W (D)) = [ va(dd) F(N) (2:51)

where the spectral measure vy, is supported on [—2d, 2d] and obviously is abso-

lutely continuous. The “eigenvectors” of the lattice Laplacian are plane waves:
Yrp(n) = ek ke [—7r,7r]d, neG. (2.52)

They are not elements in £2(G) and are extended over the whole lattice.

2. pp spectrum: A simple example of an operator with pp spectrum is a mul-

tiplication operator on £?(G), i.e., a real-valued sequence V € £*°(G). In this
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case:

2 2
W SV = X ) V) = [ 3 [l 60—V () dAf(N). (2:53)
neG neG
From this, we see that the spectral measure is a sum of weighted point mea-
sures, and the spectrum is pure point. The eigenvectors are supported on

single lattice points:
¢n(n/) = Opp - (254)

They belong to the space £2(G).

3. sc spectrum: As one can anticipate, it is considerably more demanding to
come up with an example of an operator with a purely singular continuous
spectrum. In many interesting cases, a singular continuous spectrum is asso-
ciated with critical points. Indeed, in this thesis, we provide strong evidence
that the Wegner Hamiltonian exhibits singular continuous spectral behavior
at criticality. Nevertheless, there are examples of Hamiltonians that possess a
purely singular continuous spectrum. One example is the Fibonacci Hamilto-
nian, which is relevant to the study of the electronic properties of quasicrystals.

It is a Schrédinger operator on (?(Z):
H/\,w = A+VA,wa (255)

where A is the lattice Laplacian and V is a multiplication operator, the Fi-

bonacci potential:
Viw(n) = AX[1—a,1) ((na+w)modl). (2.56)

Here x7 is the indicator function on the interval I, A > 0 is the coupling con-
stant, a = (/5 —1)/2 is the frequency, and w € R/Z is the phase. It can be
shown that the spectrum of the Hamiltonian H) ,, is independent of the phase
w and for every A > 0 is a set of zero Lebesgue measure. At the same time, the
Hamiltonian has no proper eigenvalues for all A > 0. Hence the Hamiltonian
indeed has singular continuous spectrum, a Cantor-type set, and its spectral
measures are purely singular continuous, Cantor-type measures [83] [1I7]. Prov-
ing these statements is a hard task that clearly goes beyond the purpose of this
introduction. Nevertheless, we try to give some intuition as to why a singular
continuous spectrum appears in this model. The deterministic potential V),

exhibits long-range order: it has self-similar patterns that repeat on all scales.
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Nevertheless, it is not periodic. In short, the Fibonacci Hamiltonian exactly
lies at the sweet spot where two effects balance. The lack of periodicity pre-
vents the wave function from becoming a Bloch-type wave, which would be
extended over the whole lattice and would correspond to an ac spectrum. At
the same time, the self-similarity at all scales leads to resonances that prevent
the wave function from localizing. Consequently, the spectrum is neither ac

nor pp, but sc.

-50 -40 -30 -20 -10 0 10 20 30 40 50

Figure 2.5: The values of the Fibonacci potential V] ¢ on the sublattice ZN[—50,50].

We remark that the Anderson or Wegner Hamiltonian consists of both a lattice
Laplacian (a hopping term) with purely absolutely continuous spectrum and a mul-
tiplication operator, the random potential, with purely pure point spectrum. For
vanishing disorder potential, the two models reduce to the lattice Laplacian and thus
trivially have an ac spectrum. In the opposite case of vanishing hopping strength,
they reduce to the multiplication operator given by the random potential and triv-
ially have a pp spectrum. The combination of both allows for a competition of
both operators, enabling a transition between absolutely continuous, pure point,

and singular continuous spectrum in different parameter regimes.

2.2.6 Random operators and observable for detection of spectral
types

In the final subsection of this section about spectral types of Schrodinger oper-
ators, we comment on random Schrédinger operators. Until now, we have dis-
cussed Schrodinger operators without randomness. Of course, when speaking about
Anderson-type transitions, randomness in the Hamiltonian is the central property
that simulates the disorder on the lattice. Eventually, we introduce the observable
that will be the main object of analysis in this work and motivate why it is suitable
to distinguish between the three spectral types.

A random Schrédinger operator H (also called a random Hamiltonian) is a func-

tion on a probability space and maps every element from the underlying set, w, to
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a self-adjoint operator, H(w), in a common Hilbert space. We restrict ourselves to
so-called ergodic operators. For them, the probability distribution of the random
Hamiltonians H(w) is invariant under a group of measure-preserving graph auto-
morphisms. On Z?, these are simply the translations. A prominent example is the

Anderson Hamiltonian on Z2:
Hw)=-A+V(w) (2.57)

acting in ¢%(Z%). V is a random potential, i.e., a multiplication operator whose
values on different lattice sites are independent and identically distributed (iid) and
follow a certain probability law. For numerical investigations, one chooses a box
distribution, whereas for analytical purposes, a Gaussian distribution is often more
suitable. H(w) is translation-invariant (for iid random variables (w(7));czq4) and
H(w) forms a standard ergodic operator.

A theorem that dates back to L. Pastur [67] guarantees that for ergodic operators
(such as the Anderson or Wegner Hamiltonian on cubic lattices or also the Bethe
lattice) the spectrum of the random Hamiltonian is almost-surely non-random: With
probability one it coincides with a fixed set ¥ C R. Furthermore, the same applies
to the three spectral components ac, pp, and sc.

The central question now is: What is a good observable that, on the one hand,
can be analyzed in our field-theoretic approach and, on the other hand, contains
information about the almost-sure spectrum? The answer is given by the expectation
values of products of Green’s functions. In the light of the discussion in the preceding

subsections, a good starting point is the e-regularized LDOS (its density function):

1

7 (Gpn(E —ig) — Gpp(E+ig)). (2.58)

Pne (B) =

Now we anticipate that, as in the standard field-theoretical approach to Anderson
transitions, our approach also gives access to disorder averages of Green’s functions
(averages with respect to the distribution of H). Naively, one could hope that the
e-regularized, averaged LDOS E(py, -(E)) does the job of distinguishing between the
spectral types at energy E (or rather in an arbitrary small interval around F). In
some sense, the whole subtlety of the study of Anderson transitions (e.g., the emer-
gence of hyperbolic symmetry in the field theory) is a consequence of the observation
that the average LDOS fails to (!) do the job of detecting the spectral type. Indeed,
as was first observed by Wegner [94], for sufficiently regular distributions of H (or
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V'), the mean spectral measure:
v =E [(n, Py (H)n)] , (2.59)

where P (H) denotes the spectral projection, is always absolutely continuous. Con-
sequently, the limit ¢ — 0 of the mean e—regularized LDOS always exists as a func-
tion. Here we give a heuristic argument for this observation. For the pp spectrum,
the fluctuations of the distribution of the LDOS are maximal; it has heavy tails.
When measuring the LDOS at a certain energy F over many copies of the system,
where the dynamics is given by the corresponding copy H(w), we will typically
measure zero LDOS. However, there are rare events where the LDOS will be ex-
tremely high; this happens when the corresponding copy of H has an eigenvalue
at the energy E. Hence the typical measurement heavily differs from the mean.
In contrast, for the ac spectrum, the typically measured value coincides with the
mean. The distribution of the LDOS is narrowly peaked around its mean (e.g., a
Gaussian distribution), and most measurements will lead to a similar value for the
LDOS at energy E. Outliers are extremely rare. In the sc case, the distribution of
the LDOS also has heavy tails, but the fluctuations are less strong than for the pp
spectrum. It should now be plausible that all cases (pp, ac, sc) lead to a similar
mean LDOS because it cannot distinguish between different typical values. To grasp
the spectral types and thus to study the Anderson transition, one needs to look at
the fluctuations of the distribution of the LDOS.

The second moment of the distribution, E(p%ys), provides the desired character-
ization. We will see now that, dependent on the spectral type, it shows different
divergencies in the regulator ¢ for ¢ — 0. By again invoking the spectral represen-
tation for the e-regularized LDOS we obtain:

1 €

pre(E) :/Rl/n(d)\>5€(E_)\>, 0cl@) = ———— (2.60)

Expression (2.60)) reveals that for € — 0 the e-regularized LDOS tells us about the
spectrum around the energy E:

FE+e

pn,g(E)NE_le_E va(dN) = e up([E —e, E+e]). (2.61)

Accordingly, the quantity E(p%ﬁ) entails the information about the fluctuations of

the spectral measure around FE:

E(pne(E)?) ~ e *E(vy([E —¢, E +¢])?). (2.62)
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We now argue how the quantity (2.62)) scales with € for ¢ — 0 in the three different

cases of ac, pp, and sc spectrum at energy F, i.e., the spectrum in arbitrary small

intervals [E'—¢,F +¢], € — 0.

1. ac spectrum: In the case of ac spectrum, the distribution of the local spec-
tral measure is narrowly peaked, and thus the expectation of v is not much

different from its typical value:
E(vn([E—¢e,E+¢))?) ~vP([E —¢, E+¢])? (2.63)

Typically, due to the lack of heavy tails, one will measure an ac spectrum in
the interval [E — ¢, E4¢|. When the ac LDOS is nonzero in this interval, the

spectral measure scales with e:
vn([E—¢e,E+el]) ~e, (2.64)

which is because the spectral measure has a density function (non-singular).
It then follows that E(py, . (F)?) stays finite for € — 0:

E(pne(F)?) ~e 2% =1, (2.65)

2. pp spectrum: Now the distribution of the local spectrum measure has heavy
tails. The divergence with € comes from the rare events with very large local
spectral measure (when a e—regularized delta peak of the LDOS sits in the in-
terval [E —¢, E+¢]). The fluctuations E(12) can be estimated by the extremal
value of v, ([E —¢,E +¢])? and the probability that it occurs. The extremal
event is when the e—regularized pp-type LDOS has a peak in E, and in this
case:

vn([E—e,E+e]) ~ 1. (2.66)

To estimate the probability of such an event, we remind ourselves that the
e—regularized pp LDOS consists of regularized delta peaks on the energy axis
with width ~ . Thus the probability that such a peak overlaps with energy
E is ~e. We then obtain:

E(pne(B)?)~e 2 1% e =¢1, (2.67)

3. sc spectrum: Again, the distribution of the local spectral measure has heavy
tails and the ¢ divergence comes from rare events where the e—regularized

sc-type LDOS has a peak in the interval [E —e, F +¢|. In contrast to the pp
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case, now the spectral measure of this interval still scales with € because the

sc measure does not charge single points:
vn([E—¢e,E+e]) ~e* ae(0,1). (2.68)

The peaks of the e-regularized sc-type LDOS do not diverge “fast enough” in
£ to become proper delta peaks for ¢ — 0. How can we estimate the scaling
of the width of such a peak? The height of it scales with €*~1. Indeed, when
the peak sits in the interval [E —¢, E 4 ¢| then

vn([E —¢,E +¢]) ~ e x height of peak ~ ¥ ! = ¢, (2.69)

Now, for all three spectral types, the integrated LDOS over macroscopic en-

ergy intervals in which the spectrum occurs is finite. For that reason, in all

three cases, the product of the width and height of a peak needs to be ~ 1.

Consequently, the width of a sc-type peak of the e—regularized LDOS scales
-«

as ~ ¢~ “. The probability that a peak of the e—regularized sc-type LDOS

overlaps with energy E then also scales as ~ 1=, We finally obtain:

E(pn,a(E)Q) ~e2g20 o ~lta _ 5—5’ f=1—a¢€ (07 1)‘ (2‘70)

The preceding discussion assures that the observable E(py, « (F)?) is suitable to detect
the nature of the local spectrum of a random Schrodinger operator at energy E. By
analyticity of the Green’s function, the terms E(GTG™T) and E(G~G™) in E(py-)?)
cannot develop singular behavior for ¢ — 0. So we drop them and focus on the

informative quantity
Ky e =E(Gun(E+ic) Gpp(E —ic)). (2.71)

The correlator (2.71]) will be analyzed in our field-theoretical approach. We sum-

marize its behavior for the three different cases in a table:

spectrum diagnostic extremal Gibbs states
ac Kpe~1 ?
pp Kpene? ?
sc Kne~e P 3e(0,1) ?

As a teaser, we have added another column to the table [2.2.6, In this thesis, we
address the question of which field-theoretical mechanism leads to an sc type scal-

ing of K, .. The answer is the novel mechanism of spontaneous symmetry breaking
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already announced in the introduction, Table A clean way to describe sponta-
neous symmetry breaking in general field theories is the notion of (extremal) Gibbs

states. This will be the subject of the following section.

2.3 (Extremal) Gibbs states and spontaneous

symmetry breaking

After providing a detailed introduction to spectral theory and, most importantly,
motivating the observable we want to investigate, we now focus on field theory for
the first time. Field theory will be our tool to calculate the spectral type. Fur-
thermore, we recall that the key idea of this work is to relate the emergence of
singular continuous spectrum to spontaneous symmetry breaking in the presence of
a non-compact symmetry group. On the level of observables which can be expressed
as field-theoretical expectation values of field operators O, spontaneous symmetry
breaking is reflected in the field-theoretical state in which the observable is calcu-
lated:

(e) : space of observables — R. (2.72)

On a finite sublattice I' C G, the state (e)p is unique when fixing certain bound-
ary conditions. It is defined via the finite-volume statistical weight e °T and a
single-site measure which is promoted to a product measure on the whole finite
lattice. Now, when spontaneous symmetry breaking occurs, this uniqueness breaks
down in the thermodynamic limit I' — G. A whole class of symmetry-broken states
arises. Observables that themselves break the symmetry can distinguish between
the symmetry-broken states; others, which possess the symmetry, are insensitive to
which state is spontaneously chosen by the system. Before we proceed, we announce
that the observable we focus on, K, ¢, can be represented as a local field operator in
our field theory (localized at site n). In consequence, we will only need the restric-
tion of the states to local field operators, localized at an arbitrary but fixed lattice
site n. We now formalize this discussion by introducing the notion of (extremal)
Gibbs states. For more details, we refer to a pedagogical presentation of the main
physical ideas [88], and three standard references [75] 68 [45].

2.3.1 Finite-volume Gibbs state

Here we stick to general notation: We look at a field theory with Hamiltonian
function H on an infinite lattice G and fix a finite sublattice I' C G. We assume that

the theory in some parameter regimes undergoes spontaneous symmetry breaking
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in the thermodynamic limit, which is denoted by I' — G. The main objects of a
field theory, of course, are the fields, which are maps from the lattice to the target
space of the field theory. A field configuration is called w, and the single-site target
space is called Q. The field configuration lives in the product space: w € Q€. [This
notation simply means that to every lattice site we attach one copy of the single-site
target space. |

On the finite sublattice I' C G, the restriction of the Hamiltonian to I' is called
Hp. We note that the Hamiltonian Hp, evaluated on a field configuration w, Hp(w),
depends on the restriction of w to I' and the boundary values connected to I' via
the specific interaction of the model (the hopping terms). Note that in general this
interaction could be highly non-local, and Hr could depend on the restriction to the
whole complement wr,_. Nevertheless, we call this restriction “boundary values” The

finite-volume Gibbs state is then generated by the finite-volume partition function:

Zr(wre) = [ T] dpwr) exp (— Hr(w), (2.73)
el

where du is some a priori measure on the single-site target space ). The single-
site measure dp is promoted to a measure on QU by simply taking the product
measure. Examples for the single-site measures could be the Lebesgue measure on
R™ or C", the Haar measure on a Lie group, or, for supersymmetric field theories,
a Berezin integration form, like in (2.10)). Note that after integrating over the field
configurations w;, ¢ € I'; the expression ([2.73]) only depends on the field configuration
on the complement wre. Now from the partition function one constructs the
finite-volume Gibbs state 7p(wpe,e) on I' with boundary condition wre. It is a

functional on physical observables, i.e., measurable functions O : Q¢ — R:

7 (wpe, O) = /Hdu w;i) O(w) exp (—Hr(w)). (2.74)

Z[‘ (,UI‘C icl

2.3.2 Infinite-volume Gibbs states

Clearly, the Gibbs state in finite volume [2.74] is unique. A quick way to see that
the thermodynamic limit is subtle is the fact that the Hamiltonian function Hg
is only defined symbolically for infinite lattices. It diverges for almost all field
configurations. Nevertheless, one can describe Gibbs states on the full configuration
space Q€. The traditional way (and also the way we will use in the present work)
is to define the Gibbs states on G as a weak limit (in a suitable topology) I' = G of
the finite-volume states (2.74), the thermodynamic limit.

As announced above, in general, the infinite-volume Gibbs states are not unique.
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This is at the heart of the spontaneous symmetry breaking mechanism. What is

then the structure of the set of infinite-volume Gibbs states?

2.3.3 Structure of the set of infinite-volume Gibbs states and

their selection

We call the set of infinite volume Gibbs states G(II). II denotes the family of the
finite volume states {7 }prcg. G(II) is a convex space. This means that every convex
combination of two Gibbs states is again a Gibbs state. The states that cannot be
written as a nontrivial convex combination of other ones are called extremal Gibbs
states. Furthermore, any non-extremal Gibbs state can be written as a convex com-
bination of extremal ones, and this combination is unique, thus G(II) is a simplex.
Physically, the non-extremal Gibbs states represent a preparation of a randomly
chosen extremal Gibbs state. The probabilities are the coefficients of the convex
combination. Their significance is that they reflect a lack of knowledge of the “ex-
perimenter” of the system’s macrostate [8§]. The system itself is in a well-defined
macrostate given by an extremal Gibbs state.

Now, in the phase where spontaneous symmetry breaking is absent, the space G
for fixed parameter values consists of a single element. This element is the fully
symmetric Gibbs state. Obviously, it is extremal.

The situation changes when spontaneous symmetry breaking occurs. Now there
are several distinct extremal Gibbs states for fixed parameter values that break the
symmetry. They can be transformed into each other by a symmetry transformation.
Of course, the symmetric Gibbs state still exists, but it is not extremal anymore.
It can be written as a convex combination of extremal (symmetry-broken) Gibbs
states.

Finally, we state two options of how one can select a specific extremal Gibbs
state in the presence of spontaneous symmetry breaking. One option is to impose
certain collective boundary conditions in I'* which mimic the anticipated macrostates
(“alignment” of all fields). The second option is to add an explicit symmetry-
breaking term to the field theory, which is sent to zero after (!) performing the
thermodynamic limit of finite-volume Gibbs states. This second option is often seen
in physics literature. For instance, in the field theory for the Ising model, one adds
a small magnetic field h to the field theory action that breaks the Zo-symmetry and
aligns all the spins. It is sent to zero after performing the thermodynamic limit.
Also, in the present work, we will sometimes encounter explicit symmetry-breaking

terms in the action. The symmetry-breaking “fields” are denoted by &, 5.
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2.3.4 Examples

To finish this interlude on the theory of Gibbs states, we give two short examples.
The prototype example is the Ising model on Z%, d > 2. At low temperature, Zs
spontaneous symmetry breaking occurs [65] and there are two distinct extremal
Gibbs states ()" (spin up) and ()~ (spin down) [37]. A general Gibbs state is the

convex combination
(o) =t(o)T+(1—t)(8)", 0<t<1. (2.75)

For the Zy symmetric state, one chooses t = 1/2.

T T T T Figure 2.6: Sketch of (an extract
of) a typical field con-
T T T T figuration in the ex-

tremal Gibbs state

Tt (o):-

An example with a continuous but compact symmetry group is the SO(3) Heisen-
berg antiferromagnet on Z¢, d > 3. At low temperature, the symmetry is spon-
taneously broken [2I] and the Gibbs states are non-unique. The set of extremal
Gibbs states can be identified with the order parameter space, the unit sphere S2.
Each extremal Gibbs state (e)y, exhibits long-range Néel order with magnetization
pointing along the unit vector n. Any other Gibbs state is again a convex mixture

of the extremal ones:

()= [, du(m) (o). (2.76)

where y is an arbitrary probability measure on S2. For the fully symmetric state,

one chooses the Haar measure on S2.

F 3

%

Figure 2.7: Sketch of a typical
field configuration in
the extremal Gibbs
state (®)p—e,. The
field clusters around
the north pole of S2.
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One purpose of the present work is to generalize the compact case, such as the
example above, to a non-compact situation where the symmetry group is the non-

compact group SU(1,1).

2.4 Harmonic analysis on H*

In this final section of the introductory chapter, Chapter[2], we review several aspects
of harmonic analysis on the two-hyperboloid H2. As announced above, these will be
needed in our approach to studying the transition of the Wegner model. Concretely,
the basic results presented in this section are needed in Sections and [5.2]
Harmonic analysis is the generalization of Fourier theory on R" to symmetric
spaces S = G/K. Here G is a connected Lie group that acts transitively on the
manifold S, and K is the isotropy group of a point z € S. H? can be identified with
the quotient of the symmetry group, SU(1,1), by its maximal compact subgroup
K =U(1):
H?2~SU(1,1)/U(1). (2.77)

The defining property of a locally symmetric space is that geodesic reflections at
any point x € S are local isometries. Equivalently, the covariant derivative of the
curvature tensor vanishes on S. This leads to the intuitive characterization: “The
geometry on a symmetric space looks the same everywhere”. The locally symmetric
space S is called globally symmetric iff the geodesic reflections extend to global
isometries. H? is an example of a non-compact globally symmetric space.

The goal of harmonic analysis is to expand L? functions in terms of a generalized
Fourier basis. The basis consists of so-called spherical functions, a certain class of
eigenfunctions of the G-invariant Laplace operator. It is quite obvious that harmonic
analysis is a strong tool. Analogously to how Fourier theory is used on R" to study
translation-invariant operators, harmonic analysis on symmetric spaces can be used
to study G-invariant operators. Because in this thesis we only need the specific case
of the two-hyperboloid, we will not delve deeper into the abstract theory, but derive
the Fourier basis in a quite elementary manner here. We refer the interested reader
to two standard sources on symmetric spaces [43] and harmonic analysis on them
[44].
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2.4.1 H? as a Riemannian manifold and Laplace-Beltrami

operator

We define the two-hyperboloid, H?, as a manifold embedded into the three-dimensional

Minkowski space R1? with Cartesian coordinates g, x1,zo:
H?: —aj+ai+as=-1 (2.78)

and Minkowski metric:
g = —dz? +da? +da3. (2.79)

For the present purpose, a suitable coordinate system is given by hyperbolic polar

coordinates:

i*xg = cosh(f), *x1 =sinh(f)cos(¢), (2.80)
i*19 =sinh(f)sin(¢), 6 €R*, ¢ e (0,2m), '

where 6 is the hyperbolic radius and ¢ the hyperbolic angle. We equip H? with a
metric via pullback: i*g, where i : H?> — Rb2 is the inclusion map. The pullback

metric is Riemannian and, in hyperbolic polar coordinates, takes the form:
i*g = d6? 4 sinh(0)? dp?. (2.81)

Next, with the metric, we can construct the Laplace-Beltrami operator:

1 . 0*  cosh(f) 0 1 0?
Ly = ———0;1/Det(g) g 9; = 2 g, 1 9 2.82
1 = Jharg VP9 = + G a0 T s o 28

where the sum convention is used.

2.4.2 Spectrum and eigenfunctions of Laplacian

The next step is to look for eigenfunctions ¢y of the Laplacian (2.82)):

Lpppr=—vpr, vERT. (2.83)

It is natural to separate variables and look for the eigenfunctions in different U(1)-

sectors:

PA(0,0) =D pna(0)e™?, (2.84)

nez
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where ¢, ) fulfills the reduced equation:

2 cos n2
<;fﬂmﬂg§fgmmm>%xﬂ=—%%ﬂw (2.85)

To find the spectrum of the Laplacian, we go to the asymptotic limit 6 > 1, where
Eq. (2.85)) reduces to a translation-invariant differential equation:

Lo ) =0 (2.86)
a0z " ag ) PnAY T '

with eigenfunctions exp(af) and

1 1
Y L 2.
o' 2i 177 (2.87)

Eq. (2.87) shows that the spectrum is gapped:

1
7:Z+A% AER, (2.88)

The reason is that the “good” eigenfunctions are given by a generalization of plane
waves, so-called spherical functions. Analogous to Fourier theory in R", their density
|on, |2 needs to compensate for the growth of the Riemannian measure. Only then
can they be utilized to obtain a well-defined pairing with L?(H?) functions and
consequently serve as a suitable Fourier basis. Because the measure for § > 1 grows
as ~ exp(#) the functions ¢, \ need to decay as ~ exp(—6/2). With this observation,
we conclude that

1
a€ -5 +iR. (2.89)

Now with the information about the spectrum, we continue with deriving an
expression for ¢q y, ¢+1 ) for arbitrary ¢ (in this thesis, we only need these functions).
This is done by mapping (2.85)) to the associated Legendre equation. Indeed, by

transforming x = cosh(6) we obtain:

o2 9 n’
(Qpﬂﬂ)&ﬂ—Qx&ﬂ+cu+ly—1_fJ>¢mmx%=Q

la+1%:—(9+i>.

(2.90)

This equation is solved by the associated Legendre functions (more precisely, conical
functions):
fua(6) = P"y _,(cosh(6)). (2.91)
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2.4.3 Integral identity for certain spherical functions and their

asymptotic behavior

In this work, we will make use of two important integral identities [44], which we

state here without proof:

wox(0) = - 1
T 0 27 (cosh(6) +-sinh(6) cos()) 2+ (2.92)
2 COS |
pa1a(0) = = 0

0 %(cosh( 0) + sinh () cos(¢)) 2+’

Finally, we derive the asymptotic behavior 6 > 1 for the functions ¢4 ). For A =0,
this can be rather easily done by making use of the above integral representation,
Eq. (2.92). Noting that the dominant contribution comes from the region ¢ ~ m, we

expand, and end up with the standardized integral

629 1
(P:l:l,O(e) ~ —eig/ 20 dxﬁ ~ —eig arsinh<620> ~ _e,% 6 (293)
—e 1+24)2

For A 75 0 a similar asymptotic analysis yields two summands, an “incoming” wave

. _b . .
M and an “outgoing” wave ~ e~ 2e M. To obtain the correct coefficients

~ e 2 e
(up to global factors), we need to be more careful and go back to the full equation,
Eq. (2.91). Using an identity between the conical and hypergeometric functions,

and the asymptotic expansion for the hypergeometric functions [64], we end up with:

T(i\)
I(—1+iN\)’

i\@

piia(0) ~ (V) e 2eM ey (—N)e e M ¢ ()) = (2.94)

We mention in passing that the factor ¢1(\) is a Harish-Chandra-c-function for the
symmetric space H? = SU(1,1)/U(1).

The asymptotic expression (2.94) will be needed in the analysis in chapter ,
Section [5.2] We will there be interested in the case where |A\| < 1. Using the small

argument expansion for the Gamma function

L(iA) ~ 1A -, (2.95)

1

where v is the Euler constant, and

1 1 .
mw—ﬁ(l—l)\@—v—ﬂn@))), (2.96)
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we obtain

0

1 _0
©1r1.A(0) ~ et (_)\ sin(\0) + acos()ﬂ)) ~ —% sin(A0 — a\), (2.97)

where a =2 —2In(2).
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3 Wegner model, AAT equations,
and spontaneous symmetry

breaking

After the chapter on the mathematical and physical framework, we are now in a po-
sition to initiate the demonstration of the novel symmetry-breaking mechanism for
Anderson transitions in high dimensions. The underlying microscopic model is the
Wegner N = 1-orbital model, defined below. In contrast to the Anderson model, the
hopping amplitudes are also random variables in the Wegner model. We begin by
deriving the self-consistent equations for the advanced and retarded Green’s func-
tions [1], called AAT equations, and we combine both Green’s functions in terms
of a matrix Green’s function, Section [3.2] Finding the Green’s functions provides
access to our observable of interest, K, . = E(|Gp,(FE +i¢)|?). The self-consistent
equations are recursive equations on an infinite lattice, and as such, the solutions
may undergo spontaneous symmetry breaking. We will explain in detail how to
account for the possibility of spontaneous symmetry breaking by enlarging the so-
lution space of the matrix Green’s functions containing the retarded and advanced
Green’s functions.

Field theory enters the stage by passing from the distribution of the matrix Green’s
function to its Fourier-Laplace transform, Section . It is a function, Y (Q), of a
matrix, which will become the field variable of the field theory. The self-consistent
equation for the matrix Green’s function naturally extends to a self-consistent in-
tegral equation for the Fourier-Laplace transform (3.50). We call it AAT integral
equation. Because symmetry breaking may occur at the level of the matrix Green’s
function, it may also occur at the level of the function Y (Q).

In the following part of this chapter, Section we connect the solutions Y (Q)
to extremal Gibbs states of the field theory, restricted to local observables. In simple
words, the function Y is the result of integrating the statistical weight of the field
theory over all sites, except for the distinct site of the operator insertion, say n € G.

This observation connects the rather abstract symmetry-breaking mechanism at the
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level of the self-consistent equation for the matrix Green’s function or its Fourier-
Laplace transform to the well-known fact that in field theories, there may be a large
class of different extremal Gibbs states.

After clarifying these connections, we have a clear quest: To analyze the AAT
integral equation and to find the symmetry properties of the solutions Y (@) in dif-
ferent parameter regimes. In consequence, the present chapter lays the groundwork
for the Chapters [l[5] that follow.

3.1 The model

We remind the reader that the random Hamiltonian of the Wegner 1-orbital model
is given by:
H=> hyu chn,, (3.1)

where the sum is over the sites n,n’ of G. Although H is presented here in basis-
independent form using particle creation and annihilation operators, we will analyze
it as an operator (h) on the single-particle Hilbert space £2(G). Hence the spectral
theory developed in a framework section, Section [2.2.6], holds for this operator.

All Hamiltonian matrix elements are taken to be complex Gaussian independent
random variables (subject to the Hermiticity condition m = hyy ) with zero mean

and variance

E (hn,n’hl,l’) = 0p1rOni ((5nn’w\2/ + Ann’w%> ) (32)

where

Ay = Appy (1= 0ppr) = Ay € {0,1} (3.3)

is the adjacency matrix of the graph G. The parameter w%/ sets the scale of variation
of the on-site potentials h,, , =V, and is called diagonal disorder strength. w% sets
the kinetic-energy scale for hopping between nearest-neighbor pairs and is sometimes
called off-diagonal disorder strength or simply hopping strength. Officially known
as the Wegner N-orbital model of symmetry class A with N =1 (i.e. a single orbital
per site), the model so defined [96] will be referred to simply as the “Wegner model”.
Our interest is in the almost-sure spectral type of the Wegner Hamiltonian, mostly
in the regime of strong diagonal disorder, w%/ > w%, on a regular graph G with high
coordination number K + 1.

By the probability law (3.2)), the ensemble of Hamiltonians is invariant under
local U(1) phase rotations

¢l cheln e s e e, (3.4)
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This property, while not shared by the Anderson model on the lattice scale (where
the hopping matrix elements are non-random and constant), is expected to emerge
[69] under renormalization on large length scales in the metallic regime (and prob-
ably beyond). Its attractive feature is that it facilitates the introduction of matrix
variables in the field-theoretical approach.

What can be said at first glance about the local spectrum of the random Hamil-
tonian at energy E in a high lattice dimension? First of all, a high lattice
dimension means that there are many paths for the electron to escape to infinity,
and that the time-integrated return probability tends to stay finite. Accordingly,
the random Hamiltonian has an ac spectrum for moderate diagonal disorder,
and the system is in the metallic phase. To compensate for this high-dimensional
effect, the diagonal disorder strength has to be strong in comparison to the hop-
ping strength (actually wy /wp > K for energies near the band center £ =0). In
this limit, the diagonal terms in the sum dominate. H approaches a multipli-
cation operator on ¢?(G), which possesses pp spectrum. The system is then in the
insulating phase.

We expect the sc spectrum to emerge in the intermediate (critical) regime

wv/wTNK.

3.2 AAT self-consistency equation for Green’s

functions

In the introductory section, Section|2.2.6, we motivated that a suitable observable for
detecting the spectral type is given by the quadratic fluctuations of the distribution
of the e—regularized LDOS at energy F, ]E(p%“g). Also, we have argued that the e-

scaling for the different spectral types comes from the correlator:
Ky e =E(Gnn(E+ie) Gpp(E —ic)). (3.5)

We now begin with the analysis of the observable K, .. The natural first question
is how we can calculate Green’s functions of the Wegner Hamiltonian and their
disorder expectation values in principle. What helps us here is the fact that we
work in a high lattice dimension. We will see that in this regime, we can write down
a recursion equation, the AAT self-consistency equation, for the Green’s function.
In short, the reason is that for increasing lattice dimension, the approximation of the
infinite lattice by an infinite tree-like lattice, the Bethe lattice, becomes more and

more accurate. The existence of loops in high dimensions is expected to become less
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relevant [84], and the Bethe lattice is the limit where loops are completely absent.

Figure 3.1: An excerpt of the Bethe lattice with coordination number K +1=3. The
distinct site n, where the observable K, . is evaluated, is located at the
center. Removing the site n disconnects the lattice into three indepen-
dent subtrees (blue, green, red). On the infinite tree lattice, removing
the root of one of these subtrees leaves K = 2 isomorphic subtrees.

3.2.1 Retarded Green’s function

To begin, we look at the first factor in K, ¢, the retarded Green’s function,
G = G(E +ie) = G". We remind the reader that for any real energy FE, it is defined
by

> (E+ie—h)nnGnng = Opin, - (3.6)

n
Here, as usual, ¢ is a positive real number shifting the Green’s function poles into

the lower half of the complex energy plane.

Schur complement

We first derive an equation which relates the diagonal element G, = G, of the
retarded Green’s function on the full lattice to the retarded Green’s function on the

lattice with the distinct site n omitted, G\ {n}. This equation is a direct consequence

47



AAT self-consistency equation for Green’s functions

of the Schur complement formula for block matrices:

2
M= : (3.7)
C D

where Aisapxp, Bapxq, Cagxp,and D a g x g matrix. We order

(3.8)

E+ic—h ht
Fdie—h= +16~ e
h E+ic—hn

where h denotes the vector with entries Pty 7' #n, and h' denotes the Hamil-
tonian matrix restricted to the subspace £2(G\ {n}). The upper left entry of the

inverse matrix, GG, is given by the reciprocal of the Schur complement of the block
D=FE+ic—h:

Gn=(A—BD '), (3.9)
or 1
o —A- BD'C=FE+ic—hpn— Y. |lon Gy hoom. (3.10)
" n1,n2(#n)

Eq. (3.10) thus follows from simple linear algebra and holds generally. Next, we

focus on high dimensions and adopt an approximation.

AAT approximation

The following approximation scheme was introduced by Abou-Chacra, Anderson,
and Thouless [I]. It is exact when loops are completely absent; in this case, the
underlying lattice is the Bethe lattice G = B. In the following, we explain the
“approximation” on the Bethe lattice, starting from Eq. (3.10)). The rightmost term
contains the restricted Green’s function Gy, ..

and nearest neighbor interaction terms, the indices n1,ng are restricted to the nearest

Because h contains only diagonal

neighbors of the distinct site n. From the absence of loops, it follows that for different
nearest neighbors n; # na, the electron can only hop from n; to ny (or vice versa)
by passing through the site n (see Fig. . Because the operator G’ acts on the

/
ni,n2

This observation reduces the right sum to

Hilbert space with site n removed, G = ( for different nearest neighbors ny # ns.

> i Gy g =Y yhn’n,PG;ﬂ. (3.11)
n1,n2(#n) n'(#n)

Next, we repeat the Schur complement argument for the random variable G7,. While
the sum on the right-hand side of Eq. (3.11]) contains K +1 terms (K +1 is the coor-
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dination number of the graph), the sum on the r.h.s. of the corresponding equation
for G!, contains only K terms. On the infinite lattice (in the thermodynamic limit),
the tree section, disconnected from site n, with root at site n’, and the one with
root at site n”, disconnected from the site n/, become indistinguishable. The cor-
responding subtrees are isomorphic. Here n” denotes a nearest neighbor of the site
n', except for the site n. In consequence, the probability laws of G/, and G, (the
Green’s function on the Hilbert space with sites n,n’ removed) are the same. In the

thermodynamic limit, we thus obtain a fixed-point equation for the Green’s function
G’

1
iFE +ie =Ry — Z |\ Py ’2 Gl (3.12)

=

W ()

Eq. (3.12) is called the AAT self-consistency equation. The notation L is to say

that both sides, as random variables, obey the same probability laws. In the final

step, the solution of Eq. is then plugged into the Schur complement equation

for G,:

G1:E+ie—h,m— ST b |* Gl (3.13)
" n'(#n)

We remind the reader once more that on a cubic lattice G = Z¢, the AAT approx-

imation becomes more and more accurate with increasing dimension d.

3.2.2 Generalized matrix Green’s function

The goal now is to find the probability distribution of the complex variable G,, (for
a fixed energy E and coordination number K + 1) from the given distribution of

the matrix elements h,, 7, by assuming Eqgs. (3.12)) and (3.13). We proceed with a

/

two-step process. First, we find the probability distribution of the variable G ,, i.e.

the Green’s function on the lattice with the distinct site n omitted. This step makes
use of the AAT equation (3.12). In the second step, we find the distribution of the
variable Gy, by using Eq. (3.13).

We have already learned that the average local density of states (the disorder
average of the imaginary part of the retarded Green’s function) does not distinguish
between the spectral types. We need to study the quadratic fluctuations of the
distribution of the LDOS. For this purpose, both branches of the Green’s function,
retarded and advanced, must be brought into play. Indeed, the correlator K, .
contains both retarded and advanced Green’s functions. Of course, the same two-
step process as above can be repeated for the advanced Green’s function, and for
combinations of advanced and retarded Green’s functions. In the following, we

will focus on the first step (finding the distribution for the Green’s functions on the
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lattice with site n omitted) based on the AAT equation . To keep the notation
and wording simple, we will omit the primes and will call the solutions of the AAT
equation simply Green’s function and write G; (instead of G) or G; (instead of G7)
for its matrix-valued generalization which we will define below. The second step of
finding the distribution of the Green’s function G, (G,) on ¢?(G) from the Green’s
functions on the lattice with site n omitted (based on Eq. (3.13)) is explained in a
later part, [3.3.3

To bring both advanced and retarded Green’s functions into play, we consider a

matrix-valued generalization of the Green’s function (still with £ > 0),

. 71 .
G- (E+15—h O ) _ (G(E+1e) 0 | ) (3.14)
0 E—ic—h 0 G(F —ie)

We again focus on the local Green’s function, G; = G, j, which is now a 2 X 2 matrix.

The inverse matrix, gj— ! has two real degrees of freedom, Aj, and Dj:

(3.15)

(Gi) = (G) " = (Aj b0 ) |

0 A;—iD;
where
Re(G;(E —ig)) Im(G;(E —ie))
Aj: - N2 0 Dj= SN2
|G (E+ie)| |Gj(E+ie)

We observe that, while A,, multiplies unity lox2, D,, multiplies io3. Here o3 is the

(3.16)

third Pauli matrix acting in retarded /advanced space. It turns out that io3 together
with the other two Pauli matrices 01,09 (also acting in retarded/advanced space)
are the generators (over the real numbers) of the symmetry group of the theory, the

non-compact Lie group SU(1,1):
su(1,1) = spang{ios,o1,02}. (3.17)

Next, let us offer an outlook on the conventional symmetry-breaking mechanism in
(the field theory of) Anderson transitions. In the conventional symmetry-breaking
picture, one identifies the regulator € with the explicit symmetry-breaking parame-
ter of the theory. Indeed, € # 0 explicitly breaks the symmetries generated by the
two Pauli matrices 01,02, whereas it preserves the U(1) symmetry generated by
ios. In the following, we will denote this U(1)-subgroup by U(1)is,. Due to the
explicit symmetry-breaking by io3, the symmetry-breaking element D,, of the recip-
rocal Green’s function Q] ! is nonzero. When performing the limits carefully, i.e.,

when performing the infinite-volume limit first and performing the limit ¢ — 0 af-
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terwards (1), there exist two possibilites: (i) As we take € to zero, the corresponding
response D, also goes to zero; this means the symmetries generated by the Pauli
matrices 01,09 are restored. (ii) The other possibility is that D,, remains nonzero
for e — 0; in that case the symmetries generated by 01,09 are spontaneously broken.

To end this subsection, let us offer a first glance at the novel mechanism advocated
in this dissertation. It is based on the following observation: When identifying the
regulator ¢ with the explicit symmetry-breaking term, the element ios3 is singled
out. Indeed, the U(1) symmetry generated by ios is always intact when starting
with the matrix-valued Green’s function . Our goal is to generalize: From an
algebraic viewpoint, it is not dictated to choose the element iog as the symmetry-
breaking point. The symmetry group naturally acts on its Lie algebra, and we can
transform ios to another point to obtain another explicit symmetry-breaking term.
Indeed, the generalization of the AAT equation for the matrix-valued Green’s

function (3.15)) singling out io3 reads:

1 (Etie—hy, 0
G) ' = 7 N D DN 2 (3.18)
0 E—ie=hij) iz

Given a solution G; of this equation, we obtain a related solution 9G; which is defined

via a symmetry transformation:
Gj — 999~ =9G;, g € SU(L,1). (3.19)

This related solution solves Eq. (3.18)) with transformed explicit symmetry-breaking
term:

i3 — egiozg L. (3.20)

A preliminary motivation for also taking the symmetry-transformed solutions into
account comes from an analogy to field theories with compact symmetry groups,
such as the SO(3) Heisenberg antiferromagnet on Z¢. Here the explicit symmetry-
breaking term can single out an arbitrary point on the symmetry group orbit, S2.
In the symmetry-broken phase, different choices of points on S? select different
symmetry-broken states, extremal Gibbs states, connected via a symmetry trans-
formation. There is no reason to expect that the mechanism is different in spirit in
the non-compact setting.

The above glance delivers a preliminary motivation for why we will analyze a

51



Fourier-Laplace transform Y and AAT integral equation

larger class of matrix Green’s functions:

—1

E—h 0 i 0
90 — -1 1.1). 21
g (( 0 E_h)+g<0 _ig)g ) , 9€SU(1,1) (3.21)

For explicit calculations, we will restrict ourselves to a one-parameter subgroup
g=gs=exp((s/2)o1), seR. (3.22)

Of course, any other choice of generator in the linear span, spang{oi,02}, would

work just as well. With the restriction (3.22)) we obtain

~ -1

E—h+ig —id

9sG = ~+ € ' | , E=cosh(s)e, d=tanh(s)e<e.  (3.23)
i0 E—h—ic

Now in the inverse matrix (9G;)~! the off-diagonal parts are nonzero:

(9:G,) = Aj+inD; -Gy ) (3.24)
J igst Aj — igsD]‘

When 95 C'; remains nonzero for € — 0 the value of 9°C; measures the deviation from
the U(1)jpy-invariant solution (G;)~!. In some parts of the subsequent sections,
we keep the notation more general. That is, we do not specify the explicit choice
of one-parameter subgroup, and replace g5 by g € SU(1,1)/U(1) and accordingly
9sD; (9Cj) by 9D; (9C;). The subscript g, will be reserved for the explicit choice,

Bo. (F22)

3.3 Fourier-Laplace transform Y and AAT integral

equation

3.3.1 Definition

So far, our discussion has been focused on Green’s functions that follow from the
Wegner Hamiltonian H and how they can, in principle, be calculated in high
lattice dimensions. It is, however, still a very hard task to handle analytically the
AAT equations for 9G directly. As is often the case, it is fruitful to pass
from the joint distribution of the random variables A;,9 D; 9 C; to its characteristic

function (or Fourier-Laplace transform). The characteristic function is defined by
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the transform
9y (Q)) == E(e T, (3.25)

where E(e) is the expectation value with respect to the distribution of the random

variables in the matrix (9G;)~!, and the Fourier-conjugate variable @; is a 2 x 2

0, = (ujl_bj —ujl_)j) _ (ug) % (ﬂj _@j) (uj,vj € C) (3.26)

vju] —Uj’Uj

matrix

with the properties Q; = 03@}03 and Det(Q;) =0. We note the special value
IY(Q=0)=E(") =1 (3.27)

due to normalization of the distribution for gj— 1 The variables Q); (or supermatrices
Q; whose Bose-Bose sector is Qj) will become the field variables of our field theory.
We note that the minus sign on the r.h.s. of Eq. is dictated due to convergence

reasons.

3.3.2 Symmetry breaking on the level of 7Y

With the Fourier-Laplace transform 9Y in hand, let us continue our heuristic discus-
sion of symmetries and their breaking. For that purpose, we note that on an infinite
graph G with translation invariance, the distribution of the random variables A;,
9Dj, 9C; becomes independent of the site index j. We then simplify the notation:
Aj=A,9D;=9D, and 9C; =9C. In the traditional approach, one only analyzes
the U(1)jg,-invariant G and thus sets § =0 (hence 9C' =0). One then encounters two
alternatives for the distribution of 979D = D to respond to the symmetry-breaking
parameter €. (The distribution of A carries information about the local density of
states but is non-critical.)

(i) When the spectrum of H near the energy E is pure point, and the eigenfunc-
tions of H are localized, the typical value of the LDOS

pj = —Tm(G;(E—ie)) (3.28)

27

for small ¢ is small. Typically, the variable

L, Im(G(E—ic))

T GH(E+ie))? (3.29)

is then small too (the real part of the Green’s function has a non-critical distribu-

tion). Furthermore, in the rare events where the LDOS is very large (this happens
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when an eigenvalue lies in the window [F —ie, E+ig]), D is small because of the
summand Im(G;(E —ie))? in the denominator. It is then plausible that the distri-
bution of D in the limit of € — 0 shrinks to a Dirac-delta distribution supported at
D = 0. The corresponding function Y has full symmetry

Y(Q)=Y(9Qg™ "), geSU(L1) (3.30)

for e — 0.

(ii) In the case of ac spectrum near E, and extended eigenfunctions, the distri-
bution of Im(G;(E —ie)) is narrowly supported around the nonzero mean. The
distribution of D thus remains smooth for ¢ — 0 with finite support on the positive
real axis D > 0. The function Y satisfies the symmetry relation only for g
restricted to a maximal compact subgroup U(1)i,, C SU(1,1).

So much for the conventional picture. Let us now motivate the unconventional
scenario advocated in this work.

For concreteness, let us specify to the one-parameter subgroup and assume
that 6 > 0, hence 9C > 0. (The opposite case is no different. In fact, rotating
5 — e?§ we find that 9°C responds as 95C — el 9sC'.) We can then present Y as

*Y(Q)=E (eiA(ulZ—vF) o (D= C) (ulP+[uf?) e—”SC'“‘”'Q) S (331

What can we learn from this expression in the regime of strong disorder and high
dimensions, i.e., the critical regime where the transition from the metallic to the
insulating phase occurs? Strong disorder means that the random variable A has a
very broad distribution. Hence, when the disorder average for A is carried out, the
first factor under the expectation value effectively forces |u| ~ |v|. In the metallic
phase (for € — 0, after taking the thermodynamic limit), the joint distribution of 9 D
and 95C' has support when 0 <95 C' <9 D. For a fixed symmetry group element gs,
the support of the distribution for 95 D, and accordingly the one for 9°C, shrinks when
tuning the system parameters to criticality from the metallic phase. At criticality,
the support localizes at zero.

For the emergence of the novel critical solutions, it is essential that the symme-
try group SU(1,1) is non-compact. We can think about what happens when the
parameter s in gs; approaches +o0o (or, equivalently —oo, but we will stick to the
first choice here). For this purpose, we first fix the parameter values to a point in
the metallic phase. For large s (i.e., a large deviation from the U(1)i,,-invariant
solution), the support of the joint distributions of 9sD and 9°C grows. The pos-

itive random variable 95C' then acquires the role of a phase stiffness for v (and
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its complex conjugate Tu). Indeed, if 95C is large, the third factor in forces
phase locking u ~ v between the retarded and advanced variables. Furthermore,
typically the difference between the random variables 95 D —95 C' for increasing s be-
comes smaller and smaller. Thus the restriction on the fields u,v that comes from
the second factor in becomes weaker.

When combining both effects, i.e., tuning the system parameters to criticality from
the metallic phase and a symmetry parameter s approaching infinity, the effects of
decreasing support due to approaching criticality and increasing support due to
increasing s balance. This results in the following situation: No restriction comes
from the second factor in . This makes the support of 9°Y non-compact.
However, since the second effect mentioned above induces a finite phase stiffness,
the full SU(1,1) symmetry is not restored. The resulting Y at criticality then takes

the form
Y;:rit(Q) - <eiA(u|2_U|2)e_gsC|u—U2) ' (3'32)

The above explanation of the effects we are after, of course, only serves as a
first heuristic argument. Our ongoing analysis in the following sections will show
that the AAT self-consistency equation for 9°Y, in fact, induces such behavior. We
will furthermore argue that the critical solutions so obtained can quite naturally
be related to sc spectrum: The non-compactness of the support together with the
finite phase stiffness induces the sc-type behavior E(|G,,|?) ~ e!=%. This concludes
our first glimpse at the novel symmetry-breaking scenario at criticality, cast here in

terms of the Fourier-Laplace transform 9°Y".

3.3.3 AAT integral equation for 7Y

Let us first recall the (generalization of the) AAT equation (3.12)) for the
U(1)is,—broken matrix Green’s function %G ((3.23)):

o [B+iE—han —ié ,
(9:G;) "' = , B -y |hjd./|2 95Gr. (3.33)
i E—ic— hn,n i’ (#£7)

It should be understood as follows: (i) There exists a probability distribution for the
random matrix %G, L. (ii) if we draw K independent random matrices gsgj—,l from
that same distribution, and (iii) we independently draw values for h; ; and h; ; from
their zero-centered Gaussian distributions with variances w$ and w?., then (iv) by
forming the expression on the r.h.s. of Eq. we obtain a random matrix that
is statistically the same as a random matrix drawn directly from the distribution of

(I
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As announced above, instead of directly working with Eq. , we choose to
reformulate it as an equivalent integral equation for the Fourier-Laplace transform
95Y . We will mostly call this integral equation AAT integral equation. It is the cen-
tral equation and will be analyzed throughout the rest of this work. The information
about the phase transition and the spectral types is encoded in the different symme-
try properties of the solutions of the AAT integral equation in different parameter
regimes. In the following, we present the derivation of this integral equation.

Recall that in the first introductory section, Section [2.1) we recapped some basic
aspects of Zo-graded linear algebra and superanalysis. The reason was that our
field theory (and the AAT integral equation) contains not only commuting, but also
Grassmann variables. They enter the stage in the following first step of the deriva-
tion. We extend our Fourier Laplace transform 9Y to a superanalytic continuation
Yy

9y =Y (QpB — QFF), (3.34)

where BB stands for “Bose-Bose” and FF for “Fermi-Fermi”. The matrix Qg is the

one in ((3.26]) with index n omitted, while Qg is similar but composed of Grassmann

BB = (uu _w) , Qrr = (CC— Cw) : (3.35)
v —vv w( ww

The reason for introducing the Grassmann variables will become fully apparent in

variables ¢, (,w,@:

a later step of this derivation. In short, like in Efetov’s standard supersymmetry
method for the calculation of disorder averages of Green’s functions [23], their pur-
pose is to rewrite certain determinants that come from complex Gaussian integrals
as Gaussian “integrals” over Grassmann variables.

Note that the superfunction 9) inherits from 9Y the important property

g =9Y(0)=1. 3.36

Y Qpp=0=QFrF (0) ( )

As a superfunction, 9) is to be integrated against some kind of Berezin integration

form, which we denote by DQ. The form with the translation invariance appropriate
to the present context is

DQ

2 2 2 2
:d“d”x< o 9 ) (3.37)

9COC Dwd

m™ T

We see that DQ is proportional to the usual Lebesgue measure for (u,v) € C? mul-

tiplied by the product of partial derivatives for all the Grassmann variables at hand.
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For present use, we mention a characteristic property of the superfunction 9). By
its definition (3.34)), 9) is expressed in terms of the matrix entries of Qpp — QFr,
which are wi — (¢ and three analogous combinations. All of these vanish upon the

action of two odd vector fields:

(3.38)

Thus 9 has two supersymmetries, K*. Moreover, the vector fields K+ are Killing
vector fields for the Berezin integration form (3.37)). In the final part of the in-
troductory section, Section ([2.1), we explained how supersymmetries can lead to
the localization of Berezin integrals. Such a localization theorem goes into effect
here: the integral of 9} against DQ localizes at Qg = Qrr = 0, the (super-)point
distinguished as the sole common zero locus of the vector fields :

/ DQIY 1. (3.39)

_9g _
y‘QBB:QFFZO

The identity (3.39) ensures that the property (83.36) is preserved under iteration
with the AAT integral equation. Going beyond the AAT approximation, in the field
theory on Z%, the supersymmetric localization theorem ensures the normalization of

the partition sum.

Derivation of the AAT integral equation

Now we finally present the derivation for the AAT integral equation for 95). [We
remind the reader that for explicit calculations, a restriction to the one-parameter
subgroup , i.e., g = g5 is sufficient. It will be evident how to generalize to
other choices of one-parameter subgroups.] We begin by inserting the r.h.s. of the
AAT equation for the matrix Green’s function into the definition of 95 that

follows immediately from ({3.25]) :

— T (@ss; —QFFJ-)(E+1503+502) E <e—i'ﬁ(QBBj—QFFj)hj,j_izTr(QBBj ~Qrr;)?Gyrlhy I

(3.40)
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Here we have omitted the sum subscript j'(# j) to avoid cluttering of notation.

Next, we recall the notion of supertrace in Zs-graded linear algebra:

STI‘Q = TI‘QBB —TI‘QFF (3.41)
and abbreviate:

gsy(Q]) — eiSTI‘ Qj(E+ing+gEQ) E (eihj’j STr Qj*iz |hj,j’|2 STr Q; (gsgj/)) ) (342)
In (3.42) we have extended
03 > 23=03R1, 00 =+ 2Xo=02®1, gsgj/ — gsgj/ ®1= gsgj/ (3.43)

from the space C? to the Zy graded space C212 by tensoring with the identity 1
on C!'. Next we observe that the entries of the Hamiltonian matrix hjj and hj
in Eq. occur in an exponential to at most quadratic order. Because they
are Gaussian-distributed, their disorder-average can be computed. We begin with
the disorder-average over the diagonal elements h; ;. Furthermore, to prepare the
second step of averaging over the off-diagonal elements h; ;, we observe that the K
terms (K +1 is the coordination number of the underlying lattice) in the sum on

the r.h.s. over j’ are all statistically independent and identical. We obtain:

?

= w? . K
gsy(Qj) _ eiSTr Q;(FE1+ieX3+0%9)— =~ (STr Qj)zE (e—1|ijJ»/|2 STr ngsgj/> (344)
where 7’ now labels one of the K nearest neighbors of site j. Next we introduce an
auxiliary supermatrix Qs (the field values on the neighboring sites) by

Qj/ = (Dj/ ®£Iv)j/, (Dj/ = , (I)j/ = (ﬂj/ —’l_)j/ Ej’ (I)j/) (Uj/,Uj/ S C) (345)

We then process the exponential under the expectation by a Gaussian Berezin

integral:
o Ry P STr Q% Gy (=il 1[*®;9 G,
2 2 L 1 . ~ . =~ 3.46
:_7T72/d2U‘l/d2'U‘/ 0 _ 0 _ e@j.,ﬂsgj, cbj/+lhj,j’q)j(1)j’+1hj/,j(1)j’q)j. ( )
C J C J 8@8@/ aCUj/aOJj/
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The integral converges because the real part of the exponent is negative by our
choice of <I>j,,cf>j, :

Re(iﬁv)j/gsgflq)j/)BB = —9Djs (|ul* +[v]*) +29C}s |[uv| cos(arg(mv)) <0 (3.47)
[Recall 9D > 0 from Eq. and |9*Cj| < 95D by construction.] Now the
reason for introducing Grassmann variables and continuing 9°Y to the superfunc-
tion 95y is transparent: The Gaussian integration over the complex vari-
ables ujr,v; produces a determinant Det(9G;/). To recover the Lh.s. of Eq. ,
this determinant has to cancel out. The introduction of Grassmann variables does
this job: indeed, the Grassmann derivatives in yield the inverse determinant
Det (95 gj,)—l. Also, the integrand in Eq. is Gaussian, and the disorder-average
over the Gaussian disorder can easily be performed. In summary, with the Grass-
mann variables, we recover the Lh.s. while retaining a simple form of the integrand.
We are now in a position to perform the average over the Gaussian-distributed

off-diagonal elements h; j» = hj ;:
E (eihjdv/'i)j<I>j/+ihj;,j'1>j/¢'j> oWy —wFSTY Q;Q (3.48)

Assembling the various pieces yields
E (e”hﬂ’d" |2 STr ngsgj,>

2 [ 2 2 i 0’ 7STr Q;Q id ., (95G.,) 1
=1 /d uj//d v, - — e TP J’E<el (" Gy) j’).
C C aC]/aCj/ &uj/@wj/
(3.49)
. . D ,(95G.) 7 .\ _ g, . .
Finally, we notice that E(e A j ) =9:)(Qj), and we recall the intermediate
result (3.44). We then arrive at the AAT integral equation for the Fourier-Laplace

transform 95 ):

. SO , K
(@) = ST oS ([ oy niSod wy (@) (350)

where Q denotes the 4 x 4 supermatrix

o(a -5 ¢ @)z(gii gii)’ (351

E N~ 2

which coincides with ()gg in the Bose-Bose sector and Qg in the Fermi-Fermi
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sector. Note that 92 = 9)(Q) remains a function of Qpp — Qrr, the difference of
the diagonal blocks.

Eq. constitutes the central object of our analysis and provides the start-
ing point for the symmetry-breaking mechanisms studied in the Chapters [4, | In
Section , we will eliminate the Grassmann variables from Eq. to arrive
at an equivalent formulation involving only the Bose-Bose matrix ()gg. This step
turns out to be somewhat delicate, as we intend to avoid the usual assumption of
ios-generated U(1)is,-symmetry. We will see that the solutions of this “bosonic”

equation lead to the different e—scalings of the observable K, ..

How to obtain the Fourier-Laplace transform on the distinct site n?

We recall that finding the solutions of the AAT integral equation (3.50)) is only one
step of the two-step process of calculating local observables, like E(|Gy,|?). Indeed, as
explained in Sections [3.2.1] and [3.2.2] the AAT equation delivers the distribution of

the matrix Green’s functions on the lattice with the distinct site n omitted. [Recall

that n is the site where the operator is inserted.] So, having found the fixed points
9sY(Q) of Eq. (3.50), we repeat the above derivation for the Schur-complement
equation for (9G,)~! (the generalization of Eq. (3.13))):

11 [Etie—hy, 0 ‘
(9Gn) 12( . o e )— S |hngl? #Gj. (3.52)
nn) j(#n)

Here again 9° Q} denotes the matrix Green’s function of the lattice with site n omit-
ted. [For notational simplicity in the derivation of the AAT integral equation and
before, the prime was omitted.] We also comment on why in Eq. in the first
matrix on the r.h.s. there is the ¢ term instead of the symmetry-transformed g0
term. The reason is that €, 5 , besides their regulating nature, have the interpretation
of the explicit symmetry-breaking parameters of the theory. Symmetry breaking is
a phenomenon in infinite-volume. It corresponds to a parameter regime where the
integral equation has different symmetry-broken fixed point solutions. The
equation for step two, Eq. , only knows about the infinite volume due to the
rightmost term, 9 Q;- (which can undergo spontaneous symmetry breaking). In the
middle matrix, € serves only as a regulator (the shift of the energy away from the
real axis), instead of an explicit symmetry-breaking term. As such, it is always
U(1)jg,-invariant.

Again, we can translate the matrix equation (3.52)) to an integral equation over
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the supermatrix Q by repeating the steps of the derivation (3.3.3). We end up with:

E (o519 ™) =0 y(Q,)

. . 1,2 2 2 / K+1 (3.53)
_ oiSTrQu (E+ie¥s)—juwi STrn (/DQ’ o~ WFSTr0,Q gsy(Ql>) ’
where 95 Y(Q') is a solution of Eq. (3.50)).

We now summarize the two-step process we plan to follow in our analysis:

o Step 1: Study the (symmetry-broken) solutions 9¢) of the AAT integral
equation (3.50)) for different values of the system parameters. The explicit
symmetry-breaking term containing £,0 serves as a tool to select different

symmetry-broken solutions when spontaneous symmetry breaking occurs.

o Step 2: Eq. tells us how to compute the Fourier-Laplace transform of
the matrix Green’s function at the distinct site n with the solutions 95 of
the AAT integral equation. We will see soon how 9)(Q,,) is connected to
the observables we are after (such as E(|G,|?)). We first calculate them for

regulator € > 0 and finally send € — 0.

In the following section, we pursue two goals. First, we will see how our Fourier-
Laplace transform is related to the observable we are after, the quadratic fluctuations
of the LDOS at site n and energy £, E(|Gp|?). Second, we deliver further motivation

for leaving behind the assumption of U(1)i,, symmetry.

3.4 Connecting Y to extremal Gibbs states

We now have developed enough theory to continue our discussion of why we choose
to enlarge the solution space of the AAT equation and analyze U(1)jy,—symmetry—
broken functions. We first give a short outline of the argument: While in the
preceding sections we immediately used the AAT approximation for the retarded
Green’s function to arrive at the AAT integral equation, there is an alternative
path which we will follow here: Using the standard Wegner-Efetov supersymmetry
method we can express the observable K, . as a field-theoretical expectation value
of a local field observable, i.e., a local field operator, localized at site n. The field
variables of the field theory are the supermatrices Q;, or, after elimination of the
Grassmann variables, their Bose-Bose sectors.

The Fourier-Laplace transform 9)(Q,,) (3.34]) (which, of course, can be defined
on arbitrary lattices G) can then be identified with the field integral of the sta-

tistical weight over all lattice sites except for the site n of the operator insertion
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(the insertion point of the observable). Now, in the thermodynamic limit, sponta-
neous symmetry breaking can occur: The state in which the observable is calcu-
lated can become non-unique. When restricted to observables localized at site n,
the symmetry-broken states can be identified with symmetry-broken AAT solutions
9Y in high lattice dimension.

The Wegner-Efetov supersymmetry method connects the different scalings of K, .
in the regulator ¢, i.e., the three different spectral types —pp, ac, and, if existing,
sc— to different classes of (extremal) Gibbs states. In the AAT approximation, we
obtain a further connection to the solutions 9.

This section is based on the theory developed in the introductory section on Gibbs
states In the spirit of the introductory section, it makes the ensuing discussion
more transparent to fix an arbitrary finite sublattice I' C G. We assume that the
distinct site n lies in I': n € I'. In the following, we consider the observable K,l;s,
i.e., the restriction of K . to the finite lattice I' with boundary conditions. To
every site 1 € G, we attach a supermatrix Q;, defined in . As a boundary
condition, we fix the configurations Q; on the complement I'. Since our model
only has nearest neighbor interactions, it is actually sufficient to fix the fields Q;

immediately adjacent to I'.

3.4.1 Relating K, to 7Y (Q,,)

Recall the definition (3.25)) of the Fourier-Laplace transform 9Y (@) and its superana-
lytic extension (3.34) by Y =9Y (Qpp — Qrr). On the finite lattice, no spontaneous
symmetry breaking can occur for € — 0; € here only serves as a regulator. It is then

a simple task to relate the correlator K,E’E to Vr:

Kb = [ DQu(~Cuai@nion) Y(Qn). (3.54)

The proof is very short: Since the Berezin integral on the r.h.s. of Eq. (3.54) is
Gaussian in the complex variables u,,v,,(,,w, with flat Berezin integration form

(3.37), and by Wick’s principle for Gaussian integrals, we get
/ Dy, (—CnCntnwn) e (Gn) " @bsa=Qrrn) — GF (B 4i)GL (E—ie),  (3.55)

where ng(E +ic) are the diagonal entries of the matrix Green’s function GL. Our
claim then follows immediately by taking the expectation value E(e) on both sides.

By noting Engn&;nwn Yr = Engn@nwn Yr to simplify the integrand of the Berezin
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integral, we now arrive at a formula for ngs = E(G£7n(E+ie) Gl (E— ie)):

Ky = /dQn Yo(Qn=@BBy), dQn=7""d*u, d%vy, (3.56)

which will be useful in the following. [In due course, we will push the Lebesgue

measure d@ forward to a measure on the 3-dimensional cone, C3, of the matrices Q

in Eq. (5:39)]

3.4.2 Field theory on arbitrary infinite lattices G

In the preceding sections, we have explained that the function 9) within the AAT
approach in the thermodynamic limit is the solution of a fixed-point equation, the
AAT integral equation. To make the connection to Gibbs states apparent, we now
leave this approximation aside for a moment. Instead, we set up the general field
theory to calculate observables like KTPL’E. This is a standard exercise in applying
the Wegner-Efetov supersymmetry method. The derivation can be found in an
Appendix [8.1] The finite volume action reads:

Sr = Sregr +Syr+S7r, Sregr = Z STr (523)Qj )
jer
Syr=Y_STr(—iEQ;j+3uwiQ}), Srr=wt Y. Aj;STrQ;Q;.
jer jj'er

(3.57)

Here the sum over I is a shorthand notation for the hopping terms in I' and the
interaction with the fields adjacent to I', which are fixed by the boundary condi-
tion. We emphasize that is well-defined on any finite sublattice. On the full
infinite lattice G, it is merely a symbolic expression; it diverges for almost all field
configurations. The observable K};E on the field theory side is the expectation value

of a local field operator:
Krl;a = <_C7n§nwinwn>l“> (3.58)

where

(oa)r = [ I DQ; o ™. (3.59)

jerl
e,, emphasizes that in this work, we look at an observable (a field operator) localized

at site n. Recalling the identity (3.56]), we can identify Vp with the following field

integral:
Vr(Qy) = o~ STr(eX5)Qn eiESTrQn—%w%,STYQ% %

X / [[ DQ,e Torm “vm (3.60)
jel\{n}
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and obtain

(o)r = [ DQu 0, 0 (Q). (3.61)

The distribution (e,)p, or equivalently, its representing function Yp, should be
viewed as a superanalytic analogue of a finite-volume Gibbs state, restricted on
observables localized at site n, with fixed boundary conditions on the complement
I'“. To keep the wording short, we will sometimes omit the fact that the Gibbs state
is restricted to observables localized at site n and simply call it the Gibbs state.
We note that due to the supersymmetries, a localization theorem goes into effect,

which guarantees the normalization of the field theory.

3.4.3 Selection of extremal Gibbs states

Of course, the finite-volume Gibbs state is unique for all parameter values
(i.e., energies E, (off-)diagonal disorder (wr) wy, and branching numbers K). We
are now interested in the convex set of infinite volume Gibbs states corresponding
to (3.59), in particular, the extremal ones. To answer how we can select them, we
recall the introductory section on the general theory of Gibbs states[2.3] One option
is to turn on an infinitesimal symmetry-breaking term and send it to zero after the
thermodynamic limit I' — G. In expression (3.60]), symmetry breaking can occur in
the rightmost factor, the field integral over all lattice sites except for the site n. [In
the thermodynamic limit, this expression formally contains an infinite product of

integrals|. In the derivation in finite volume, the regulator term

Sregrimy = . STr(e¥3)Q; (3.62)
Jer\{n}

occurs. It explicitly breaks non-compact symmetries but preserves the ics-generated
U(1) symmetry, U(1)is,. Its purpose, however, is to regulate the field theory, not
to select a certain Gibbs state, because in finite volume the symmetry is restored
for ¢ — 0 and the Gibbs state is unique. It is now tempting (and in the standard
field-theoretical approach to Anderson transitions usual) to identify this regulator

term with the selector of Gibbs states in the thermodynamic limit:

Sy — g (3.63)

€8I\ {n} \{n}’

where we identify the U(1);y,-invariant selector term of extremal Gibbs states with
S;}{r{rln}. As such, it can distinguish between presence and absence of non-compact
symmetry breaking: In the metallic phase (ac spectrum), the limit limz_olimp_.¢g

of the field integral in (3.60|) spontaneously breaks the non-compact symmetry. In
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the insulating phase (pp spectrum), the same limit yields a fully symmetric state.

One key insight of the present work is that the identification of the finite-volume
regulator term with the selector term of extremal Gibbs states in the thermody-
namic limit is not dictated. As we have learned in the introductory section, Sec-
tion 2.3, when spontaneous symmetry breaking occurs, there are several extremal
Gibbs states, connected via the action of the symmetry group. Consequently, the
identification (3.63|) is only one out of a class of choices. We can select other ex-
tremal Gibbs states by symmetry-transforming the symmetry-breaking term with a
fixed element from the symmetry group. We then end up with a modified, explicitly
symmetry-broken field integral in comparison to Eq. :

Sy =I5 = Y STr(eg¥sg™1)Q; (3.64)

€8I\ {n} \{n} =
Jer\{n}

where g is an element of the symmetry group. [We remind the reader that in the
reduction of the field theory to the bosonic sector, which will be carried out in

Section , this symmetry group is the non-compact group SU(1,1).]

Interlude: an objection and its invalidation

At this point, the attentive reader might object that the generalization does
not lead to new consequences as the observable K, . itself is invariant under the
symmetry group. Indeed, the expression connecting K, . with the Fourier-
Laplace transform Y does not change under symmetry transformations ¥ — 9Y
because the integral measure d@),, is invariant (symmetries act as isometries on the
field target space). We can invalidate this objection with two arguments: First, the
observable K, . is only one out of several observables that can be calculated within
our field-theoretical approach. For instance, higher moments of the distribution
of the LDOS do break the symmetry and thus are sensitive to which extremal
Gibbs state is spontaneously selected by the system. Second, the above objection
(Kp e being insensitive to which extremal Gibbs state is selected) is only true in a
fixed phase of the system with a fixed symmetry-breaking mechanism. Indeed, in
the metallic phase of the Wegner model, the non-compact symmetries are broken,

while a compact residual symmetry U(1) -1 is preserved (which one, i.e., which

igo

extremal Gibbs state is chosen, is encodeg fri] the symmetry group element g). The
observable K, . then yields the same result independent of g for € — 0. However,
in this work, we propose that at criticality, the symmetry-breaking mechanism is
different! The solutions 9Y of metallic type restore the full symmetry for e — 0,

but new solutions, that undergo a different kind of symmetry-breaking mechanism
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(a new class of extremal Gibbs states), arise. To detect them, it is indispensable to
work with the generalization . In short, the typical field configurations in these
critical extremal Gibbs states concentrate around an arbitrary boundary point of the
symmetry group orbits (the Goldstone manifold), SU(1,1)/U(1)is,. Hence, to access
these states, one needs to probe the boundary of the orbits via an appropriately
transformed symmetry-breaking term in Eq. . One can anticipate that, since
the boundary is at infinity, the procedure of sending the symmetry-breaking term to
the boundary is subtle. The main analysis in Chapter [5| will suggest that one should
think of the critical extremal Gibbs states, and their selection via a symmetry-
breaking term, as a limit of near-to-critical metallic extremal Gibbs states. These
are selected by well-defined symmetry-breaking terms (selecting points near but not
on the boundary of the Goldstone manifold), for fixed elements g. Chapter |5 will
show that this limit yields to a well-defined critical solution which naturally leads

to an sc-type scaling of the correlator K, ..

Interim summary

We now quickly summarize what we have discussed in the present section. The
term Speg. is present in the finite-volume derivation of the field theory and
serves as a regulator term. As such, it breaks the non-compact symmetry of the
field target space down to the compact subgroup U(1)is,. In the traditional field-
theoretical approach, it is identified with the extremal Gibbs state selector in the
thermodynamic limit. This selects the extremal Gibbs state that is invariant under
the compact subgroup generated by io3. In this work, we extend to a larger class of
extremal Gibbs states by also allowing for symmetry-transformed regulator terms,
i.e., symmetry-transformed Gibbs state selector terms. Symmetry breaking may
occur in the field integral in (3.60) when sending the selector term to zero after the
thermodynamic limit. Additionally, in the second step of the calculation of local
observables, the result of this field integral is integrated against the terms localized

at site n, i.e.:
o STe(e33)Qn (IBSTrQ,—$ud STrO} (3.65)

in expression (|3.60)).
In parallel with preceding sections, without loss, we will now restrict ourselves to

a one-parameter subgroup:

S

gs = exp (201> , seER (3.66)

until the end of Subsection B.4.4] The selector term of extremal Gibbs states then
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becomes:

gssliy\?n} = 'GIZ\:{ }STr(ng —i0%2)Q;, E=cosh(s)e, 0=tanh(s)&  (3.67)
7 n

3.4.4 Closing the circle-Going back to AAT approximation

Finally, we close the circle back to the AAT approximation. In the present field-
theoretical setting, the AAT approximation enters in the field integral in expres-

sion (|3.60)):

2 _9s gsym _ _
IT(Qy) = H DQ; 00T 2 jer AnjSTrQnQ; ST =V 1y STF\{TL}‘

jer\{n}
(3.68)

The rightmost exponential in (3.68]) is the statistical weight of the field theory on the
restricted lattice I'\ {n} (or, in the thermodynamic limit, G\ {n}). Obviously, the
argument of the AAT approach, which leads to the AAT equation for the retarded
Green’s function in Section , also holds here. We write 95 (Qj) for the result
of integrating the statistical weight on the lattice G\ {n} from the treetop to a
certain site 7 # n. In the AAT approximation, the calculation of the field integral
then reduces to a recursive equation. In the thermodynamic limit, we look for fixed

points of this equation. It reads:

: Bee I’ 1,2 2 2 / K
9:Y(Q) = STrABHER +0%)—uy STrQ ( / DQ' e wrSTreQ 983)(@’)) . (3.69)

As expected, it is identical to the AAT integral equation, Eq. (3.50)), derived in the

preceding sections.

Discussion

To summarize, the present section makes it more transparent why in Section [3.2.2]
we generalized the matrix Green’s function to symmetry-transformed matrix
Green’s functions ([3.23). The generalization stems from the fact that in the field
theory, there is more than one extremal Gibbs state when spontaneous symmetry
breaking occurs. On the level of the AAT integral equation, the stable solutions of
that equation are a continuum of symmetry-broken functions 9¢) when spontaneous
symmetry breaking occurs. A particular one is selected by symmetry-transforming
the regulator term on infinitely many lattice sites (in our case we do so on G\ {n}).
Invoking Egs. and , the symmetry-broken solutions of the AAT in-
tegral equation correspond to extremal Gibbs states of the field theory on
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high-dimensional lattices G, restricted to local observables. To finish this part, we
now write down the central formula which connects the (symmetry-broken) fixed
points 95 ) of the AAT integral equation (3.50)) with the detection tool of spectral
types, the correlator K, .:

K e = i 9% (= GuGu@nwn)r = lim, / DOy (—(nCnnwn) *Yr(Qn), (3.70)

where the notation L means that we calculate the observable in an extremal Gibbs
state specified by gs. By inserting expression (3.60), the AAT approximation, and

by performing the thermodynamic limit, we get

| J— _ . 1.2 2
Kyne= /DQn (—CnCntonwn) € STr(eXs)Qn (I ESTrQn—wySTrQn o

y ( / DOl wASTrOnQ gsy(Ql)>K+1’ (3.71)

where 9 )(Q’) denotes a stable fixed point of the AAT integral equation (selected
by a certain Gibbs state selector term).

In the ensuing analysis in Chapters [4] [5, when discussing the metallic and critical
solutions, we will work with a slightly modified version of Eq. . The reason is
that in these cases, spontaneous symmetry breaking occurs, and the term 9 S;y\r?n}
only serves as the selector of different symmetry-broken extremal Gibbs states, not
as a regulator of the involved field integrals (in the metallic phase, no regularization
is needed because the metallic solutions 9Y,. remain integrable for 5,3 —0). In the
insulating phase, the solutions of the AAT integral equation for & = & = 0 have full
non-compact symmetry, and the term 9s S;{?n} instead serves as the regulator term,
distributed over all lattice sites.

Hence, as we are interested in the whole family of extremal Gibbs states that
potentially can be selected, in the metallic phase and at criticality, we take a shortcut
and study the AAT integral equation with symmetry-breaking term set to zero
(€= o= 0) right from the beginning. The resulting equation has a large solution
space; the equation is equivariant under the symmetry group: Given a solution
Y(Q), the transformed solution

IV(Q)=V(97'Qy), (3.72)

is also a solution. The different stable solutions of the equivariant equation then rep-
resent the different extremal Gibbs states. With stability, we mean linear stability,

i.e., the linearized integral equation around the corresponding solution has eigenval-
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ues with magnitude < 1. We remark that the above shortcut comes with a subtlety
at criticality. As announced above, and portrayed in more detail in the subsequent
subsection, Subsection [3.4.5] the critical solutions, which are to be understood as a
suitable limit of near-to-critical metallic solutions, concentrate around a boundary
point of the symmetry orbits. As their support is non-compact, integrals over these
solutions need to be regulated to be finite. Rescue comes from the fact that in Eq.
the selector term only enters in 9Y(Q’). In the final integration over Q,,
the critical solutions are integrated against the regulator term at site n, so that the
expression on the r.h.s. of Eq. is well-defined for € > 0.

Next, we observe that when the selector term is sent to zero the Q' integral in
Eq. with the ensuing multiplication of the exponentials involving the energy
E and the diagonal disorder wy, is simply another iteration step of the AAT integral
equation (up to the minor issue that K is replaced by K + 1; this does not change
the scaling of K, ). As a result, we can replace the Q' integration, the raising to
the power of K +1 and the ensuing multiplication with the exponential involving F
and wy with the expression 9)(Q,,), the fixed point function of the AAT integral
equation. Finally, we perform the differentiation with respect to the Grassmann

variables at site n and obtain a purely “bosonic” equation:
Ko~ / dQ, e~ TrEm)Qn 95y((Q,,), (3.73)

where Y (Q),,) in the metallic phase (and at criticality) denotes one of the stable
solutions of the equivariant (£ =0 = 0) AAT integral equation with Grassmann
variables eliminated (“bosonic”). In the insulating phase (absence of symmetry
breaking), o~ Tr(eos)Qn 9Y (Qn) = Ypp(Qn) is a solution of the “bosonic” AAT integral
equation with U(1)is,-invariant regulator term.

Eq. is the central equation that connects our objects of analysis, the func-
tions %Y (@), with the observable we are interested in. In the following, we will
often call the integral “spectral integral”.

It should be clear that our quest now is to find the (symmetry-broken) solutions
of the AAT integral equation . Before doing so, we give an outlook on the

structure of the solutions and the extremal Gibbs states.

3.4.5 Outlook: Classes of extremal Gibbs states and spectral

types

After eliminating the Grassmann variables, we can reduce the supersymmetric equa-
tion (3.50)) to a purely “bosonic” one. This is explained in depth in the following
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section, Section . The reduction has the symmetry group G = SU(1,1) for vanish-
ing symmetry-breaking term (&= 6= 0). We will explain later that we can actually
reduce G to the Lorentz group SO(1,2). We now define the ratio

w=Y (3.74)

wr

and simply call it the disorder. Definition (3.74)) will be used throughout the rest of
this work. We now give an outlook on the different classes of solutions of the AAT
integral equation. Shedding light on the claims made in the present subsection is
the goal of the subsequent chapters, Chapters [4] [}, [6]

1. insulating phase: For strong disorder K < w, the Wegner model is in the
insulating phase. For fixed parameter values, the solution Y,,(Q) is unique
and restores the SU(1,1) symmetry for £,0 — 0. Consequently, there is only
one Gibbs state (the symmetric one); it is obviously extremal. K, . diverges
like e=! for € — 0. This is a signal for a pp spectrum as discussed in the
introductory section, Section [2.2] Similar to the examples of the Ising model
and the Heisenberg antiferromagnet in the framework section, Section [2.3] also
here, to an extremal Gibbs state one can associate a corresponding typical field
configuration. We anticipate that in the present case, the field target space is a
three-dimensional cone, C3. It is a foliation by SU(1,1) symmetry orbits, two-
dimensional hyperboloids. Because the extremal Gibbs states in the insulating

phase are symmetric, the field fluctuates over the whole of the symmetry orbit.

® Figure 3.2: Sketch of a typical field con-
[ ) . .

figuration in the pp phase:

® ° The field fluctuates near the

boundary (orange) of the tar-
get cone O3, but explores the
whole of the corresponding
symmetry group orbits.

2. metallic phase: For the opposite case of weak disorder K > w and energies
E not too far from the band center, the Wegner model is in the metallic phase.

The stable solutions 9Y;.(()) remain symmetry-broken for £ 6 — 0. The set of
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stable solutions can be identified with the two-hyperboloid:
H?=SU(1,1)/U(1), (3.75)

which we will often identify with the Poincaré disk H% 22 D?. The fact that the
space of ac-type solutions for fixed parameter values can be identified with H?
can be understood quite quickly: One ac-type solution is given by a U(1)ig,-
invariant function Y,.(Q). It is of an ac-type because it rapidly decays in the
non-compact directions of the field target space. By G-equivariance of the
AAT integral equation for &= 8 = 0, other solutions are obtained by operating
with the symmetry group G. Nevertheless, due to the U(1)is, invariance of
Yac, there is a redundancy which is modded out in Eq. .

Using the correspondence between the space of stable fixed points of the AAT
equation and extremal Gibbs states, the space of extremal Gibbs states can
be identified with D?. Due to the breaking of non-compact symmetry, in
the rightmost integral in Eq. , we can use the dominated convergence
theorem and exchange limit and integral. K, . remains finite for ¢ — 0, which
is a signal for ac spectrum. General Gibbs states arise from averaging the

extremal Gibbs states with respect to different probability measures on H2.

Figure 3.3: Moduli space H? 2 D?
of ac-type solutions 9Yg..
The U(1)jpy-invariant so-
lution Y (red dot) sits
at the center of the disk.
Other solutions 9Y,. are
obtained by transforming
Yae with g € SU(1,1).

The typical field configuration in the U(1)j,-invariant extremal Gibbs state
(red dot in the Fig. is centered around the center half-axes of C3.
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T

Figure 3.4: Sketch of a typical field
configuration in the U(1)ig,-
invariant extremal Gibbs state

e in the metallic phase. The

field clusters around the cen-

ter half-axes (the black arrow

|
]
|
®
g
. . . .
® is the positive one).

3. Criticality On the critical manifold in parameter space, which sits in the
regime K ~ w for energies ¥ < wy, we find solutions that undergo a distinct
symmetry-breaking pattern that naturally corresponds to a local sc spectrum
at energy E. The solutions Yi.(Q), as opposed to the ac case, have non-
compact support but do not possess the full SU(1,1) symmetry; they are in-
variant under a nilpotent subgroup N C SU(1,1). The set of solutions 9Ys.(Q)
can now be identified with rays = R* that are characterized by a U(1)-angle,
or, more concretely, a boundary point p € 0H? = 9D?. The family of rays
can then be identified with the punctured Poincaré disk D?\ {0}, where o
denotes the center of the disk. The reason for excluding the center is that it

corresponds to the metallic solutions 9Y,. with U(1) 1 symmetry. These

igosg™
solutions become fully symmetric on the critical manifold (they turn into the
solution of pp-type). Again, general sc-type Gibbs states are obtained by

averaging over the extremal ones.

Figure 3.5: Moduli space D?\ {0}
of sc-type solutions
Ysc. The center is ex-
cluded because it cor-
responds to the fully
symmetric solution.

Now the field configurations corresponding to the extremal Gibbs states are
non-compact as opposed to the ac phase, but do not restore the full symmetry.
They are centered around an arbitrary ray from the tip of the cone C® to a
boundary point at infinity. For better illustration, in the following figure, the

target space is projected to the Poincaré disk.
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VN

X2

x1/x3

Figure 3.6: Sketch of a typical field configuration in an extremal Gibbs state at crit-
icality. Now the field clusters around a ray ending at a certain boundary
point on the boundary of the Poincaré disk.

In the remainder of this work, our goal is to substantiate the claims made in this
section. Particularly in the final section, Section [6.3]of Chapter [0 we close the circle
to the present section by shedding more light on the ac and sc moduli space from
an algebraic perspective.

After this motivational section and the discussion of the connection to our observ-
able of interest, we now continue the analysis of the AAT integral equation (3.50]).
To begin, we go back to the spectral integral . It involves only the “bosonic”
function 9°Y(Q)). A natural first step of the analysis is to eliminate the Grassmann

variables and reduce the integral equation (3.50) to a purely “bosonic” equation.

3.5 Reduction of the AAT integral equation to a

“bosonic” equation

With the understanding that now we also analyze U(1)ir, symmetry-broken solutions
of the AAT integral equation, we will omit the superscript ¢ in front of Y in the
present section, Section [3.5] Only when we explicitly restrict to the one-parameter
subgroup g, (3.22)), we write the superscript.

We wish to convert Eq. to a reduced equation no longer featuring the
Grassmann variables ¢,(,w,w of Qpp. The naive initial step in this quest is to
simply set Qpp = 0 on the left-hand side, thereby restricting Y(Q) to Y (Qpp = Q).

In this way, however, one does not arrive at a closed equation for the restricted
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function Y (Q), as the integration (actually, differentiation) over the Grassmann
variables on the right-hand side introduces derivatives of Y (Q). Some effort has to be
invested to account for those derivatives. To better understand how the Grassmann
derivatives lead to usual derivatives of the “bosonic” function Y'()) and on what
manifold these derivatives are defined, in the following, we investigate the geometric
structure underlying the supermatrix Q. Not only will this discussion be of technical
use, but it will also be essential in the ensuing analysis of the symmetry-breaking

mechanisms and the phase transition.

3.5.1 Three-dimensional cone C°

We begin by recalling the definition of the supermatrix Q (which we state once more
for better readability):

Q=020 ¢=| |, o=(u v { ). (3.76)

E »n =

Let P be a positive Hermitian 2 x 2 matrix. The space of such matrices has real di-
mension 4 and is in bijection with GL(2,C)/U(2) by the mapping g- U(2) — gg' = P;

we denote it by Herm™(2). Our interest is in its 3-dimensional boundary,
C* =9 (Herm" (2)) := {P € Herm™ (2) | DetP = 0}, (3.77)

where at least one of the two eigenvalues of P has gone to zero. The manifold C?
is relevant here because our matrices Qo3 (@ is the Bose-Bose sector of Q), with @
parameterized according to Eq. (3.76) by (u,v) € C2, constitute C3. In the sequel,

we will make good use of the inclusion mapping
i: C3— Herm™(2), (3.78)

interpreting the matrices Qos (or, equivalently, @) as points in the closure of the
open set Herm™(2).

Why is the inclusion map (3.78)) useful? The short answer is that our function Y,
by its formal definition in Eq. @, extends from C? to Herm™ (2). As a matter of

fact, if we were analyzing the Wegner model with N > 2 orbitals, we would simply
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replace the parametrization (3.26|) of ) by a sum over orbitals:

N _ _
UqUaq UaVq
o= (

a=1

_ _ ) € Herm™ (2) (ta, v € C). (3.79)
Valla Vala
Next we recall that our superfunction ) depends only on Qg — Qrr. We express

that difference as
i(QBB _QFF) = Zoil + 23i03 + T101 + To09 (3.80)

in terms of basic superfunctions Z,, (1 =0,1,2,3). By inverting this expression, we
get (with o9 =1)

:%j%Tr(QBB—QFF)oj (j=0,3), :%k:;Tr@BB—@FF)ak (k=1,2). (3.81)

Next we want to insert into ) and expand at all points Qppg = @ (with
Qos € C’3) with respect to the nilpotent parts (i.e., the Grassmann variables) in the
2, This plan runs into a complication: since the number parts of the four functions
z, (0 =0,1,2,3) cannot be linearly independent as functions on the 3-dimensional
space C3, the operation of taking partial derivatives with respect to them is not
well-defined.

There exist two fixes for this complication. The first one already acted in the
background in the definition of 95G. Recall that we restricted ourselves to a
one-parameter subgroup gs = exp((s/2)o1), s € R. The resulting function 95)(Q)
effectively only depends on the three superfunctions zg,Zs,Z2. The operation of
taking partial derivatives with respect to the three functions z, on C3 is well-
defined. [Of course, the explicit choice of the one-parameter subgroup does not
matter: For instance, we could instead choose gs = exp((s/2)o2), s € R and would
obtain functions 95)(Q) that now effectively depend on %o, #3,%1.] So, in principle,
we could simply work with the restricted functions 9¢)), expand in the Grassmann
variables, and obtain a closed equation for 9°Y(Q). Nevertheless, in order to gain a
more general overview, we here develop the full theory without a priori restrictions
to certain one-parameter subgroups. In the subsequent analysis in Chapters [4] and
B, we will then deduce the expressions for the restriction from the more general ones
obtained here. This brings us to the second fix: Recall that the function Y naturally
extends to the ambient space Herm™(2). Taking the cue from (3.80)), we introduce

four R-valued functions z, (without hat) by

iPos = xgil 4+ x3ioc3 + 2101 + 2202 (3.82)
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These may serve as coordinate functions for the 4-dimensional ambient space. As

such, they are subject to the conditions
x3>0, x5>x3+a3+a3. (3.83)

The boundary C? € Herm™ (2) is reached by allowing (and demanding, respectively)
equality:
C3: 23>0, a23=a3+ai+13. (3.84)

Indeed, the last equality is the coordinate expression for the equation Det(@ = 0,

singling out the subspace C3. We note that under pullback i*r, =z, 00 by the
inclusion map (3.78) we have

1 i 1
i*ro = = (uu—1ov), i'x;= %(fw —ou), ifwg= §(fw+17u), i*r3 = = (uu+ ov).
(3.85)
Now by invoking the second equation of Egs. (3.35)), we extend the superfunctions

Z,, to the 4-dimensional space Herm™ (2) as

i’ozxo—l—;(ECjL@w), 9?:1::L‘1+;(C_w—|—&z§),
1 1 (3.86)
:%2::7624—5(@)—@(’), :%3::7634—5(((—@@.

3.5.2 Expanding the superfunction ): enter the Laplacian

We are finally in a position to execute our plan of expanding the full superfunction

Y (without a priori restrictions) with respect to the Grassmann variables:

1. _ 0Y 1. _ .0Y
yzY(Q)+§(Cf+ww)87$0(@+§(CC—WW)OTS3(Q)
+ G+ a0 T @)+ (G000 5 (Q) — (@AY (@), QeCPay

(3.87)

The second-order differential operator A in the last summand is of Laplace-type:

A

2 2 2 2
L ( 0 0 0 0 ) (3.88)

T4 03 a ox3 023 03

We recall that Y (Q) has been extended from C3 to Herm™ (2) by the formal def-
inition ([3.25). Thus AY and all partial derivatives 0Y/0x, are now well-defined.
They still exist as one-sided derivatives in the limit of approaching the boundary
points Qo € C3 C Herm™ (2).
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Next we set Qpp =0 in Eq. (3.50)) and observe that

o w}STr Q! — ¢~ v TrQBBQEE (3.89)

Qrr=0

which tells us (in the case of Qpp = 0) that all dependence on the Grassmann
variables of Qpp in the integrand on the right-hand side of Eq. resides in
V(Q'). Consequently, integration over those Grassmann variables picks up nothing
but the last term on the r.h.s. of (3.87). Thus we obtain for Y (Q) = y’QFFZO the

equation

: B s 1,2 2 2 / K
Y(Q) = B o bt 1 ([ gy (g)e i (AV)(@) L (390)

where both Qo3 and Qo3 run through C3. For the measure of integration du(Q),
we may take 7 2d*ud?v from Eq. or, even better, the push forward of this
measure to C3. Note that for the rank-one matrix @ (on C?) one has the identity
(TrQ)? = T (Q?).

As it stands, Eq. fails to be closed for Y as a function on C3. The reason is
that AY is not determined by the values that Y takes on C?3; some information on
its directional derivatives normal to C® is needed. What is the minimal information

that has to be added? To answer this question, consider the first-order differential

operators
0 0 0
Ki=x9— — Ko=x3— —_—
L= Ox3 +o3 Oxs’ 2743 Oxq T Oxg’
P P 3 o (3.91)
Ks=x1——19—, D= —
3T 019 2 oxy’ on” oz,

All of these annihilate the function Det Q = 23 + 2% + 23 — 23 (in the case of D this
holds after restriction to C3, which is good enough for our purposes). Since C? is
defined by Det @ = 0, this means that each of D and Kj (j = 1,2,3) corresponds to
a vector field tangential to C3. Armed with this information, one does a straight-

forward calculation to show that A operating on functions on Herm™(2) has the

expression
A= 1(1;% —z3 -7 A —2D oxoi + (x4 2% + a5 — x%)a—Q (3.92)
4 81:0 81‘(2) 7

where A’ is a second-order differential operator that will appear repeatedly in the
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following:
b 12 2 g2 2
AN =K;—K5—K{+D"+D. (3.93)

The calculation can be found in the Appendix 8.2l We will need (AY)(Q) only in
the limit of taking Qo3 to C3, in which case the expression 1} simplifies to

Y

Lllx(z)(AbY)(Q) _ 2TCO(D+ D (@) (3.94)

(AY)(Q) =

where we have used i*(23 + 23 + 23 — 23) = 0 and the commutation relation
Doxg=xo(D+1). It is clear from the definition that the operator A com-
mutes with the group action @ +— gQg~ ' by g € SU(1,1). As a check on the C3-
restricted Laplacian (3.94)), one verifies that this commutation law still holds.

3.5.3 Closing the system of equations

What can we learn from the formula ? The first summand on the right-hand
side is expressed in terms of the C3-tangential operators D and K j, which restrict
to first-order differential operators on C®. If this were the only summand, the
equation for Y (Q) would already be closed. However, the second summand involves
the partial derivative 9Y/dz¢, which is not tangential to C3. Therefore, in order
to close the equation, we must carry along 0Y/0xg and augment the equation for
Y (Q) by an equation for (0Y/0x0)(Q).

To obtain an equation for 9Y/dxg, we return to Eq. and apply 9/dzg on
both sides. Having done so, we proceed as before: we set Qrr =0 and carry out the
Grassmann integration on the right-hand side. The resulting equation is somewhat

cumbersome; to present it in a manageable form, we introduce the abbreviation

E/du(Q')e—w%ﬁQQ/ (41 (A°Y Q) — 21 (D+1)§§)(Q)>. (3.95)
0

The equation for 9Y/0xg then reads

oy

5 (Q) = TR )~ ! (2(1E —wpTrQ) X (Q)F
o

(3.96)

FEX(QF [ du(@)e T 9w (1 —ud T QQ >§f (@ >>

We observe that our system of equations is now closed, as no further unknowns enter
on the right-hand side. Note that with the abbreviation (3.95)), the equation ({3.90))
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for Y takes the shortened form
Y(Q) _ eiTrQ(E—Hgag—!—gag)—%w%/TrCfX(Q)K' (397)

In summary, we have derived a system of two equations, and , for
two functions, Y and 0Y/0xg. A distinctive feature of this system (in the limit
of vanishing symmetry-breaking parameters & and ) is its SU(1,1)-equivariance: if
Y (Q) and (0Y/0x0)(Q) form a solution of the system, then so do the transformed
functions Y (gQg~') and (9Y/0x0)(gQg ') for any g € SU(1,1).

Once more, we remark that in the main analysis we will restrict to functions that
only depend on x3,x9,22 (but not on x1). After this restriction, the equation for
Y (3.90) is already closed without the extra information in 9/0z¢Y. However, the
resulting Laplace operator A that fulfills

FAY =AY (3.98)

breaks the full SU(1,1)-invariance.

79



4 Analysis of the AAT integral

equation |: pp and ac phase

4.1 Target space of the field theory: a closer

inspection

The unusual features of the Anderson transition can be attributed to the fact that

the symmetry group SU(1,1) = G is non-compact and the space C? of our matrices Q

carries a G-invariant hyperbolic geometry. To prepare the ensuing analysis, we recall

the material from Section and delve a little deeper into the structure of C3.
The three-dimensional space C? is diffeomorphic to R3 by

R3 — 3, (zo,71,T2) — <:130,:E1,I2,333 = +\/2d + 23 —I—x%), (4.1)

where the z,, (1 =0,1,2,3) were introduced in Eq. as quasi-Cartesian coor-
dinates for the space of positive Hermitian 2 x 2-matrices, Herm™ (2). We recall the
characterization of C® as a boundary, C? = 9Herm™(2). We also recall that our
function 9Y(Q) extends from C? into Herm™(2).

Geometrically speaking, C? is a convex cone foliated by two-dimensional hyper-

boloids, H. %O. Each of the latter is given as the solution set of a quadratic equation,
Hy,:af—af—aj=af (x5 |zol), (4.2)

for the variables z; (j = 1,2,3) with the parameter zp € R held fixed. [Invoking the
language of special relativity, we might say that x3 is a positive energy, x1 and x»
are momentum components, and |zg| is the invariant mass of a relativistic particle.]
The non-compact group G acts transitively on each of the hyperboloids H%O, by
conjugation @ — gQg .
symmetry group orbits, with foliation parameter given by the SU(1,1)-invariant zg.

In consequence, the target space C3 is a foliation by

Since the subgroup Zo C G of elements +1 acts trivially on ), we may replace
G =SU(1,1) by the Lorentz group SU(1,1)/Z2 = SO(1,2) = G’. Doing so, we may
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refer to G-invariant objects as “Lorentz invariants”.

L3

Figure 4.1: Picture of four mem-
bers of the family
C3 =Ugper H2,: The
boundary orbit H (a.k.a.
light cone in special rela-
tivity) in gray, and three

: 2
3 1 other hyperboloids H3; .

4.2 U(1)i,,-symmetry reduction

A good starting point for the analysis of the AAT integral equation is the
inspection of the U(1);,,-invariant solution, i.e., the function 9=y =Y. This cor-
responds to turning off the symmetry-breaking parameter 5, 6 =0. We remind
the reader that the U(1)j,,-invariant solution corresponds to the U(1)i,,-invariant
(extremal) Gibbs state. The present discussion will yield expressions for the mean
local density of states E(pp ) and explicit expressions for the pp-type solution Y,
for weak and strong disorder at large dimension parameter K. Additionally, prop-
erties of the U(1)q,-invariant ac-type solution Y, are discussed, and we derive an
explicit expression for Y. in the deep metallic limit w%/ =0, and K — oo. (Of course,

the expression is expected to hold to a good approximation for wy < 1, K > 1).

4.2.1 Restricted Laplacian
With & absent, the symmetry-breaking response 9°C' in Eq. 1) is also absent,
and the expression ([3.25)) for Y simplifies to

Yy — E(eQion_2$3D>. (43)

Thus Y depends now on two variables only, the Lorentz-invariant function xy and the

U(1)jp5-invariant function a3, both defined as Cartesian coordinates on Herm™(2)

by Eq. (3.82).

To pull back the analysis from Herm™ (2), we introduce two restricted coordinate
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U(1)igy-symmetry reduction

functions p, ¢ on C® by

p:i*($3+l‘0), q :Z.*(ffg—flf()), (44)

and define their partial derivatives d/0dp and 9/0q by the convention that ¢*x; is held
fixed. [The special choice of 1 is made in anticipation of Y becoming zo-dependent
when 0 (hence 9C) is turned back on.] Now for functions ¥ on Herm™(2) that

depend on z3,z¢ (but not on z1,22) the result AY of applying the Laplacian ((3.88))

. L1 [0 02 o* .. 0?

restricts to

[Here and in the following, we abuse the notation by simply writing Y instead of
i*Y (as the meaning will always be clear from the context).] We see that i*AY is
now expressed by C3-data alone. Hence the equation (3.90)) for Y is already closed

(when 6 = 0), and there is no need to carry along the extra information in 9Y /8.

4.2.2 U(1)js,-reduced AAT integral equation

Let us then make the closed equation (3.90) explicit in p and ¢. Another view of
Eq. is p=|ul>>0 and ¢ = |v|*> >0, where u,v appeared in the early going
of Section To complete the coordinate system for C3, we augment p,q by
an angular variable, ¢ = arg(uv). The integration measure du(Q) on C3 is then

expressed as

de
d =dpdq— 4.6
wQ) = dpdg o, (4.6)
and the exponent of the integral kernel e T QQ" hecomes

TrQQ' = pp'+ qq' — 2+/pap'q cos(¢ — ¢'). (4.7)

Since the U(1)jg,-invariant function Y does not depend on ¢, we may average the

kernel over angles to arrive at

Y(p,q) = AE(—a)—e(p+a)—hui (p—a)* o

2 (4.8)

K
) —aw2 /Jr ! 2 8 /)
X </R%rdp dg e (PP qq)]()(sz\/M) ap,aq,Y(P,Q)> :

with Ip a modified Bessel function of the first kind. The U(1);,,-reduced equation,
Eq. (4.8), already contains information about the transition. In the metallic phase,
the linearly stable solution of this equation (for ¢ = 0), Y., breaks the SU(1,1)
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U(1)igy-symmetry reduction

symmetry by remaining dependent on both variables p,q (or p—q and p+¢q). When
tuning the system parameters to the transition point, the scale where the stable
fixed point Y,. becomes effectively dependent on the Lorentz-symmetry-breaking
coordinate p+ ¢, moves to infinity. At the transition itself, the stable fixed point
becomes independent of p+ ¢ (for e = 0) and turns into a fully symmetric pp solution

Y,p which only depends on the invariant mass p —gq.

4.2.3 Dimensional reduction

It turns out that some special values of the solutions Y of Eq. (4.8)) are already
determined by a dimensionally reduced equation — these are the function values on

the two subspaces
H*: z3+20=0, x1=a9=0, (4.9)

which are central half-axes in C3. To see how the reduction works, set ¢ =0 in
Eq. . The integral kernel then becomes independent of ¢/, so that the derivative
with respect to ¢ is a total one and can be integrated. Using that Y (p’,00) =0, and
abbreviating Y'(p,0) = Z-(p), we obtain the reduced equation

Ze(p) =P der” ( B / a2, (p’>> K’ (4.10)
0 op’

which determines Z.(p) for p > 0. To extend Z. to the negative real axis, we vary the
blueprint above: we set p=0and Y (0,q) = Z:(—¢q) and so on, to obtain the variant of
Eq. which determines the second branch of Z., where its argument is negative.
That branch glues continuously to the first one because Z.(0+) = Z.(0—) = 1. The
finished product of the construction is a smooth function R > r — Z.(r) with the
property Ze(—r) = Z(r).

Eq. is relatively easy to analyze. Its solution interpolates between
Ze(r=0)=1and Z.(r — £00) = 0. For the special energy F =0, the function Z.(r)
is real-valued, even, positive, and monotonically decreasing on R;. The dimensional
reduction has lost information about the non-compact symmetry group (it
only depends on a single coordinate function) and, as such, cannot show critical
behavior. Physically speaking, this equation still contains information about the
average local density of states. However, we have already argued in the introductory
chapter, Chapter [2.2.6] that the average local density of states is uncritical; the
fluctuations of the distribution of the local density of states have to be analyzed.
Nevertheless, it is still worth analyzing the average local density of states in the
weak- and strong-disorder limit. This can be put into practice with Eq. .
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4.2.4 Mean local density of states in high dimensions

We recall that in the present work, we are mainly interested in the regime of high di-

mensions and strong disorder. For a large dimension parameter K > 1, the analysis
of Eq. (4.10]) simplifies due to

(1—y/K)K =e7v. (4.11)

lim
K—oo

In order to exploit that limit law, we change variables by y = pv/Kwr, v = p'vVKuwr,
and we introduce the dimensionless parameters w?/K = w? / Kw?., w = wy /wr and
n = (E +i¢)/v/Kwy, which are to be kept fixed as K grows large. By partially
integrating in Eq. (4.10)), we are then led to the scaled equation (let Z. = Z for now)

K
. w2 o) /
ZO:WWMfQ—éA@ZM€WW>. (112

As will be seen presently, the integral of Z over R, remains finite in the proposed
scaling limit for large K. In anticipation of that, we take K — oo in (4.12)) to obtain

the equation

1w

2 00
ﬂ%ﬂm@vafﬂ%ZM@>(K%@‘ (4.13)

Its solution for w? = 0, the limit of vanishing disorder potential (referred to as the

“weak-disorder limit” for short), is exponential in y = W EKuwr:
— _ 2_5

Next we relate the expression for the average local density of states, E(p,(FE)), to
the function Z. From the introductory section on spectral theory, Section [2.2] we

recall that the average local density of states is connected with the Green’s function:
1 .
B(pa(F)) = —E (In(Gn(E — i) (4.15)

By recalling the identity (4.3)), Z(p) =Y (p,0), and

_ Re(Gn(E —ig)) D. — Im(Gy(E —ig))

_ D, - , 4.16
t G (E—ig))? " Gu(E i) )
Eq. (3.16), we obtain
. 1
Z(p)=E (elpG"(E“E)> , (4.17)
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and
E(pn(E) = Re( [~ dp 20)) (4.18)

With the result for Z in the weak-disorder limit, Eq. (4.14)), we see that the mean
local density of states E(p,(F)) obeys Wigner’s semicircle law [98] [99]:

dr
VEwr’

in the form of an energy band WK wp < E < WK wp of width set by the random
hopping with strength wr.

E(pn(E))dE = i\/1 — B?/(AKu?) (4.19)

Our interest, however, is in the opposite limit of large w?/K = w? / Kw?. (“strong
disorder”). In that case, the solution for Z is a Gaussian with offset:

2 9

Z=e 2V I, (4.20)

By returning to the variable p and integrating as before, we obtain a result that one

would expect:

dE 00 E? dE
E(pn(E))dE = 7Re/0 Z(p)dp = exp (— 2w%> Nor (4.21)

Indeed, by simple reasoning, the mean local density of states in the strong-disorder

limit is given by the distribution of the on-site potential disorder.

4.3 Solution of pp-type

We now communicate that Eq. for € = 0 always has a solution, Y, which
possesses the full Lorentz symmetry. (As a disclaimer, we must caution that, while
this solution always exists, it is linearly unstable outside the pp-phase.)

Taking Lorentz invariance for granted, the solution @) — Y,,(Q) is uniquely de-
termined as follows. First, assume Tros@ > 0. In that case, there exists a Lorentz
transformation Q — gQg~! that conjugates @ to diag(p,0) with p > 0, and we must
have Yy, (Q) = Z:—o(p) as explained at the end of Section Second, if Troz@ <0,
then we Lorentz-conjugate to diag(0, —q) (still with ¢ > 0) and set Y,,(Q) = Zo(—q).
Third, the values of Y,,(Q) for Troz@ =0 (in which case @ typically fails to be diag-
onalizable) are given by continuous extension. The outcome of the whole procedure

can be succinctly summarized as

Ypp(Q) = Zo(Tr Q). (4.22)
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By construction, the function Y}, so defined is the unique Lorentz-invariant function
that satisfies the requirement of taking the boundary values prescribed by Eq. (4.10))
on the two half-axes H* C C3.

4.3.1 Y, describes pp spectrum

We now go back to the spectral integral Eq. (3.73]) from Section which we state
again (for the pp case):

K2 L [aQue ey, (@) (4.23)

As a consequence of Lorentz invariance, and the infinite volume of the Lorentz-
group orbits in C3, the spectral integral for zero regulator € =0, [Y,p(Q)du(Q) is
divergent. From expression it then follows immediately that the observable
K, diverges like e~1, when the regulator ¢ is sent to zero. Such a divergence is
characteristic of spectral measures of pp-type, as we have learned in the introductory
section, Section[2.2] Now on physical and mathematical grounds, the pp-phase exists
and is thermodynamically stable for strong enough disorder. Therefore, the solution
Y,p is expected to be stable with respect to generic perturbations in the strong-
disorder regime (w% > Kw#). The corresponding extremal Gibbs state is unique
(for fixed system parameters) and obviously Lorentz-invariant; its restriction on
observables localized at the distinct site n is given by the Lorentz-invariant function

Y,p. Hence we have substantiated the claims made about the pp phase in the

Outlook B.4.5]

Figure 4.2: Sketch of the solution
of pp-type for zg > 0:
It is constant on ev-
ery fixed hyperboloid
H%O:m and decays in
m direction. The de-
cay is indicated by the
change of color from

red to blue.
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4.4 Solutions of ac-type

4.4.1 U(1)js,-invariant solutions of ac-type

In the opposite limit of weak disorder (w%/ < w%), K large and energy E not too
far from the band center, the solution Y}, is certain to be unstable with respect to
generic perturbations. A different type of stable solution, Y., describing metallic
behavior, emerges. That solution exhibits fast decay in the variables p and ¢, thereby
spontaneously breaking the non-compact one-parameter subgroups generated by o
and o2 in the symmetry group SO(1,2) = SU(1,1)/Zy. By virtue of that decay, the
expectation E(|G,|?") is finite for any r € C with positive real part, which is the
hallmark of absolutely continuous spectral measures and ergodic eigenfunctions of
the Hamiltonian.

As a demonstration of principle, let us present the solution Y;. in the deep-metallic
limit of w%/ =0 and K — oco. Invoking the large-K scaling of Section , we see
that the Bessel function Ij in Eq. can be approximated as Ip ~ 1 in that limit.

The integral over p’, ¢’ then separates, and so does the solution:

Yae(p.q) = Zo(p) Zo(q) = e VKW= (BP0 HER -0 (2 =0, K >1).
(4.24)

This expression illustrates the qualitative features stated above, most notably the
finiteness of the spectral integral (3.73)) for regulator e = 0:

E(|Gu(E)?) = [, dpdgYic(p.g) < 0. (4.25)

We remark that, similar to the derivation at the beginning of Section , one
can also relate higher moments of the distribution of the local density of states,
E(|Gy|?"), to the solutions 9Y". For the ac-type solutions Y. also the higher moments
stay finite for regulator ¢ — 0:

E(IGa(B)*) = [, dpdaYac(p.a) (pa) " < o (4.26)

for all r with Re(r) > 0. The finiteness of E(|G,,|?) (and higher moments) is char-
acteristic of an absolutely continuous spectral measure. Note that due to the fast
decay of Y,., the limit of sending the regulator to zero, ¢ — 0, and integral can be
exchanged in the expression for K, ¢ or in the corresponding expression for
the higher moments. This is consistent with our earlier discussion in Subsection
in Chapter [3| where we explained that in the metallic phase the corresponding
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integrals do not require regularization.
For the related case of the Anderson model, a solution of the type of Eq. (4.24))

was exhibited in the work of [60] using methods similar to ours.

4.4.2 Lorentz-transformed solutions of ac-type, space of ac-type

solutions and corresponding extremal Gibbs states

In this section, we delve deeper into the geometry of the spontaneous symmetry
breaking mechanism in the metallic phase. Furthermore, the observations of this
subsection pave the way for a full understanding of the critical regime and especially
the construction of sc type-solutions. The critical regime will be the subject of the
following sections.

To start, we recall the central observation from Section and translate what
it means on the level of the “bosonic” equations and (3.96): The U(1)is,-
invariant solution Y. is just one of a two-dimensional continuum of stable solutions.
Indeed, as was pointed out at the very end of Section [3.5.3] the system of equa-
tions and for §=0=0 is Lorentz-equivariant and given any solution
Yac (augmented by 0Y,./0zg) we can obtain another solution 9Y;. [augmented by
0(9Yac)/0xp] by making a symmetry transformation

Yae(Q) = Yac(Q_ng)a g € SU(1, 1)' (4.27)

The moduli space of solutions thus obtained is the coset space SU(1,1)/U(1), which
may be interpreted as the order-parameter space of the metallic phase. We will
sometimes call it the metallic moduli space. We recall from Section that a
strategy to select one of them is to Lorentz transform the explicit symmetry-breaking

term
e—eTragQ N e—€TrU3g_1Q9 (428)

and sending ¢ to zero after performing the thermodynamic limit.

We now delve a little deeper into the structure of the transformed metallic solu-
tions. In light of the observations in Section [3.3] we expect that the non-compact
nature of the Lorentz group has interesting consequences. In short, in compari-
son to compact moduli spaces, like the two-sphere S?, the metallic moduli space
(the Poincaré disk D?) has an asymptotic boundary, the circle S*. Under a finite
Lorentz transformation, the solution (4.27) can be thought of as one point inside
the disk D?. It is the result of Lorentz transforming the center of the disk, i.e., the

U(1)j4-invariant solution Y, to a different point 9Y;,. in D?. But when we take
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the non-compact nature seriously, we can ask the question, what happens when we

let the symmetry group transformation approach the asymptotic boundary of D??

Example

To answer this question, we will here consider an example at band center £ = 0.
While this example mainly serves as a demonstration of how Lorentz transformations
act on the metallic solution Yy, it also introduces an important new coordinate
system that will be used throughout the rest of this dissertation. As in previous
sections, here we restrict ourselves to certain Lorentz transformations, namely the
one-parameter subgroup gs =exp((s/2)o1). The action of these transformations

becomes very transparent in so-called horospherical coordinates:

1
fro=m, i*z1=0, i*ry=—(e¥—(m>+b*)e ¥,
. 2 (4.29)
i*ry = i(e@ + (m?+0%)e %),

where m, b, ¢ : C3 — R. m is the Lorentz invariant m = 1/2 TrQ. The coordinate
lines of b are horocycles on a fixed hyperboloid H%O and ¢ is the coordinate of the
Lorentz-boost geodesics in the xox3 plane. The coordinates b, are symmetry de-
grees of freedom. This coordinate system is useful because the above one-parameter

subgroup with elements gg simply acts as a translation in the ¢ coordinate. Indeed,

S S
e21{*x3ioze” 271 = cosh(s)i*x3io3 +sinh(s)i*x309
) itmn

E . _Ss . . . .
e291 "z o9e” 271 = cosh(s)i*xy o9 + sinh(s) i*xaios.

Hence the two coordinate functions ¢*x3,7*x2, under the above transformations, are

mapped to

1
i*x3 — cosh(s)i*xs+sinh(s)i*zg = = (€15 + (M2 +b?)e ¥7%),
% (4.31)
i*x9 — cosh(s)i*ro +sinh(s)i*x3 = 5(6804'5 — (m24+b%)e %),

It can be verified that for functions on Herm™(2) that depend on 3, 0,29 (but

not on z1) the result A%Y of applying the Laplacian (3.94) restricts to:

1(0* 0> 07 10> 02 10
Tk gs — ¥ _ _ gs — | = 7 R r* Js
FARY) =i (axg 83 axg) Y ( 1 <6m2+0b2>+2b6boD>Z -
(4.32)

Again, from now on, we will omit the pullback *9*Y = 9Y. Under the above
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restriction, the equation for 95Y is already closed, and again there is no need
to carry the extra information in 99°Y /0zg. The above restricted Laplacian (4.32))
is translation-invariant in . Consequently, the restricted AAT equation is
equivariant under the Lorentz boost ¢ — ¢ —s, s€R.

In the deep ac regime w < w, and in high dimensions K > 1, the U(1)jy,-invariant
solution Y, can be approximated by a Gaussian in the mass m and the horospherical
coordinate b. Indeed, the extreme case w%, =0 and K — oo has been discussed in
the previous section , and it has been shown that the U(1);,,-invariant solution

takes the form

Yae(Q) = Zo(p) Zo(q) = exp(—2Bx3) = exp (—6 (e¥ + (m2 + bz)e_9")> ,
B=y/Kuw2eR".

Next we act on Y. with the one-parameter subgroup gs = exp((s/2)01),s € R to

(4.33)

obtain the transformed metallic solutions 9°Y,.. [They are also solutions by equiv-
ariance of the “bosonic” AAT integral equation (3.90) under the one-parameter

subgroup for &= ¢ = 0.] The result is:
#Yae(Q) = exp (= (€77 + (m* +1)e 7). (4.34)

What happens for large parameters s > 0?7 [Of course, we could equivalently look for
small parameters s < 0. Here and in the following, we will nevertheless concentrate
on the large parameter limit. Only in Section [6.3] of the last chapter, Chapter [6]
we will comment on the opposite limit.] As Eq. shows, the support of 95Y,
becomes elongated in a neighborhood of the ¢ geodesic for m = b =0 and narrowed
in other directions: For (m,b) # (0,0) the rightmost term in Eq. causes rapid
decay of Y with increasing s. Only for (m,b) = (0,0) this term is identically zero.
The decay due to exp (—Be‘”‘s) is weakened for large s. For s — oo, the support

eventually coincides with the ray
Lo ={(m,b) =(0,0), ¢ € R}. (4.35)

Note that, strictly speaking, the limit s — oo does not yield a continuous func-
tion anymore (but a distribution, supported on the asymptotic boundary of the
hyperboloids). Hence we can make the group parameter s arbitrarily large but not
strictly infinite when allowing for classical (continuous) solutions of the AAT integral
equation only. This observation explains the fact that the moduli space of ac-type

solutions is H? and not its closure H2. [Later, we will see that there is an instance
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of a continuous solution %Y when s goes to infinity. It happens at criticality; the
result will be an sc-type (critical) solution. ]

Clearly, we could U(1)is,-rotate the ray Lg so that it ends at a different boundary
point on 8H§1:0 and obtain solutions supported on the rotated ray. This would
correspond to restricting the analysis to a different class of functions (not depending
on xg,x3, T2, but on another combination). However, with the present observation
in mind, in the following we will continue to restrict to functions that depend on

xg, 3,22 and to the one-parameter subgroup exp((s/2)o1).

Figure 4.3: Support of three members of the metallic moduli space: The disks are
the Poincaré disk model of Ha2:0:O' The solutions are maximal in the red
regions, decay in the blue regions, and are (almost) zero in the white
regions. The U(1)jy,-invariant solution Yj is on the left. In the middle
and on the right, one sees symmetry-transformed solutions %Y with
different parameters s > 0. In the middle picture, a moderate s and on
the right picture a large s is shown.

We summarize what we know about the pp and ac solutions in a table:

spectrum  diagnostic moduli space of Y

pp Kpen~ g1 single point

ac Ky e < oo H?

sc Kpe~e™@ ?

After analyzing the pp and deep ac phase, we now want to shed light on the re-
maining red question mark in Table . This is done in the remainder of this
work. In the final paragraph of the present section, we motivate why the novel type
of solutions with a different symmetry-breaking pattern and a correspondence to an

sc spectrum are expected in this regime.

Heuristic argument for sc solution

The concept of symmetry-transformed ac-type solutions for large parameters s helps

in understanding how the sc-type solutions emerge at criticality. The reason is that
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this emergence relies on two effects. The first one is the one explained here: Under
large s, 9°Y,. is elongated along the ray Ly on the lightcone Hgozo until its support
coincides with this ray. But this process does not change the spectral integral
over Y and alone cannot lead to new spectral behavior. Indeed, g, is an isometry
of the integral measure for all s € R and, of course, the transformation Y, — %Y,
does not change the scaling of K, ..

The second relevant effect becomes visible when tuning the parameters from
the metallic phase to the critical manifold (in the parameter space spanned by
K,w,wy,E). In this process, the weight M of Y, M = [du(Q) Yac(Q), increases
and eventually goes to infinity on the critical manifold (we will calculate the loca-
tion of the critical manifold in the next section). This is because on the critical
manifold the U(1)is,-invariant solution Y, turns into the pp solution Y, which has
non-compact support.

The result of the combination of both effects is a function that has non-compact
support but still breaks the hyperbolic symmetry. It is constant along horocycles
centered around certain boundary points on the hyperboloids H. :%O. We thus expect

sc solutions to arise from the coupled limit (for fixed K)
w S we,  s(we—w) — 00, (4.36)

where s is again the symmetry parameter from the one-parameter subgroup with

generator oj.
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5 Analysis of the AAT integral
equation ll: critical behavior and

sc type solutions

With the help of the geometric ideas from the last section, Section [£.4.2] in Chap-
ter [ we now have a clear agenda for the remainder of this work, especially the
present chapter, Chapter 5] This chapter contains the central result of this work.
It suggests that the critical regime of the Anderson transition is governed by a
qualitatively new symmetry-breaking mechanism, namely symmetry breaking to a
nilpotent rather than compact group. We will now explain the strategy to detect
the novel symmetry-breaking mechanism.

First, we want to find the location of the critical manifold, i.e., the set in parameter
space where the pp solution Y}, becomes linearly unstable with respect to generic
perturbations oY . Instability with respect to these perturbations is a signal that
now the stable solutions of the AAT integral equation are symmetry-broken.
In other words, the critical manifold separates the insulating and metallic phases.
However, it is not clear a priori which spectral type is realized on the critical manifold
itself. For the purpose of locating the critical manifold, we will use harmonic analysis
to find the eigenfunctions of the Lorentz-invariant linearized AAT operator, i.e.,
the linearized AAT equation around the Lorentz-symmetric, pp-type solution Y.
This happens in Section [5.1] Harmonic analysis is a strong tool: With it, we are
able to derive an explicit formula for the location of the critical manifold in high
dimensions K > 1, exact in the limit K — oo, and this formula is in good accordance
with numerical data for small K (already K = 3). Nevertheless, even more valuable
is the fact that we can write down the full eigenfunctions of the linearized AAT
operator. We can do so not only in asymptotic regimes but in the whole field-theory
target space C3. We recall that we have discussed the basic tools and necessary
formulas of harmonic analysis on the symmetric space H? in an introductory section,
Section [2.4] The knowledge of the eigenfunctions is the base for the analysis of the

U(1)igs-invariant ac type solutions Y. when approaching the critical manifold. In
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this work, we do so by fixing the other parameters and sending w ~ w,.. This will
be the subject of Section We will end up with an analytical expression for Y.
for w M w,, and we will find its scaling with w. —w. This scaling determines the
divergence of the weight M = [du(Q) Yac(Q) on the way to the critical manifold.
Afterwards, in the light of the heuristics presented in Subsection [4.4.2], we symmetry-

transform the solution Y. to 95Y,.. We will see that a certain scaling relation
s=s(we—w) =00, w.  w, (5.1)

leads to a continuous functions Y. with a nilpotent symmetry rather than a com-
pact or a full Lorentz symmetry on the critical manifold. In more geometrical
terms, the critical solutions are constant on horocycles centered around a certain
boundary point on C2. This is done in Section . Finally, we will complete Ta-
ble by inserting the expression so obtained for the critical solutions Y. into the
spectral integral . We show that integrating Yi. against the regulator term
exp(—eTrQos3) leads to sc-type scaling of the correlator K, .. Heuristically, this
scaling comes from the fact that Yi. possesses a non-compact symmetry but is not

fully Lorentz-invariant.

5.1 Harmonic analysis and location of critical

manifold

In this section, we derive an exact expression for the critical manifold in high di-

mensions K — oo:

K (we) = \}iwcexp ( b’ ) . (5.2)

In (we) 2w},
Note that, up to a logarithmic correction, K is proportional to the critical disorder
strength w,.

The critical manifold denotes the set of points in the (K,w,wy,E) parameter
space, where the pp solution becomes linearly unstable against perturba-
tions 0Y. To derive Eq. (5.2), it suffices to restrict to perturbations invariant
under the U(1)i,, subgroup. (In-)stability against Lorentz-transformed perturba-
tions follows from Lorentz-equivariance. We linearize the “bosonic” AAT integral
equation (3.90) around the pp solution Y}, and compute the eigenfunctions of the
corresponding linear operator. The fundamental observation that makes this goal
realistic is the fact that Yy, and (0Y/0xg)pp have full Lorentz symmetry. This opens

the door for the use of harmonic analysis on the field theory target space C3. Its
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purpose is to find the structure of the eigenfunctions in the symmetry degrees of
freedom g € SU(1,1). Having found it, we can integrate out the symmetry coordi-
nates ¢ and obtain a linear integral equation in the Lorentz-invariant mass m. It
then remains to calculate the eigenvalues of this reduced equation. When the eigen-
value of maximal magnitude reaches magnitude one, the point of linear instability
of the pp solution is reached. For arbitrary parameters K, w, w,, F/, we compute the
maximal eigenvalue numerically. However, in the high-dimensional limit K — oo,
and correspondingly strong disorder limit w — oo, we can determine the maximal
eigenvalue and the related eigenfunction analytically. This yields the formula for
the critical manifold given in (5.2)). Nevertheless, already for small K, e.g., K = 3,

the analytical formula is in good accordance with the numerical predictions.

5.1.1 Linearization

In the linear stability analysis around the pp solution pair Yy, (0Y/0x0)pp, instead
of solving the full AAT equation, we study the differential of the corresponding
nonlinear operator, which defines a linear operator. In other words, we perturb Y},

by a function dY that has the general symmetry-broken form of %Y ([3.25):
ng(:Eo,Zlfg,xQ;t) = Ypp(ivo) —|—t5Y($0,$3,$2), teR. (5.3)

We then insert 9°Y(.;t) on both sides of the AAT equation, Eq. (3.90), and differ-

entiate with respect to ¢ at £ = 0. The result is:

OX™(Q) = [ du(@)e IOV AsY(Q),
YPP(Q) new (5.4)
Xpw(@) "

The equation for 0Y (5.4)) is a linear integro-differential equation, which is analyti-
cally much easier to handle than the full AAT equation.

5YneW(Q) - K

5.1.2 Extracting the eigenfunctions
Choice of coordinates

To the subsequent calculation, we introduce hyperbolic polar coordinates as a con-

venient coordinate system:

i*ro=m, i*rg=|m|cosh(f), i*x1=|m|sinh(#)cos(¢p), i"xy=|m|sinh(f)sin(e).
(5.5)
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Here m is the Lorentz-invariant mass, and 6, ¢ parameterize the symmetry orbits,
H%O, generated by the adjoint action Q — gQg¢~ . 6: H?> — R* is the hyperbolic
radius and ¢ : H2 — (0,27) is the hyperbolic angle. Indeed, we can rewrite @ in the
above coordinates as a result of the group action on a base point gg: The base point
sweeps continuously through the different hyperboloids Hgo foliating the convex
cone C3, as the mass m varies. For fixed m, gy = go(m) is the base point of the
fixed hyperboloid H %0 - Because the G-action, parameterized by hyperbolic polar

coordinates, is transitive, all the other points on the hyperboloid H 36‘0 _n, are then

reached by acting with G on ¢qg. Formally, the above explanation boils down to:

)
"Q=gqg ", q=ml+|mlos, g=e273e2%1, (5.6)

The invariant measure du(Q) is given by:

d

dpu(Q) = |m|dm sinh(#)d6 —¢ (5.7)
7

The Laplace operator (3.94]), when acting on functions which depend on x3,x0,x2

(but not on z1), in these coordinates reduces to:

. 1 1 0 o) 1 0? 1 9?
PA= {4m2 <_sinh( 0) 00 s1nh(0)% ~ sinh(6)2 6¢2> a 18m2+

19 (cosh(@)@ 1 sin(¢) 0 )}
2m Om \ sinh(0) 00  sinh(0)?2 cos(¢) O

(5.8)

For better readability, we will henceforth avoid the pullback symbol *, with the
understanding that all functions are now restricted to C?.
Two ansatzes

A natural choice for the eigenfunctions is a product ansatz, separating the depen-

dence on the symmetry group coordinates g from the dependence on the mass:

5Y(Q) = Z 5Yn(m’6) Wn((b)a 5Yn(m79> = Z(syn,)\(m) Qn,)\(e)' (59)
A

nez

In Eq. (5.9) n labels the angular eigenfunction wy,(¢), and A is a number specify-
ing the radial parts of the eigenfunctions, €2, . As announced above, we restrict

ourselves to the U(1)is4-invariant mode n = 0:

5Y = dyx(m)Qx(6). (5.10)
A
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Our next step is to find the functions €2y, and derive a reduced equation for the
m-dependent perturbations dyy(m). A plausible ansatz is that {2, are given by ¢-
independent eigenfunctions of the Laplace-Beltrami operator, L2, on
H?~8U(1,1)/U(1), the so called zonal spherical functions ¢o(f). An integral
identity for these functions was derived in an introductory section, Section [2.4]
Eq. .

This ansatz is motivated by the fact that the Laplace-Beltrami operator on H?2,
L2, appears in our Laplace operator A (more concretely in A, Eq. (3.93)).

It is connected to A’ as follows:
—Lyg2 =N —(D*+D)=K2— K- K?. (5.11)

Nonetheless, a closer inspection shows that zonal spherical functions on H? are not
the right choice! One can see that they are not suitable by observing the following;:
When evaluated on the two center half-axes H*, which in the above polar coordinate
system (5.5)) are given by 6 = 0, the zonal spherical functions equal one, ¢ (0) = 1.
Indeed, by invoking the integral representation ([2.92):

2w % 1
0 27 (cosh(6) +sinh(6) cos(¢)) 2+’

wo(0) = (5.12)
we see that the integrand becomes ¢ independent for # = 0. The ¢ integral then
simply neutralizes the normalization factor 1/(27).

The fact that the zonal spherical functions equal one on H* contradicts the bound-
ary condition for the perturbations dY. The solutions of the U(1)iy, symmetry-
reduced equation are fixed along these two central half-axes. As explained in
the preceding section, Section [4, they here for all system parameters coincide with
the corresponding pp solution, Y. [Note again that a pp solution exists for all
parameters but is unstable outside the pp phase.] Consequently, the functions
must vanish along the two central half-axes. It turns out that the correct functions
are connected to (but not identical to) the spherical functions with angular quantum
number £1, ¢4 ). They are defined as follows: ¢4 ) eTi? is an eigenfunction of
L2 with eigenvalue —(\2 + %), A € R. We remind ourselves that we have derived an
integral identity for the functions ¢4 ) in the introductory section, Section ([2.4)),
(the second of the two equations in (2.92)):

2m dg cos(9)
0 27 (cosh(6) +sinh(6) cos(¢)) 2+

pr1a(0) = (5.13)
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This function equals zero for 6 = 0. Indeed,

2 d¢

0+1.2(0) = ; %COS(QS) =0. (5.14)

As we shall see below, the correct eigenfunctions of the linearized AAT operator
around Y, (5.4) are given by:

8Y (m,0) = dyx(m)Qr(0),
A (5.15)
Q)\(Q) = Sinh(&)g&il)\(@).

We will henceforth abbreviate 11 \ = ).

5.1.3 Demonstration

In the U(1)ijp4-invariant sector the Laplace operator reduces to:

2
1 1 gsinh 0o 10 1 cosh(f) 0

d
~ 4m2 sinh(6) 96 a6~ 1om2 T2 sinh(6) 90

1
m@m) Y (m,0),
(5.16)

AGY (m,0) = (

and the first of the two equations in (5.4)) becomes:

_ /du(Q/>€—2w%mm/—2w%|mm'\(cosh(6‘) cosh(6’)—sinh(6) sinh(@')cos(qﬁ—d)’))A(S)/v(m/,‘9/)
_ 2/ ‘m/‘dml/Sinh(el>d01672w%mm’72w%|mm’|cosh(&) cosh(6") x

x Io(2w%|mm/|sinh(#) sinh(8)) ASY (m/,6').

(5.17)
After ruling out the zonal spherical functions as eigenfunctions in 6, the correct
eigenfunctions of Eq. are not immediately obvious. The main difficulty is to
make the role of the Laplacian more transparent. We do so by partially integrating
so that it acts on the integral kernel in . For this purpose, we recall that the
Laplacian A acting on U(1)j,,-invariant functions has a particularly simple form in

the coordinates :
m= %, |m|cosh(0) = , (5.18)

and that Eq. (5.17) simplifies to:

)= |

Rt x

R+dp’dq’e‘w%(pp/”q/)Io(Qw?m/pqp’CJ’)MY(p’,q’), (5.19)
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82
A= opdg’

We again emphasize that the perturbations ¢Y vanish on the central half-axes p =10

(5.20)

and ¢ = 0. Consequently, the partial integration yields no boundary terms.

The result of the Laplacian acting on the kernel can be cast in the convenient

82 / !
— o~ wr (o' +ag  Io(2ui\/pap'q) | =
op'dq
0 .,
w, /;Z, (1 + w%awz> o) (208 [pap'¢).
T

Here 0/ 8w% means partial derivative with respect to w% (while w%/, K, and E are

form:

(5.21)

held fixed). The corresponding calculation is straightforward. One uses standard
identities for modified Bessel functions. Next we transform expression ((5.21]) back

to hyperbolic polar coordinates and reinstall the polar angle integral. The result is:

m Slnh(@) eii(¢_¢/)

sinh(0")
a ) . 1
X <<1+w%aw%> e~ wrTrQE ) Y (m',0").
Note that the r.h.s. of Eq. (5.22)) depends only on the difference ¢ — ¢' and thus is

effectively independent of ¢ after ¢ integration. Why is the version (5.22)) of the

linearized AAT integral equation useful? In short, the reason is that the integral

6X™ (m,0) =w} [ du(Q) x

m/

(5.22)

kernel is separated into a Lorentz-invariant part (the integral measure and the factor
in the big brackets) and the rest, which fails to be Lorentz-invariant. This version
makes apparent which ansatz is the correct one for the eigenfunctions of the
linearized AAT integral operator :

Q) (6) = sinh(0) px (), (5.23)

with the identification 11 (f) = ¢a(f). Note that the functions €, satisfy the

correct condition on the two center half-axes HT:
lim ©,(0) = 0. (5.24)
6—0

Additionally, as opposed to the spherical functions on H?2, they diverge as ~ e?/2
for § — oco. In the following subsection, Subsection [5.1.4] we will see that with
the choice ((5.15]), we can reduce the linearized equation (5.4) to a one-dimensional

integral equation in the invariant mass m. Before doing so, there will be an interlude
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on why the emergence of the functions Qy, Eq. (5.23)), is quite natural. They are

zonal spherical functions on the hyperbolic supermanifold H22,

Interlude: connecting spherical functions on H? and H?2?

We here shed a bit more light on the geometric origin of the functions Q, Eq.[5.23]
This interlude is not required for understanding the main line of the present argu-
ment. Because we want to keep it short, we refrain from defining the supermanifold
H?P and refer the reader to [I03]. This article is the basis for the present observa-
tion. When equipping H2? with the analogue of hyperbolic polar coordinates, the

invariant metric tensor reads:
g = d6? +sinh(h)? (1 — 27m) d¢? + 2sinh(0)? (1 — 7jn) dipdn. (5.25)

Here 6 € (0,00) is the hyperbolic radius, ¢ € (0,27) the hyperbolic angle, and 7,7 are
Grassmann variables. To calculate the radial part of the Laplace-Beltrami operator,

one can use the obvious generalization from the Riemannian setting:

1 : -
L= ————(=1)Vl0; (/IsDet(g)]g";), (5.26)
[SDet(g)]
where |- | is the parity function and the summation over indices i,j is implicit.

Plugging the expression for the metric tensor ([5.25)) in the formula ([5.26|) yields for
the radial part of the Laplace Beltrami operator on H 22,

70 _ﬁ_cosh(@)g
H?? ™ 562 " sinh(6) 66

(5.27)

The superscript 0 means that it is the radial part of the full Laplacian.
Next we recall from the introductory section, Section [2.4] that the Laplacian on

H? acting on functions with angular quantum number £1, such as ¢y (0)e™?, reads

0*  cosh(f 0 1
L = — —— . 5.28
H? ™ 992 " sinh(f) 09  sinh(0)2 (5:28)
It is easy to show that the two differential operators are related:
+1 1 0 .
Ly = —— L2 0sinh(0). (5.29)

H? ™ ginh(f)

Relation ([5.29) shows that the radial eigenfunctions of the linearized AAT inte-
gral operator , 2, (0) from Eq. |5.23] are eigenfunctions of the Laplace-Beltrami
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operator on H 2|2, i.e., zonal spherical functions. Indeed,
Lo Q\(0) = L2 Q(8) = LY,512 sinh(6) 1 (0) = sinh(6) L5 ¢ (0)

= (4 ) s ea0) = — (R4 ) a0) (530

This already finishes the present interlude. The correct eigenfunctions €2 (6) are in
fact not eigenfunctions of L2 but of the Laplace-Beltrami operator of the super-
symmetric analogue of H?, H 202 [ g212- Their emergence is quite natural because
the original AAT integral equation is supersymmetric. In the reduction to a
bosonic equation ([3.90)), the supersymmetries, even if not immediately visible, are,
in a sense, hidden in the Laplace operator A, Eq. (3.88).

After this interlude on the origin of the functions €2y, let us continue with the
main line of the present section, namely reducing the linearized equation, Eq. ,

to a one-dimensional integral equation in the invariant mass m.

5.1.4 Reduction to a one-dimensional integral equation
Integral identity for spherical functions on H?

We begin by recalling an important identity from harmonic analysis on H? [44]:
An eigenfunction f of the Laplace-Beltrami operator on H?, L g2, which fulfills
Ly f=—(A\2+1) f, satisfies the identity

dk f(gk-z) = -0 z),
/U(l)w3 f(gk-z) = f(g-0)ponr(z) (5.31)

g€SU(1,1), ze€ H*2=SU(1,1)/U(1)ig,.

Here o ~ io3 is the base point of an arbitrary member of the foliation, H. go, - denotes
the group action (the adjoint action), and, as above, (g \(2) denotes the zonal

spherical function with eigenvalue —(A\*+ 1); dk is the Haar measure on U(1)is,.

Proof. The proof of this equation is short: Using the substitution rule, it follows
that

P /U oy, WSk (5.32)

is a U(1)ipy-invariant eigenfunction of Ly» with eigenvalue —(A\*+1). Hence it is
proportional to ¢ (z). The proportionality constant is determined by setting z =0

and using the normalization of the U(1)i,,-Haar measure. O

To proceed, we insert only one summand from Eq. (5.15) in (5.22) by using lin-
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earity. We obtain

m

FX¥ (1m,) = sinh(6)eti® / a(@') wh | ™ oya(m') %

) (5.33)

2 ! Y

% <1+w%8w2> e~ wr TrQQ SO)\(Q/) TP
T

In Eq. (5.33) on the r.h.s. the function @A(G’)emd = ®,(¢'-0) is an eigenfunction

of Ly with eigenvalue —(\? 4 i) It follows that we can use theorem . As a

preparation, we recall the conjugation action of SU(1,1) on Q (5.6), Q@ = ggog~". We

substitute the integration variables ¢’ — ¢~ !¢’ and exploit the SU(1,1)-invariance

of the measure. We end up with:

m
/

0X (m,0)"" = sinh(Q)eiw’/du(Q')w% - Sya(m')x

9 ) (5.34)
2 11—
X <1+w%8w2 )e‘“’TTrqog I Dy(gg'-0).
T

Next we average transformations ¢’ — k'¢’, k' € U(1)is4, over the U(1)i,, Haar mea-

sure. We use that k' commutes with the base point gy ~ io3 of Q:

5X (m, )" = sinh(0)eti® / du(Q) w2 | L syy (m') x

m

!

" (5.35)

5 O — w2 Trand dha' / I
X | 1+wpo—g |e” T 909 DY / dk" @)\ (gk'qg - o).
8wT ( i0'3

Now we are ready to apply theorem ([5.31)) because ®) is an eigenfunction of L.
The result reads:

OX (m,0)"* = Qa(0) [ du(@)wh| 5 Gy () ¢

m
m/

) (5.36)
2 /
X <1 —I—UJ%W> e_wTTrqu (}007)\(0/)‘
T

Consequently, we have reproduced the function 2)(#) and identified the correct

eigenfunctions in the hyperbolic radius 6. The only degree of freedom that remains

is the mass m and the corresponding functions dyy(m). These functions satisfy a

102



Harmonic analysis and location of critical manifold

one-dimensional integral equation which follows from (5.4)), and (5.36)):

Ypp(m)
5 new _ j~ pPp / /d /.2
y)x(m> pr(m) R ’m ’ m wp

m
— 5y>\(m’)><

" (5.37)

a 2 /
« d / 1 2 —wr TrqoQ 9/ )
/H2 g( +wTaw%>e wo ()

We are left with performing the ¢’ integration. The calculation can be found in an
Appendix . After a rescaling m — \/w%m, m' — w%m’ the result reads

Yop(m) dm’e
Xpp(m) Jr /7
X (1= dmm) K (2lmim'|) = 2fmm | (Ky i (2lmm']) + Ky ia(2lmm'])) ) dya (),
(5.38)

m

X
m/!

5y>\<m>new — K

/
—2mm ‘

where K, are modified Bessel functions of the second kind.

5.1.5 Strong coupling limit and exact formula for critical points

We now consider the strong coupling limit K,w — co. We here investigate the
case A = (. The reason is that the eigenvalue with the maximum magnitude, which
contains the information about the critical manifold, occurs for A = 0.

In the strong coupling limit, Eq. for A =0 (and also for A # 0) can be solved
exactly. This means that we are able to determine its eigenvalues and eigenfunctions.
The key step of this calculation is the following observation, which we show below:
In the strong coupling limit, the integral operator in Eq. undergoes a rank
reduction. The rank of the strong coupling operator collapses from infinity to one.
This observation reduces the determination of the eigenfunction and eigenvalue to a
straightforward calculation. To start, we recall that, at strong disorder w? > K, in
the rescaled coordinates m — \/w#m, m’' — Mm’ , the pp solution takes the form

Yop(m) _ —2wtm?=zizfm (5.39)
pp(1m)
For the present purpose, we rescale once more: m — v/2wm, m’ — v/2wm/’, such that

the typical scale for the rescaled m,m’ variables is m,m’ ~ 1. The strong coupling
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version of the rescaled form of Eq. (5.38) at A =0 is:

/

5 new — w

(oo () ot () ooery o0

K _2_m-E !
o VR dmIC ( m')éy(m').

/ /
K mef\/Ei%m dm’ _mm’ | m
m

For w — oo, Tum becomes small, allowing an expansion of the kernel IC,,. We use

the small-argument expansion of the modified Bessel functions:

Ko(z) ~ —In(z), Ki(x)~ i (5.41)

For our purposes, it suffices to retain only the leading term in 1/w?:

o (m,m’) ~ ‘::/‘ In <w2) : (5.42)

In the strong coupling limit, the integral equation ({5.40|) takes the form:

oy(m)"™ = V2K ln1(U w) \/ﬁ VR em dm 5y (5.43)

Eq. (5.43) implies that in the strong coupling limit, the rank of the operator ([5.40)
collapses from infinity to one. An eigenfunction is:

‘ _m2 fl

dy(m) =+/|mle wy " (5.44)

As a consistency check, we note that the required limiting behavior dy — 0, m — 0

is satisfied. The eigenvalue is

1 dm  _m?— 3L 1 E?

v=+2K n(w) dm oY Ay V2K n(w) exp (—2> . (5.45)
w NZS w 2wy,

The critical manifold is given by the requirement that v reaches magnitude one.

Consequently, the branching number K as a function of the critical disorder we,

on-site disorder wy , and energy E are given by:

1 we FE?2
K=— 5.46
V2In(uwe) P <2w2v> (5:40)
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in the limit of large branching number K — oo.

5.1.6 Location of critical points: numerical treatment at band

center &’ =0 and comparison to analytical results

In addition to the analytical treatment at strong coupling, Eq. can also be
analyzed numerically. To extract the critical points, we again calculate the eigen-
value maximal in magnitude (for A =0) using two recursive procedures. In the first
procedure, we determine the pp solution XPP YPP. In the second one, we calculate
the maximal eigenvalue of the linear integral equation , initializing with the
strong coupling eigenfunction 6y{(m) = \/We_2w2m2. For K =3,4, ... and at band
center £ = 0, the numerical results and the analytical predictions are summarized
in the table below:

K w? numerical w? analytical
3 (88,89) 92
4 (240,241) 240
5 (479,480) 475
6 (818,819) 806
50 (187 x 103,188 x103) 184 x 103
100 (959 x 103,960 x 103) 947 x 103

2 .
crit

This finishes the section on the harmonic analysis. As announced in the preceding

The intervals indicate that the actual value of w;,;, lies within the specified range.

section, we will now use the eigenfunctions 0y, (m)€2,(0) to construct the U(1)is,-

invariant metallic solution Y. near the critical manifold w  w..

5.2 Y,. near the critical manifold

5.2.1 Scale of maximal decay A and equation for Y,. — Y},

As opposed to Sections 4.4 and where we used p,q coordinates (4.4) or horo-
spherical coordinates (4.29)) to describe Y,e, we now use hyperbolic polar coordi-

nates . For w " w, the solution Y, turns into the pp solution Y},,. This means
that the full G symmetry is restored for vanishing explicit symmetry-breaking term
e=0.

Consequently, for w, —w < 1 a large scale # ~ A, A > 1 emerges at which Y

decays and the difference between Y}, and Y, becomes large. We expect that the
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window of strong decay is small in high dimensions. The scale A goes to infinity at
the critical point (for w w.). Since m is a massive degree of freedom, the scale
for m in contrast remains finite, m ~ 1. How can we obtain an expression for the
scale A7 We now show that the key is the harmonic analysis from the preceding
section.

Using the AAT integral Eq. , we can easily write down the equation for the
difference Yy — Ypp = 0Yac:

2 T / K
5Yac(Q) = YPP<Q>{ (/dN(Q/) e_wT Qe A (YPP<Q/) +5Yac(Q/))> -
, K (5.47)
= ([ an(@) e i AY,(@) }
Here we used that for K > 1 and near the critical manifold
Ypp(Q) = exp(—2wim? — 2iEm). (5.48)

Eq. (5.48) is a direct consequence of the discussion in Subsection [£.2.4] Chapter [4
By definition of the scale A, for § < A, the difference §Y;. is small and Eq. (5.47))

can be linearized. The result is:

Y2 Q) = KVpp(@) [ (@) "9 A5¥,e(@). (5.49)

Eq. is simply the linear integral equation ([5.4)) from Section . We already
know its eigenfunctions. On the metallic side of the transition, the maximal eigen-
value of the operator in has already exceeded magnitude one. The fixed point
of Eq. is the eigenfunction §Y)«(Q), where A\* labels the one with eigenvalue
with magnitude one. When w approaches w,., A* goes to zero. In a later part of this

section, we will argue how \* scales with the disorder difference w, —w.

5.2.2 Calculation of the scale A

The eigenfunctions 0Y)+ are given by:
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where C'(\*) a priori is an arbitrary constant. It will be fixed later by the constraint

that Yac, 0pYac should be continuous in the regime # ~ A. Once more, we recall that

2 d¢ cos(¢)
0 27 (cosh(6) + sinh(6) cos(¢))%+i)‘* .

pa-(0) = (5.51)

We are now interested in the asymptotic regime 6 > 1,0 < A, and |\*| < 1. The

asymptotic expression of §Y,. follows from the asymptotic expression for py«. It
was derived in the final part of the introductory section, Section Eq. (2.97):

1
o+ (0) ~ —Fe_%sin(x\*é—ax\*), (5.52)

where a = 2 —21In(2). Accordingly, the expression for §Y,. reads

C(\¥)
)\*

0
0Yae(Q) = — e2 sin(A*0 — aX\®) oy« (m). (5.53)
To calculate the constant C' and the scaling of the length scale A, we exploit that
the ac-type solutions are sufficiently regular. In particular, Y., and 0yYae should be
continuous in the regime 6 ~ A. This requirement is equivalent to the two conditions

ﬁ Yac(Q) =0, 0Yae(Q) ~ —Ypp. (5.54)

a0 0=A 0=A
These two conditions lead to:

T
A~— (C~e 2,
Bk ¢

=g

(5.55)

Indeed, for \* < 1,

Syx-(m) = yo(m) = /Im| Yop(m), (5.56)

and for m ~ 1 we can thus approximate
g+ () = Yip(m). (5.57)
The second of the two conditions in ([5.54)) yields

—2)\* = tan(A\*A —a\"). (5.58)
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Expanding the r.h.s. in Eq. (5.58)), we see that

NA—aN =72\, \'>0

(5.59)
NA—a) = —7—2)\", A\ <0

or, when neglecting the small terms

™

A

A~ (5.60)

[More generally, in Eq. (5.59) one may replace m by Ir and —7 by —Im, with
[ € N\ {0}. In the following, we restrict ourselves to the [ =1 branch.] Inserting
Eq. (5.60) into the first condition then leads to

()

Y o? sin(m —a\*) ~ —C()\*)e% e —1, (5.61)
and we end up with
T A T
ANW, Cr~e 2 =¢ 2, (562)

We note that relation (5.62)) is in accordance with the corresponding result ob-
tained for the Anderson model within the AAT approach; see [60]. The present
derivation, however, is more transparent since it relies solely on the full eigenfunc-

tions Yy« of the harmonic analysis.

5.2.3 Formula for Y,. at w " w,

Now we are in a position to write down an approximation for the U(1);q,-invariant
metallic solution Y;. near the critical manifold. From the above construction, we
know that for § < A, we have

1
Vae(Q) = Yop @)+ C sinh(0) o+ () dyo(m), C ~e ¥ (5.63)
For 1 < 0 < A we can expand
1 _e . N _0
o (0) ~ e sin(A*0 —aX*) ~ —0e™ 2 ~ po(0). (5.64)

The last identity in Eq. (5.64]) follows from the introductory section , where we
have also calculated the asymptotic expression for the function ¢g(6) (Eq. (2.93))).

It follows that in Eq. (5.63)) we can replace @y« by ¢o

s

Yae(Q) = Yop(Q) + C sinh(8) o (8) dyo(m), € ~ e 2T, (5.65)
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We remind ourselves that, with the above constructed §Ya. (Eq. (5.65)), at 6 ~ A,
Y is continuous and differentiable. For 6 > A it is zero. In high dimensions K, the
decay region 6 ~ A is small, and the decay can be approximated by an exponential
decay:

Vael@) = Yop(@) exp (Csinh(8)0(6)/Im] ) (5.66)

where we used that
6yo(m) = /|Im|Ypp(Q). (5.67)

The approximation in (5.66|) is quite flexible. The decay does not necessarily have
to be exponential to obtain sc-type solutions at criticality in the subsequent section,
Section [5.3] Finally, we need to understand how A\* scales with the difference of dis-
order strengths w, —w. The corresponding calculation is shown in the Appendix[8.4]
For w. —w < 1 we find

N~ Vwe —w, we—w <L 1. (5.68)

The parameter C' that determines the weight M = [ du(Q)Yac(Q) of Yac consequently
fulfills:
C~e 2Vacs, (5.69)

5.3 Construction of solutions of sc type

5.3.1 A refined heuristic argument

With all the geometric and analytic preliminary work from the last sections, we are
now finally in a position to execute our main goal, namely, explicitly constructing
the critical, sc-type solutions. To be as pedagogical as possible, before we delve
into technical details, we present a refined heuristic argument for these solutions
with a bit more technical knowledge from Sections and [5.2] The construction
relies on the combination of two fundamental observations that have been acquired

throughout the preceding sections of this work:

« Behavior of Y, when approaching criticality: We have constructed the
U(1)igy-invariant solutions Y. on the way to criticality w  w.. Specifi-
cally, we have found the scaling of C for w w,, Eq. (5.69). The weight
M = [du(Q) Yac(Q) of these solutions diverges at the critical point w = we.

This signals a divergent correlator K, . (for regulator ¢ = 0) by invoking the
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spectral integral (3.73)):
Kne = / dQ,, e~ TEos)@n 95y (Q,)), (5.70)

here for s = 0. How the weight diverges on the way to the critical point is
fixed by the scaling of C.

o Different ac type solutions in the ac phase for fixed parameter values:
Apart from the ac-type solution Y. there also exist U(1)is, symmetry-broken
ac-type solutions 9°Y,.: They can be constructed from the solution Y,. by sym-
metry transforming Yae(Q) — 9 Yae(Q) = Yac(g5 'Qgs), where for concreteness
we restricted the discussion to a one-parameter-subgroup gs = exp((s/2)o1).
Due to the non-compactness of the Lorentz group, the “boost” parameter s
can become arbitrarily large s > 0 (or arbitrarily small s < 0). As we have
seen in the example of Section in Chapter , the support of Y,. un-
der this symmetry transformation becomes elongated along the ray Lg, (4.35)),
on Hg and narrowed in the transverse directions until the support coincides
with Lg. The transformation with a symmetry group element gs, of course,
does not change the weight: [du(Q)%Yac(Q) = [du(Q) Yac(Q) because all
Lorentz transformations are isometries. In other words, the increase of weight
in the direction of the ray Lg is compensated by the decrease of weight in the

transverse directions.

For fixed w with w.—w < 1, the weight of Y,. is large, but still finite. Up to the
large scale A, Y. only slightly differs from the pp solution Y, and for 6 ~ A it
decays in 6 direction, uniformly in the angular coordinate ¢. When w " w,, the
argument that symmetry transformations with very large parameter g5, s> 1 yield
a “function” supported only on Lg does not hold anymore because the weight of
Yac diverges. What happens when we subject Y, to the coupled limit C'— 0 (i.e.,
we approach criticality from below by sending w  w. and fixing the other system
parameters), and s — oo (i.e., we select different U(1);,,-symmetry-broken ac-type
solutions 9¢Y,. for larger and larger s dynamically in w ,* w.)? When coupling the
two limits in a certain way (see below), we can arrange for the following situation:
While the infinite Lorentz transformation g5, s — oo extends the support in Cy but
narrows the support in the transverse directions, the fact that the weight for w 7~ w,
increases, enlarges the support in the transverse directions. The balance of these two
effects leads to a function that is not supported only on the ray Lg. It is a continuous
function that is constant on horocycles centered around the boundary point where

the ray Lo ends. The U(1)iy, symmetry, however, remains broken. The fact that
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the support of Y. is non-compact, even though Y. breaks the hyperbolic symmetry,
results in a weaker divergence of the spectral integral than in the pp case.
Using the arguments from Sections and in Chapter 3| (symmetry breaking,
spontaneous selection of extremal Gibbs states, etc.), this weaker divergence is rather

naturally connected to sc spectrum of the Wegner Hamiltonian.

5.3.2 Construction

In the following, we will present the corresponding calculation. The idea is to take
the U(1)is,-invariant solution (5.66|) Y. for w * w,. and transform them to 9 Y,
with a parameter s that scales with w. —w. We isolate the part of Y,. given by
Eq. that depends on the symmetry degrees of freedom:

oYy C mdo \/mcos _ 0/27r d¢p  xacos(p)+xysin(ep)
oo (s-+ /o + Bcos(o) )5 (5 + 205(6) + 1 5in(9))
(5.71)

Yop
In Eq. (5.71)) and also in the following, we again omit the pullback symbol i*. The
z;, i=1,2,3 are the quasi-Cartesian coordinates of the target space C3 (defined

in (3.82))). As a reminder, the connection to hyperbolic polar coordinates is given

by:

x3 = |m|cosh(f), x1=|m|sinh(f)cos(a), x2= |m|sinh(f)sin(a),

(5.72)
0 eRT, ac(0,27).

Additionally, to get from the L.h.s. to the r.h.s. in Eq. , we used translation
invariance of integrals over S'. Of course, due to the average over the angle ¢,
the r.h.s. of Eq. is still U(1)is,-invariant. Now we use the equivariance of
the “bosonic” AAT integral equation for vanishing symmetry-breaking terms
£=0=0 under the one-parameter-subgroup {exp((s/2)o1), s € R} and construct
U(1)ig,-broken solutions, %Y., via these Lorentz transformations. Again, we em-
phasize that for fixed w < w,, they form a class of metallic solutions; they simply
are different points of the metallic moduli space. How does the transformation g

act on the r.h.s. of Eq. (5.71))7 The action on the quasi-Cartesian coordinates is:

r3tre=wy —e ‘xy, w3—wo=x_—e’r_, sER. (5.73)
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Indeed, the identities ([5.73)) follow because the connection to the horospherical co-
ordinates (4.29)) is:
r,=e?, x_=(m?+b*)e %, (5.74)

Consequently, the integrand on the r.h.s. of (5.71)) transforms as:

xg cos(¢) + 1 sin(¢) — ; (x+e_s - x_e5> cos(¢) +z1 sin(¢),
x3+ w2 cos(¢) +x1 sin(¢p) - xye”® ; (1+cos(p))+x_¢e® ; (1 —cos(¢)) +x1 sin(¢).
(5.75)
As motivated in the introductory paragraph of the present section, Section [5.3.1]
to construct the novel type of solutions, we approach the critical point from below
w we and send s to 400 in a coupled way, i.e., s = s(w). It follows that we
should look at the pointwise asymptotic expansion of the transformed version of the
r.hs. of (5.71), (5.75)), for s > 1. After shifting the integration interval to (—m,),
the leading contribution to the integral comes from ¢ near zero. By expanding the

enumerator and nominator and ensuring the convergence of the integral, we end up

with 5
9s <Yb> ~—Cux_e’ do ! . (5.76)
Ypp 0 21 (aere_s—i—x_e“b;)j

Using standard manipulations and absorbing irrelevant constants into C, this inte-

gral can be brought to the standardized form:

5Yy s (55 1 s T [1_
9s [ — x—Cw/x_e2/ tode—— =—-C/z_e2arsinh | —,[Z=e* |.
(Ypp> 0 Vita? (2\/‘75+ )

Finally, we use
arsinh <32U) ~lIn(z), x>1, (5.78)

and obtain:

Y( s
9s (50> ~—Cse? /T_. (5.79)
Yop

This already finishes the main calculation. We find that for large Lorentz boost
parameter s > 1, the transformed ac solution of the AAT integral equation for
E=6=0 equals:

921, (Q) = Ypp(Q) exp (—Cse% \/x__) . (5.80)

Now we are in a position to identify the correct scaling

s=s(w), w fw, (5.81)
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such that the result is a novel type of solution at criticality. In the case
C'se? — oo, (5.82)

the limit is again only supported in {x_ = 0}. Thus this case does not lead to novel
solutions. When

Cse? =0, (5.83)

the function 95—>Y,. turns into the pp solution. The situation becomes nontrivial,

and the procedure yields solutions of a novel type, when we require
Cse? ~1. (5.84)

This requirement, together with the main result from Section 5.2} leads to a scaling

relation for s. In that section, we have found how C' scales with the disorder:

C ~ eXp <_;\/U)7T7—w> y w /‘ We- (585)

Consequently, the requirement C'se? ~ 1 leads to

7r
21 ~A~— 5.86
s+ 2Ins) Tt (5.56)
or, when ignoring the logarithmic correction:

Vwe —w’

Finally, we find that the critical solutions for w " w. take the form:

Voe(Q) = Yip(Q) exp (- Bya=) = Yip(@) exp (—By/m? +12e7F ), peR*. (5.58)

The above limiting procedure leaves a free parameter 8 because the boost is only
restricted by the scaling . In other words, we find a whole ray of critical
solutions = RT™. The situation is comparable to the metallic phase, where, when
symmetry-transforming the U(1);y,-invariant solution Y,. with gs, s> 0, we obtain
a ray of solutions (2 R™).

The center of the disk is part of the metallic moduli space because the Y, rep-
resents a distinct metallic solution. In contrast, the case =0 in yields the
pp solution and does not belong to the sc solution space. Correspondingly, it can
be identified with U(1) x R* = D2\ {0}, where o denotes the center of the disk D?.
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As a consistency check, we will see in the following section, Section (5.4]), that the
scaling of the spectral integral does not depend on the constant § entering Y.

Figure 5.1: Three solutions Yz for different values of g > 0, centered at a boundary
point p of the Poincaré disk D. The colored curves indicate contour
lines of Ys. (red corresponds to large values, blue to small values). In
Chapter [6] it will become clear that the solutions Y. are constant on
horocycles centered at the boundary point p.

In the following section, we will find that the solution just constructed indeed

corresponds to a singular continuous spectrum.

5.4 Scaling of K, . for Y,

We now go back to Section , Eq. (3.73)) and use Yg to calculate the scaling of the

correlator Ky, ¢:

Kne = [ (@ ™12y, (@), (5.89)
where Y. is the critical solution ([5.88)). Again, we emphasize that in Eq. (5.89)) the

explicit symmetry-breaking term has been sent to zero: &, & — 0. Hence an extremal

Gibbs state, represented by the solution Yz, (5.88)), has been selected by the system.
Inserting the solution ([5.88)) into (5.89)) we obtain:

lim e = lim / du(Q)esTr@os Yy, (Q)e AV Tr@los—ioz), (5.90)

It remains to calculate the scaling behavior of the integral ((5.90)):

1 . —o\ s
Knen 2 [ ap [[am [ b etobmt2n-ae sttt g

114



Scaling of K,, . for Y

To begin, we note that the £ divergence comes from the large ¢ region. The scale
for m is given by 1/wy, so it is small. When also b is small, the rightmost term in
(5.91), (m?+b?)e ¥, is independent of ¢. The scaling of the integral then merely
comes from the factor exp(—ee¥) and is logarithmic in . In hindsight, it will be
clear that we can neglect this divergence. For large b it is helpful to transform m,b

to polar-type coordinates:
m=rcos(d), b=rsin(d), r()eR", 6()e(0,2n). (5.92)
We obtain:
Kpo~ i/ﬂ@ds&e—eew /OOO dpo-Bre? /02”(19 o~ 2ubr?cos()’2Breos(t) (5 g3)

As r is large, we can calculate the 6 integral using the saddle point method. We end

up with:

o0 _¥
Kn,sN/Rdwefgeso/O dre=fre N/Rdwe%e’sew ~eTl. (5.94)

We have learned in an introduction 2.2 Subsection [2.2.6] that the scaling (5.94)
is indicative of a singular continuous spectrum. The fractal exponent o =1/2 is
universal (independent of ). This was expected because [ just represents different

elements of the sc moduli space; the solutions Y;. for different 5 > 0 all occur at the
critical point. With the scaling (5.94) we can now complete the table [4.4.2}

spectrum  diagnostic moduli space of Y
pp Kye~ g1 single point
ac Kpe < oo H?
sc Ky . ~eT? H?\ {0}

and display a typical solution of all three cases:
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T2
—

Figure 5.2: Sketch of an ac-, sc-, and pp-type solution: Left(ac): The solution is
localized around the center of the Poincaré disk, reflecting symmetry
breaking to a compact subgroup. Middle (sc): The solution concentrates
along horocycles centered at a boundary point p, indicating partial sym-
metry breaking to a nilpotent subgroup. Right (pp): The solution is
constant on a fixed hyperboloid and decays in the massive direction.
The full hyperbolic symmetry is intact.

116



6 Algebraic characterization

We here delve deeper into the algebraic structure of our symmetry group G = SU(1,1)
(or SL(2,R)). We will introduce different group decompositions:

G=KA, K, G=ANK G=NAK, (6.1)

and see how they lead to the different coordinates we have used throughout this work.
Of course, similar results also hold in the general case of non-compact semisimple
Lie groups, and we will keep the language fairly general.

Next, with these decompositions in hand, we can characterize the different solu-
tions Yac, Yse, Ypp on an algebraic level, and we answer the question which subgroup
leaves the critical solution Yj. invariant. The symmetry characterization of the two
phases and the critical points, and their connection to the spectral types, deliv-
ers a rather complete picture of the phase diagram for the Wegner model and, by

universality, for Anderson-type transitions in general.

6.1 An algebraic intermezzo

6.1.1 Structure of Lie algebra-Compact, Abelian and nilpotent

subalgebras and corresponding subgroups

As we have already used several times in this work, the Lie algebra of SU(1,1),

su(1,1) is the vector space
su(1,1) = spang{ios,o1,02}. (6.2)
For our purposes, it is convenient to switch to the real Lie algebra
g =sl(2,R) = spang{ioe, 03,01 }. (6.3)
by using the Lie algebra isomorphism

10'3—>i02, 01— 03, 092 — O01. (6.4)
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The corresponding Lie groups, SU(1,1) and SL(2,R) are isomorphic as Lie groups.
In the following, we will thus write G = SL(2,R). A Cartan involution on g is given
by

0(X)=—-X" (6.5)

where ¢ denotes the transpose of a matrix. 6 is a Lie algebra homomorphism:
0([X,Y]) =[0(X),0(Y)], X.Y €g. (6.6)
The eigenspaces of 6 with eigenvalue +1, €, and eigenvalue —1, p, are given by

t = spang{ios}, p =spang{os,o1}, g=tDp. (6.7)

One easily checks that

[EE e [pp]CE [Ep] Cp. (6.8)
From the first of the above identities, it follows that € is a Lie subalgebra. It is called
a (maximal) compact subalgebra. It generates a compact subgroup K C G. Indeed,

K = exp(Riog) = U(1). (6.9)

The second identity in Eq. shows that p is not a Lie subalgebra. However, we

can choose a (maximal) Abelian subspace

a = spang{os} (6.10)

of p. Obviously, it is a Lie subalgebra of g. We obtain the corresponding subgroup
A which is the subgroup with Lie algebra a:

A =exp(Ros3). (6.11)
Next with the Abelian subspace a of p we construct the restricted root spaces g, a €
a*. They are given by

1 ) 1 )
fa—+1 = Spang {2(01 +iog) = 0+} , §a=—1 = spang {2(01 —iog) =0_

} (6.12)
g=a®Sg1Dg-1.

Indeed,
lo3,04] =04, [o3,0_]=—0_. (6.13)
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The corresponding restricted roots are o« = £1. With the restricted root spaces, we
can now construct another subgroup, a nilpotent subgroup N. The corresponding
Lie subalgebras ny are given by the direct sum of the restricted root spaces over
the positive or negative restricted roots. [Positive or negative restricted roots are
defined with respect to any lexicographic ordering in a*]. In the present case, the

direct sums consist of only one summand g4 or g_i:

ny =spang{oy}, n_ =spang{o_}. (6.14)
The corresponding nilpotent subgroups are

Ny =exp(Roy), N_=exp(Ro_). (6.15)

6.1.2 Decompositions
Cartan decomposition

One can show that the mapping
Kxp—G, (k,p)—kexp(p) (6.16)

is a diffeomorphism [52) [51]. Now we can define a maximal Abelian subspace in p

for every p € p,
a = spang{p}. (6.17)

Furthermore, given two maximal Abelian subspaces a,a one can always find an
element k£ € K such that a is obtained from a via conjugation with & [51]. Now let
k, be such that

kppkglea, pEa. (6.18)

Then,
kexp(p) = kk:p_lkpexp(p) k:p_lk‘p = k:k:;l exp(k‘ppk;;l) k, e KAK. (6.19)

However, the corresponding K AK decomposition is not unique. Indeed, we could

instead choose
ky — kky, ke Ng(a)/Cxl(a), (6.20)

where N (a) is the normalizer of a in K and Ck(a) is the centralizer of a in K,
and obtain another element in a. [The quotient coincides with the Weyl group

corresponding to the restricted roots a. In the present case, it is simply Zs]. To
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obtain uniqueness, we have to restrict to a subset of a, for example
a. =RT o3 (6.21)

(the positive Weyl chamber). As an anticipation, we mention that the geometric
meaning of this algebraic fact is that the hyperbolic radius in hyperbolic polar
coordinates is restricted to the positive real numbers.

From the above considerations, it follows that we have a diffeomorphism
G2KxAyxK, Ay=exp(Ro3). (6.22)

Ilwasawa decomposition

Another theorem states that the mapping
KxAxN—=G, (kan)—kan (6.23)
or equivalently, by concatenating with the group inversion, the mapping
NxAxK—G, (n,ak)—nak (6.24)

are diffeomorphisms [43]. Finally, by noting that A normalizes N we obtain a third
diffeomorphism:

AxNxK—=G, (a,nk)—ank. (6.25)

6.2 Coordinates from the decompositions and

symmetry properties of the pp, ac, sc solutions

6.2.1 Coordinates

We recall the expansion of our ) field in the Lie algebra generators:
iQ) = xgil +x3iog3+ 2101+ 22009 — 20il + 23109 + 2103+ T2 071, (6.26)

where on the r.h.s. we have performed the isomorphism su(1,1) — sl(2,R). We can
also write i() in terms of the conjugate group action acting on the m dependent base
point:

) -1

iQ=gq09 ", 9g€SL2R). (6.27)
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Hyperbolic polar coordinates

As in the section on the harmonic analysis, Section we parameterize

. . im - |m|
qgo = mil+|mlioy = - (6.28)
—|m| im

By exploiting the Cartan decomposition of G, G = KA, K, we parameterize:

o 6 0 o

_ ( im 4+ |m|sinh(0) sin(¢) |m| cosh(@) + |m|sinh () cos(gb)) (6.29)
—|m| cosh(#) + |m|sinh(8) cos(¢) im — |m|sinh(0)sin(¢) ’

where ¢ € (0,27), 0 € RT. We thus obtain hyperbolic polar coordinates:

xo=m, x3=|m|cosh(f), 1= |m|sinh(0)sin(¢), x2=|m|sinh(f)cos(¢p).
(6.30)
To conclude, hyperbolic coordinates stem from the Cartan decomposition of the

symmetry group.

Horospherical coordinates

To describe the symmetry-transformed ac-type solutions 9°Y,. and finally the critical
solutions Y., we switched from hyperbolic polar coordinates to another coordinate
system, so-called horospherical coordinates, Eq. . These come from the Iwa-
sawa decomposition of the symmetry group. The above parameterization of the base
point qo, Eq. (6.28), comes with the difficulty that for m =0 it collapses to the zero
matrix, and thus fails to describe the null-orbit |z3 = x1 +ixe|. We here choose an

alternative parameterization

. 2 im 1
go=mil4+or—m-o_ = ) : (6.31)

—m* im

We now parameterize the conjugate G action via the Iwasawa decomposition AN K

(here K is the m—dependent stabilizer subgroup of ¢q):

: £ —bo_ bo_ —%o im+b e¥
iQ =e2%e e’ e 29 = , 6.32
@ 10 (—(m2+b2)e_90 im—>b (6.32)
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where b, ¢ € R. This yields the horospherical coordinate system, Eq. (4.29)):
1 1
ro=m, 11=b, Ty=_ (e~ (m24+0%)e %), x3= e+ (m?+1b?)e%). (6.33)

Finally, we comment on the name horospherical coordinates. The reason is that the
integral curves of the action of the nilpotent subgroups N of G on the symmetric
space H? = G/K are horocycles, while those of the maximal Abelian subgroup A

are radial geodesics.

6.3 Symmetry properties of the three solutions
}/;imypp) scC

We are now finally in a position to characterize the three types of solutions on an

algebraic level. As above, we here work with the SLa(R) picture.

1. pp: We already know that the pp-type solution Y}, is invariant under the full
symmetry group G. For fixed parameter values, there is only a single extremal

Gibbs state. The corresponding typical field configurations restore the full

symmetry.
® o Figure 6.1: Sketch of a typical field con-
figuration in the pp phase:
® ° The field fluctuates near the
boundary (orange) of the tar-
get cone C3, but explores the

whole of the corresponding
symmetry group orbits.

2. ac: The solution Y, is a function that only depends on xg,x3. It can be

written as

Yo Q) = Yac (20, Te(Qio2)). (6.34)

As such, it is K invariant:
Yae(Q) = Yac(kQk™), keK. (6.35)

The transformed ac solutions 9 Y. = Yac(g5 1 Q gs) are invariant under a mod-
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ified compact subgroup 95 K = gsKgs_l, gs € A:
ngac(Q) = ngac(stks_l)u ks = gskgs_l, keK. (6'36)
Indeed,

9Yoo(ks Qky 1) = Yac(xo, Tr(g; ' gsk g5 ' Qgsk ™' g5 gsioa))

= Yac(20, Tr(k g5 1 Q gs k™ tiog)) = Yac(wo, Tr(g; ' Q gsion)) = 9 Vac(Q).
(6.37)

3. sc: The expression for the sc solution from the end of Section [5.3] reads:

Yae(Q) = Yyp(Q) exp (—5\/m2+b2e—“§), 8 e R*. (6.38)

Recalling that the hyperbolic coordinates come from the Iwasawa decomposi-

tion (6.32) we can write Yy as

o1 +1i02

YSC(Q) = Ysc(x07Tr(_Q 9

)) = Yae(wo, Te(Qoy)).  (6.39)

Eq. (6.39) reveals that the critical solution Yy is Ni-invariant:

Yee(Q) = Yac(n4 anrlL ny € Ny =exp(Roy). (6.40)

We finally note that in the derivation of Y. we sent the symmetry group
parameter s of the maximal Abelian subgroup A =exp(R (01 — 03)) to +o0.
Of course, this choice is not dictated. We could also send s — —oo. The

solution thus obtained has the form

YeelQ) = #77Yae(Q) = Ypp(@Q) exp (—Be ) = Yie(o, Tr(Qo-)).  (6.41)

Now it is invariant under the other nilpotent subgroup in SL(2,R), N_ = exp(Ro_),

whose Lie algebra is the negative restricted root space n_ =g_g:

Yee(Q) = Yee(n_Qn~1), n_eN_. (6.42)

In summary, we have obtained two classes of critical solutions, which are both
N-invariant (N4 or N_). On an algebraic level, they simply differ in the choice

of positive or negative restricted root space as the Lie algebra of V.

123



Symmetry properties of the three solutions Yac, Ypp, Ysc

6.3.1 Moduli spaces of ac and sc solutions for fixed system

parameters

We finish by substantiating the claims about the ac and sc moduli space from Sec-
tion [3.4.5] Recall that in the construction of the symmetry-transformed ac solutions
and also the sc solutions, we have fixed the one-parameter subgroup gs = exp((s/2)o1), s € R.
In the present chapter we made use of the isomorphism su(1,1) — sl(2,R), that sends
o1 to o3 € a. After applying the isomorphism, o3 is the generator of the maximal
Abelian subgroup A. Of course, the above fix of a one-parameter subgroup is not dic-
tated. We could have chosen other one-parameter subgroups, that is, other maximal
Abelian subalgebras a = spang{p}, p € p. The set of maximal Abelian subalgebras
A thus obtained is homeomorphic to the space of lines in R? 2 p passing through

the origin. This space is the real projective space RP!.

1. ac moduli space: By fixing another maximal Abelian subalgebra A we ob-
tain two other rays of symmetry transformed ac solutions {ESY'aC, s> 0} and
{55Yac, s < 0} which are both homeomorphic to RT. Thus for every point in
RP! we obtain two rays = R™, and the resulting space can be identified with
the punctured plane. Together with the U(1);q,-invariant solution Y,c, which
is the center of the ac moduli space, the full ac moduli space thus can be
identified with

R? = D?, (6.43)

Figure 6.2: Moduli space H? = D? of
ac type solutions 9Y,.

Due to the identification with extremal Gibbs states, an ac-type solution cor-
responds to a cluster of typical field configurations. Because of the symmetry
under compact subgroups, the cluster have compact support. For the center

of the disk, the corresponding cluster is a tubular neighborhood of the center
half-axis of C3.
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T

Figure 6.3: Sketch of a typical field config-

uration in the metallic phase.
e In this case the field clus-
ters around the center half-

+

|
[ 4
... axes (black arrow).
(

2. sc moduli space: We have already seen that, according to a specific choice of
a maximal Abelian subalgebra, we obtain two nilpotent subalgebras Ni. Each
of them characterizes a class of sc-type solutions because these are invariant
under the groups N.. In other words, for every element in RP! we obtain two

classes of sc-type solutions {#}. The set of classes so obtained is a circle:
RPL x {£} = 5t (6.44)

The geometric meaning of this statement is that horocycles can be character-
ized by their “center”, i.e., the boundary point of the Poincaré disk where they
are centered at. Furthermore, for a fixed choice of maximal Abelian subgroup
A and a corresponding choice of nilpotent subgroup =+, the class of sc-type
solutions still has a free parameter 3 € Rt (see Eq. , Section , Chap-
ter [5). The entire moduli space of sc-type solutions can thus be identified
with

ST xR = D?\ {0}, (6.45)

where o denotes the center of DZ.

Figure 6.4: Moduli space D?\ {0}
of  sc-type  solu-
tions Y.

Again, an sc-type solution corresponds to a critical extremal Gibbs state and
a cluster of a typical field configuration. Now the cluster is non-compact and

centered around a ray on the boundary cone of C3 from the tip to infinity.
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Symmetry properties of the three solutions Yac, Ypp, Ysc

However, it does not restore the full hyperbolic symmetry. The symmetry-

breaking mechanism at criticality is distinct from that in the metallic phase.

VRN

X2

x1/x3

Figure 6.5: Sketch of a typical field configuration at criticality. Now the field clusters
around a ray ending at a certain boundary point on the boundary of the
Poincaré disk.

Finally, we comment a bit more on the positive constant [ entering the sc-type
solutions. Geometrically, the magnitude of 5 > 0 controls the extent of the
support of Yy, around the boundary point it is centered at. It follows that
it controls the strength of the typical field fluctuations around this boundary
point (the transverse field fluctuations) in the corresponding extremal Gibbs

state.
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7 Conclusion

In this dissertation, we have extended the analytical approach to Anderson transi-
tions in high dimensions by solving the Wegner 1-orbital model in an approximation
exact on the Bethe lattice and likely valid for the calculation of local observables
in high dimensions. In low dimensions (d =2+ ¢), the nature of the critical point
is well-understood: the one-parameter scaling hypothesis, proposed in [2], can be
confirmed by a renormalization group treatment of the nonlinear o-model. In con-
trast, in the case of high lattice dimensions, the nature of the critical point is still
an ongoing debate. Our work identifies a novel field-theoretical mechanism of spon-
taneous symmetry breaking, intimately connected to the non-compact nature of the
symmetry group:

SU(1,1) = SL(2,R). (7.1)

In a sense, this identification reconciles the insulating phase, the metallic phase,
and the critical points by mapping the physics governing these regimes to different
spontaneous symmetry breaking scenarios of the same symmetry group. While the
full non-compact symmetry remains intact in the insulating phase and breaks down
to a compact subgroup K in the metallic phase, it breaks down to a nilpotent

subgroup N at criticality:

regime symmetry
insulating SL(2,R) =G

metallic U(1)=KCG

critical R=NCC

Table 7.1: Symmetry-breaking mechanisms in our field theory

By partially restoring the non-compact symmetry at criticality, this novel symmetry-

breaking scenario quite naturally corresponds to a singular continuous spectrum of
the Wegner Hamiltonian [3.1]

Due to the connection of the observable

Ko =E(|Gun(E+ic)?) (7.2)

127



to the spectral types, we set up a field theory to express it as the field-theoretical
expectation value of a local field operator. One main analytical tool we used in
this dissertation is the mapping of a field theory on high-dimensional lattices to
a supersymmetric integral equation, the AAT integral equation . We have
argued that the solutions of this integral equation correspond to extremal Gibbs
states (restricted to the distinct site n) of the field theory. After further mapping
the supersymmetric integral equations to a “bosonic” integral equation , we
then studied the solution spaces of that equation. Importantly, using the tools of
harmonic analysis, we obtain a closed formula for the critical manifold in the limit
K — o0

We 2
K(w.) = \}iexp ( £ > : (7.3)

In(w,) m
and study the critical behavior of the metallic solutions 9Y,. for w ~w,.. By com-
bining this knowledge with the non-compact nature of the symmetry group, we
constructed the critical, N-invariant solutions Yz, by performing a coupled limit:

w we, and the parameter of a Lorentz transformation s — oo such that

S~ wcl—w (7.4)
Finally, by delving deeper into the structure of the symmetry group SL(2,R), we
demonstrated that Yy is indeed N-invariant.

Invoking the principle of universality and recalling that the novel field-theoretical
scenario can be described in purely algebraic terms that should not depend on the ex-
act microscopic details of the Wegner Hamiltonian, we expect that this phenomenon
occurs for a wider class of Anderson transitions. In addition, any non-compact
semisimple Lie group possesses an Iwasawa decomposition G = K AN. Therefore,
one can in principle expect symmetry-breaking scenarios similar to the one presented
here in a wide class of effective field theories with non-compact symmetry orbits.

In summary, we expect that our work may serve as a foundation for the study
of other field theories with non-compact symmetry, and that mechanisms similar to
the one detected here can be found.

One of the most interesting open problems in the study of Anderson transitions
is whether or not the critical point is described by a conformal field theory. In
the introduction, it has been portrayed that the no-CFT argument, presented in
e.g. [66], relies on the absence of spontaneous symmetry breaking at criticality.
Our work sheds new light on this open question by challenging the assumption of
an absence of symmetry breaking. An interesting direction for future work is to

understand more deeply the consequences of our results for the CF'T versus no-CFT
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debate.

An additional task for the future is to clarify the connections between the novel
field-theoretical mechanism and the recent results from numerical works [35] [36] and
from the scaling analysis [89]. The outcome of these works is that two (instead of
one!) relevant scales appear at the transition, even though in [89], the one-parameter
scaling is recovered for large system sizes.

We hope that the perspective developed in this work contributes to a deeper
structural understanding of Anderson transitions in high dimensions and provides
a starting point for further analytical investigation of systems with non-compact

symmetries.
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8 Appendices

8.1 Derivation of field theory on lattices G

The derivation is similar in spirit to the derivation of the AAT integral equation in
Section 3.3.31 With the observable

K} . =E(G},(E+ie) G, (E —ie)), (8.1)

the derivation of the field theory is very transparent. We work on a finite sublattice
I' with boundary conditions on the complement I'°. We begin by defining field-
theoretical states that contain complex retarded (+) variables u,, n € G or complex

advanced (—) variables v,, n € G:

2, . . .
<.>+7F = Det(g—i(E—h))/ H d U ° elu‘F(E+1€7h)u7

jer T
dQU‘ _ . (8.2)
<'>*,F = Det(e +i(E — h))/ H J o e_l'U‘F(E—lE—h)U’
jer T
where
up(E+ie—hju= > uj(E+ic—h);yuj, (8.3)
j,j’er

and equivalently for v. The determinants in the expressions (8.2)) ensure the normal-
ization of the states. To perform the expectation value with respect to the disorder

E, we rewrite them as Berezin integrals of Gaussian type. We use the identity:

82 _
Det(A) = [] ——— e$14¢ 8.4
et(A) jl;[r 3C,5C e (8.4)
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Derivation of field theory on lattices G

for suitable matrices A. We then arrive at:

d?u; H2 — , - .
<.>—|—,F = — 7 ® _ o elu'r(E+157h)“*1C'F(E+167h)C7
/jg“ T 9GO
(8.5)

2, 2
(o) = / 11 v ® g o o T(E—ie—h)o+iwp(E—ie—h)w

e T Ow;0w;

We observe that with the states (o). one can express retarded and advanced

Green’s functions as a field-theoretical expectation value of local field operators:

iGL(B+i2) = (Galu)ar

(8.6)
~IGL (B~ i€) = (@ron) 1.
Accordingly, we find
Kg,s =E (<C7nCn>+,F <W7nwn>—,l“> . (8.7)
We now introduce the supervectors:
uj
V; ~ _
o= v=(m -5 G @) (8.8)
G
Wij

By transforming ¢ — —(, w — —w (while keeping (,@), and abbreviating

d2u; d%v; H? H?
/~E/H - I ® = (8.9)
®,P jer T 0¢;0¢; Ow;w;

we obtain for the product of the two states:

(Ohirfe)r= [ oo ePrErERIL (5.10)
b b @7@
where the product -r now also contains the vector indices of ®;, «o,5. Next we

perform the disorder average E (we use Einstein sum convention):

Y 15 =
E <e_@whj,j"1’a,j') — ¢ 2000 ;128185 rE(R; jrhy )

_ o 30T (D) (@0)qp (20D) 50 j—wF Ay (—1) (20D)ap,;(20P) 4, (8.11)

1,2 2 2
_ efiwv Zjer STrQj —w7 ij/eFAjj/STer Qj/.
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Expressing the Laplacian (3.8@]) in terms of K;, D

Combining the above with the deterministic site-diagonal terms, we finally obtain:

K, e = (—Calnnwn)r, (8.12)
where the state reads:
(on)r = [ TIPQ; o0 ¢, (8.13)
jer

and

Sr = Sregr +Syr+Srr, Sregr = Z STr (523)Qj )
jer
Syr=Y_STr(—iEQ;j+3uwiQ}), Srr=wt Y. Aj;STrQ;Q;.
jer jj'el

(8.14)

8.2 Expressing the Laplacian (3.88) in terms of K, D

One proves the identity (3.92)) by a straightforward calculation. We start by ex-
pressing
A =K2—K}—K}+D*+D (8.15)

in terms of the coordinate vector fields % =0y,

K§ = (210gy —220z,) (€1 0py —220y,) = x% 62232 + a:% 85%1 — 210y — 22 0gy — 201 X2 Oy, Oy

K22 = (:C3 axl + 21 8x3)

T3 a551 +I1 8373) l’% 85'1 +$% 853 +x3 81'3 + 1 a:vl + 2%1 T3 ax1 a:v;;;

(
(

K? = (29 04y + 0305,y ) (29 0y + 23 0,) = 5 6’%3 +a3 (9_%2 + 29 Opy + 3 Opy + 20223 Oy, O,
3 2 3
D*+D= Y @O, |+ 2400, = x%@%o +x%8§1 —i—x%@i +x§8§3 + 2200y + ...
p=0 p=0

oo+ 221 Oy + 22 Oy + 203 Oy + 220 21 Opy Opy + 20 22 Oy Opy + 220 T3 Oy Oy + ..
.+ 221 220y Opy + 221 3 Ogy Oy + 20223 Oy O,

A’ = (23— 2% —2?) (82,3 - 822 - (9%1) +z3 8;0 + 220 0y + 22021 Ogy Oy + ..

o+ 2202 0y Opy + 22023 0y O

(8.16)
Next we rewrite the middle term of Eq. (3.92)):
3
2D o190y, =2 Z 2Oz, | 0200, = 2x(2) &%0 + 220 Oy + 22021 Opy Oy + ... (8.17)
n=0 .

...+ 2x9x9 axo am + 2073 amo 8333.
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Calculation of g integral over H?

Finally, we obtain:

1 _
Z(x%—x%—m%) 1(Ab_2Dox0(‘?xo+(a:%+x%—l—x%—x§)8§o>
= (@8 —af — o)™ (@] — a5 — 1) (9, — 07, — 7, — 07, (8.18)

= le (aig —3:%0 _89%1 _822) =A.

8.3 Calculation of g integral over H?>

Here we calculate the remaining integral in (5.37) over the hyperboloid H?:

/o 1=l
I — / dg/ (1 +w%a2> efw?rTrqog 4o’ g @07)\(9/)
H? owz (8.19)
8 2 / 2 / / '
. 2 —2 —2 h(6
_ 2/R+ sinh(6) d¢’ <1+wTaw%> o—2wpmm’—2wp|mm/|cosh( )900,)\(9/).

An efficient way to calculate the ' integral in (8.19) is to change coordinates to
t:H?> - R, and b: H?> = R. These are connected to hyperbolic polar coordinates as

follows: 1
cosh(6) +sinh(#) cos(¢) = e!, cosh(f) = cosh(t) + ietbQ,

1 1 (8.20)
dg = —sinh() dfd¢ = —e' dtdb.
T T
We recall the integral expression for the zonal spherical functions:
2r d 1
oor(®) = [ 52 (8.21)

0 27 (cosh(0) +sinh(0) cos(¢))2 T

By inserting the integral formula into the second row of Eq. , and using
that the integral kernel is independent of ¢, we can exchange ¢ integration with
the multiplication by the integral kernel. It follows that we can express the whole
integral in the coordinates . We arrive at:

I = 1/ / et’dt/db/ (1+w% 32> —2w%mm’—2w%|mm’|(cosh(t’)+%et b’2) o
T JRJR owz

/
« o~ g it

(8.22)
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Scaling of \*

We now perform the integrals:

Il<1+w28>/dtlle
VT fowt ) Jr \wa | mm/|

2 0 1

=— 1+w% >
ﬁ( owi \wr|mm/|

—2wZmm/ —2w3|mm/| cosh(t') COS ()\t/)

(8.23)

o 20T I (2w mim' ),

where K denotes the modified Bessel function of the second kind. Finally, perform-
ing the parameter derivative yields the desired result (5.38)):

I ((1 — dwrmm!) Ky (2w |mm/|) — ...

1 1
ﬁ\/w%|mm’| (8.24)

oo = 2wh mm | (K yin (2w mm/|) + Ky _ix (2w |mm/|)) |.

8.4 Scaling of \*

We here argue how \* scales with the disorder strength w. For A € C the eigenvalues
ew(A) of the linearized operator at disorder strength w, as a function of the
harmonic parameter A\, has a saddle point at A = 0. Consequently, we have for small
Al

ew(N) = ew(0) = el (0)| X2+ ... (8.25)

Here €/ denotes the second derivative with respect to \. Now A\* fulfills:

ew(0)—1

= | —————.
e (0)]

(8.26)
In principle, we could calculate \* exactly from the result for the eigenvalues e, ()
from the harmonic analysis. However, here we are interested only in the scaling,
which can be anticipated with a faster argument. For w 7 w,., the denominator in
Eq. (8.26) stays finite, whereas the enumerator goes to zero. From the harmonic

analysis, we know that (up to a logarithmic correction)

ew(0) ~ o (8.27)

For w, —w < 1 we expand e,,(0) around w, and obtain:

ew(0) =~ 14 L=

(8.28)

We
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Scaling of \*

For \*, we find the scaling:

N~ Vwe—w,  we—w <L 1. (8.29)
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