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Introduction

The mathematical concept of topology dates back to 1736, when Leonhard Euler presented his paper
on the seven bridges of Konigsberg. He proved that it was not possible to find a path that crosses
each bridge exactly once. This proof only depended on connectivity properties in an abstracted graph
representing the city. The lengths of bridges and roads do not appear in this abstracted picture and can
be varied arbitrarily without changing the answer. This thesis deals with topological gapped condensed
matter systems, that can be characterized by a topological winding number. Smooth deformations
(respecting certain symmetries) like disorder or varying couplings without closing the bulk gap leave
this winding number invariant. More specifically, for non-interacting gapped fermions the topological
phases that can occur are classified according to the “10-fold way” . This classification is tied to
the Riemannian symmetric spaces @, which directly appear in the description of disordered systems:
as the transfer matrix ensembles and as the non-linear sigma model (NLSM) manifold [7H9).

The world we live in can be described best using three spatial dimensions. In condensed matter
physics, many applications nevertheless consider lower dimensional systems. The quantum Hall systems
introduced in more detail below are famous examples of surface physics with important applications.
In the context of topological materials, surfaces and edges are particularly interesting, since there
are gapless modes at a topological phase boundary protected by the bulk-boundary corresponence
. The work in Chap. |4 touches this question, surface states in a topological superconductor
are found to be critical throughout the superconducting gap, despite the topological protection being
defined strictly only at the band center. Another exciting example of potential applications of low
dimensional physics are Majorana bound states (MBS) appearing at the edges of topological wires
. One idea is to use these as an ingredient of a universal quantum computer, since the quantum
states of the Majoranas are protected by topology and robust to local impurities. Such low-dimensional
systems are prone to Anderson localization in presence of arbitrarily weak disorder @, . One can
understand Anderson localization as constructive interference catastrophe of multiple scattering event
return paths. One mechanism to escape this fate is (weak) antilocalization due to spin orbit coupling,
that introduces dephasing. In such systems metallic phases and metal-insulator transitions are possible
in two dimensions (2D). Another mechanism relies on topology. At the transition between topologically
distinct phases, there must be gapless degrees of freedom and criticality . Despite the general
tendency towards localization, low dimensional systems at a topological transition remain critical
in presence of disorder . This would be an example of a (topological) insulator-insulator
Anderson transition (AT).

At an AT, there is multifractality determining the statistics of eigenstates [@ The wavefunctions
are neither spread over a large extent of the system like in a metal nor localized to a finite localization
volume like in an insulator. Instead they can be thought to occupy fractal dimensional portions of
the system. This serves as a hallmark of such a transition and can be used to pinpoint its position in
the phase diagram . In experiments, the direct observation of multifractality remains challeng-
ing. Recently, there was progress for electrons in disordered semiconductors and experiments on
superconductor-insulator transition in disordered films , .

A paradigmatic example of topological transitions in physics is the integer quantum Hall effect
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discovered in 1980 by Klaus von Klitzing . The Hall conductance is precisely quantized in integer
multiples of e? /h. These integers can be understood as topological winding number of the system. By
varying the magnetic field a transition between two distinct phases is driven. In presence of disorder,
multifractal spectrum and longitudinal conductance assume universal values. The integer quantum Hall
systems reside in class A and have superconducting counterparts in classes C, D: the spin quantum
Hall (SQH) systems and the thermal quantum Hall (TQH) systems, where spin (thermal) current is
quantized. These systems host the 2D quantum Hall type phases. In Chap. (3] the multifractality in
SQH systems is studied in detail.

The interplay of topology, multifractality and interactions gives rise to surprising phenomena. For-
mally, the “10-fold way” classification can be extended to include weak interactions . In that
sense topological phases are robust towards weak interactions. At phase boundaries in disordered
systems however there is Anderson-transition criticality. Multifractality can enhance the impact of
interactions, in 2D superconductor systems, it has been shown to drive the system away from critical-
ity by spontaneous symmetry breaking , . A similar setting can be found in the Majorana and
complex fermion wires under investigation in Chap.

In the following paragraphs, more detailed introductions to the particular systems addressed in this
thesis follow. The central questions analyzed and answered here are formulated.

Disorder and interaction in chiral chains Topological one-dimensional (1D) systems are considered
a potential platform for quantum computing , as topology protects the qubit state from local,
uncorrelated noise.

In this part of my thesis a disordered interacting generalization of the Kitaev chain [32], which
is such a topological 1D system of Majorana fermions, is explored. Potential realizations of this
system are vortex lattices in a thin film topological superconductor. Another possibility are
superconductor-ferromagnet structures along quantum spin Hall edges [36]. The effective low energy
theory in InGaAs nanowires on top of a superconductor in a magnetic field is described by a Kitaev
Hamiltonian [37].

The Majorana model is compared to that of complex fermion hopping on a chain with the chemical
potential tuned to zero . In absence of interactions both models exhibit the same infinite
randomness physics . With interactions, the complex fermions remain at the infinite randomness
fixed point, whereas the Majoranas either localize or show a different kind of criticality depending on
the sign of the interaction term . The main aim in Chap. |2|is to understand the fundamental
difference between Majoranas and complex fermions in 1D.

Generalized multifractality in Spin Quantum Hall systems Low dimensional disordered systems
have a natural tendency to localize. More precisely, in symmetry class Al, d = 2 is the lower critical
dimension, systems in this class localize in presence of arbitrarily weak disorder. In the other symmetry
classes, there is a wealth of escape mechanisms from localization @ These are related to topology or
conventional weak antilocalization physics. A famous example is the plateau transition in the integer
quantum Hall effect.

Many critical theories attempting to describe the integer quantum-Hall plateau transition have
been formulated ; in particular, various versions of the Wess-Zumino-Novikov-Witten (WZNW)
theory were proposed. These kinds of theories constrain the multifractal spectrum to be parabolic,
determined by a single parameter. On the numerical side, the multifractal spectrum is very close to
parabolicity ; however, a high-precision numerics indicates small deviations .
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The work in this part investigates a superconducting counterpart of the integer quantum Hall
transition—the spin quantum Hall (SQH) transition 55]. The multifractal spectrum can be stud-
ied analytically in special points by mapping to classical percolation [56158]. By numerical studies
Refs. and very recently Ref. found clear (although relatively weak) deviations from parabolic-
ity. These deviations hint to a possible violation of local conformal invariance (LCI)[60]. The quest in
Chap. (3|is to derive the theory describing generalized multifractality for the SQH transition. This the-
ory should be formulated in a way allowing an extension to other critical points in 2D. A fundamental
question arising is, whether SQH criticality satisfies or violates LCI.

Disordered Surfaces of time reversal invariant topological superconductors In this part of
my work in Chap. a novel phenomenon in time-reversal invariant topological superconductors is
described. The surface theories of the bulk TSCs under consideration can be described by 2D Dirac
models [8]. These are equivalent to Wess—Zumino-Novikov—Witten (WZNW) nonlinear sigma models,
modified by the addition of the nonzero quasiparticle energy. At zero energy (the surface Dirac point),
these models are also quantum critical, and have been long understood thanks to the exact solution
via conformal field theory [61H68]. By contrast, the finite-energy behaviour of the WZNW models still
evades analytical treatment.

In particular, finite-energy states in class AIII Dirac surface of the U(1) symmetric TSC with wind-
ing number v = 1 appear to share the multifractal spectrum and the distribution of the Landauer
conductance associated with the integer quantum Hall (IQH) plateau transition in class A [9]
74]. Further the TSC with full spin SU(2) symmetry (class CI) has finite-energy surface states
mimicing the class C SQH phenomenology precisely @ , . At this point one can ask the
questions (i) does this generalize to higher winding numbers v7 and (ii) does the TSC in class DIII
display any kind of criticality related to the thermal quantum hall transition in class D \ ?

Structure of this Thesis

This thesis consists of three content chapters dealing with 1D wires (Chap. , 2D quantum Hall systems
(Chap. and surfaces of 3D bulk time reversal invariant topological superconductors (Chap. .
Additionally there is an exhaustive introduction (Chap. |1) to all fundamentals necessary to understand
the systems and methods studied in this thesis.

Disorder and interaction in chiral chains This first chapter is devoted to chiral topological chains.

1. The models are introduced in Sec. complemented by an exhaustive discussion of better
understood limiting cases. The aim is to understand the behavior of fermionic and Majorana
versions for different coupling strengths, in other words determining and understanding the phase
diagram.

2. Having introduced the models, one can directly perform density matrix renormalization group
(DMRG) numerics. In Sec. the results from Ref. are reviewed. Both the clean and
the disordered theories are considered. The analytically understood limits of the models serve
as benchmark for the numerics. The most remarkable finding is that interaction drastically
changes the physics in the disordered Majorana chain. The effect is sign dependent: for repulsive
interaction there is localization, for attractive interaction disorder becomes effectively weakened
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and the chain is critical. From the behavior of the correlation functions a spontaneous symmetry
breaking can be made responsible for the localization.

In order to understand the numerically extracted phase diagram and phenomenology, I performed
two complementary RG approaches. These are (a) a momentum space RG treating disorder
perturbatively and (b) an exact treatment of disorder analyzing the interaction matrix elements
at perturbative level. In method (a) disorder flows to strong coupling quickly, which means that
method (b) is more appropriate to gain new insight on the system.

By combining the RG treatment of interaction with a numerical study of wave-function corre-
lations at the infinite-randomness fixed point, we identify a relevant operator in the case of the
Majorana chain. No such operator exists in the case of the complex fermionic chain in view of
the cancellation between Hartree and Fock contributions.

Key result to this chapter is the fundamental difference between interacting disordered Majoranas
and complex fermions. A disordered Majorana chain is instable towards arbitrarily weak interaction,
repulsive interaction has the most dramatic localizing effect, whereas in a chain of complex fermions
is stable to short range interaction.

Generalized multifractality in Spin Quantum Hall systems The above mentioned studies
are extended to the generalized multifractal spectrum:

1.

In the conformal field theory framework for multifractality the impact of local conformal
invariance (LCI) on the multifractal spectrum is investigated. The argument given in Ref. can
be extended to generalized multifractality assuming Abelian fusion of the pure-scaling composite
operators in addition to local conformal invariance. In this case, the generalized-multifractality
spectrum must exhibit “generalized parabolicity”, i.e. is parametrized (for a given critical point)
by a single constant. This proof is shown in Section [3.2]

A construction of pure-scaling composite operators for the o-model of class C, invoking the
Iwasawa decomposition (Sec. ) is presented. It is proven explicitly that the constructed
composite operators obey Abelian fusion rules.

There is an infinite number of pure-scaling operators families. By using one-loop renormalization
group of the class C NLSM, one further alternative family (invariant with respect to the action
of the symmetry group of the o-model) is derived in Sec.

. In Sec.[3.6]and Sec.[3.7|a “translation” of the scaling operators to the language of eigenstates of the

Hamiltonian is performed. Explicit expressions for eigenstate correlators exhibiting pure scaling
and thereby makeing the generalized multifractal spectrum accessible are determined. Using
the SU(2) version of the Chalker-Coddington network model in class C, I numerically verify
that these are indeed the proper scaling operators and determine the corresponding exponents.
Very remarkably, there is a strong wviolation of the generalized parabolicity of the generalized-
multifractality spectrum. In combination with the results proven in 1., this points out to a
violation of the local conformal invariance at the SQH transition. This is a rather surprising
conclusion, but the analytical results in 5. eliminate the possibility of different explanations.

By exploiting the percolation mapping of the SQH transition, the violation of generalized parabol-
icity is verified analytically in Sec.
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Two points in above list should be emphasized. Reference contains the construction from 2.4.
for class A. In class C considered here a lot more technical obstacles occur. This is related to the
additional “spin” structure of the wavefunctions here. Second, the points 1.,5. imply directly violation
of the local conformal invariance at the SQH critical point.

Disordered Surfaces of time reversal invariant topological superconductors Here disordered
surfaces of bulk TSCs are considered.

1. The finite energy multifractal spectrum of wave function fluctuations and the distribution of the
Landauer conductance in the class AIIl Dirac surface theory appears to match the universal
values associated with the integer quantum Hall transition (IQHT) in class A [88]. This is
surprising for a number of reasons. First, the critical state associated with the IQHT typically
obtains only with fine-tuning of the magnetic field or particle density. This is because the IQHT
is a quantum phase transition separating topologically distinct plateaus. Instead, at the surface
of a TSC, every finite-energy state appears to feature its own plateau transition. Second, the
quantum Hall effect lacks time-reversal symmetry (TRS), yet the findings in Ref. show an
energy-stacking of IQHT states without TRS breaking.

2. For the TSC with full spin SU(2) symmetry (class CI), the finite-energy surface states [75] mimic
the class C spin QHT phenomenology precisely (see Sec. [1.5.3).

3. The TSC unrestricted by spin symmetry shows non-universal behavior. This is hypothesized to
be related to the thermal QHT in class D (see Sec. [1.5.3).

These key numerical findings for class AIII, CI, and DIII finite-energy surface theories
are summarized in this chapter. Novel results for the Kubo conductivity for class CI and AIII surface
states from Ref. are shown as well.

The 2D Dirac surface models studied here are equivalent to WZWN nonlinear sigma models (3],
modified by the addition of the nonzero quasiparticle energy. Many works (like Ref. ) conjectured
that quantum Hall criticality is described by a WZNW CFT. The results in Chap. |3| indicate that
such a description is not possible for the SQH case. The results of this chapter and the numerical
works reviewed in it instead suggest, that the WZNW theory in presence of the energy perturbation
(breaking even global conformal invariance) seems to flow to a Pruisken like theory, exhibiting QH
criticality.

vii






Contents

Introduction
1__Fundamentals|
1.1 Methods|. . . . . . . e
1.1.1 Special techniques in 1D|. . . . . . . . .. ... L
1.1.2  Conformal field theory| . . . . . . . .. ... ..

1.1.3  Momentum space renormalization group| . . . . . . . . . . ... ...
1.14 Dealing with disorder| . . . . . . .. .. ... ...

1.2 Anderson transitions and Multifractality] . . . . . . . . . . ... ...
1.2.1  Multifractality] . . . . . . . . . .
1.2.2  CFT and Multifractality|. . . . . . . ... ... .. ... . . .. ... ...,
1.3 Symmetry Classes and Topology| . . . . . . . . o v v v v it
1.3.1 Fermionic Disordered Hamiltonians/. . . . . . .. ... ... .. ... ... ....
1.3.2 Topological Invariants and Dimensionality| . . . . . . . ... ... ... ... ...
1.3.3 Nonlocal Discrete Symmetries|. . . . . ... ... .. . L0 L
[1.3.4 Interactions| . . . . . . . . . . . .
1.4 Criticality in ID| . . . . . .. .0 L
[1.4.1 Perfectly conducting channels: A, C, D, AI[, DITT| . . ... ............
[1.4.2  Chiral Symmetry: AIII, BDI, CII, D, DIII|. . . . . ... ... ... ........
1.5 Criticality in 2D] . . . . . . . L
[1.5.1 Broken spin rotation invariance: positive g function| . . . . .. ... .. ...
[1.5.2  Chiral classes: vanishing 8 function| . . . .. .. ... ... .. ... ... ....
1.5.3 2D Quantum Hall type topological phases| . . . . . ... ... ... .. ......
1.5.4  Topological Zs-theta term| . . . . . . . .. ... ... L
1.5.5 Wess-Zumino-Novikov-Witten (WZNW) models . . . ... ... ... ......
[1.5.6  Stacking in TSC surfaces| . . . . ... ... ... ... ... .. ... .. ..
2 Disorder and interaction in chiral chains: Majoranas vs complex fermions
2.1 TIntroduction|. . . . . . . . .
..............................................
2.2.1 Complex Fermion chain| . . . . . ... ... .. .. oL
2.2.2 Majoranas|. . . . . . ovovii i e e
2.3 DMRG results] . . ... ... ..
2.3.1 Interacting Majorana chain with staggering . . . . . . . ... ... ... .....
2.3.2 Interacting Majorana chain with disorder| . . . . ... ... ... .. ... ...,
2.3.3 Disordered Fermionic chain| . . . . . . . ... ... Lo 0oL
2.4 Renormalization group around the clean fixed point| . . . ... ... ... ... ... ..
2.4.1 Majorana: ¢ =1/2fixed point|. . . . . ... ... L L oL

2.4.2  Complex fermions: Luttinger liquid (¢ = 1) fixed point|

33
33
35
35
37
40
40
45
49
50
51
51

ix



Contents

2.4.3 Majorana chain: Ising+Luttinger liquid (¢ = 3/2) fixed point| . . . . . .. .. .. 52

2.5 Strong randomness fixed point: Eigenfunction statistics and effect of interactions| . . . . 54
2.5.1 Scaling of interaction|. . . . . . . . . ... o L 57
2.5.2  Complex fermion chain| . . .. ... .. ... ... .. . oo o 59
2.5.3 Majorana chain| . . . . . . .. ... 66
2.5.4  Analytical approach to wave function correlations] . . . .. ... ... ... ... 70

2.6 Summary| . ... 73
3 Generalized multifractality in Spin Quantum Hall systems| 75
3.1 Motivation] . . . . . .. 75
3.2 Multifractality and CET] . . . . . .. ... . 78
3.2.1 Exact parabolicity of A, for the IQH transition under the assumption of local \

l conformal invariance| . . . . . . . ... ... .. 78
3.2.2  Generalizations| . . . . . . . .. ... ... 80
13.2.3  Beyond 2D: Non-parabolic MF spectral. . . . . . .. ... ... ... ... .... 82

3.3 Iwasawa decomposition| . . . . ... ... Lo Lo 83
3.3.1 Mathematical definition| . . . . . . .. ... ... ... ... ... ... .. ... . 83
3.3.2  N-radial eigenfunctions| . . . . . . ... .. ... L o 84
3.3.3 Definitions and notations for the symmetric space G/K = SO*(4n)/U(2n)|. . . . 85

3.34 Cartan decomposition and generators of SO*(4n)/U2n)| . . . . . .. .. ... .. 86

3.3.5 Iwasawa decomposition for SO*(4n)/U2n)| . . . . .. ... ... ... ... ... 88
13.3.6  Real scaling operators as N-radial functions| . . . . . ... ... ... ... ... .. 89

3.4 Sigmamodel . ... 93
................................................ 97
3.5.1 Renormalization procedure| . . . ... ... .. Lo L0 Lo 97
3.5.2 RG for operators quadraticin Q.| . . . . . . ... ... L 99
3.5.3  Generalization to operators of higher degree, g = [A\[>2/. . . ... .. ... ... 107
13.5.4  Generalized parabolicity of one-loop RG eigenvalues| . . . .. ... ... ... .. 112

3.6 Wavefunction combinations with one spin component|. . . . . . . ... ... ... .. .. 114
3.6.1 Translation dictionary| . . . . . . . .. ... L 115
3.6.2  Generalized multifractality: Pure-scaling eigenstate observables . . . . . . . . .. 119
3.6.3 Numerical computations| . . . . . ... ... .o Lo 122

3.7 Modulus square wavefunction combinations| . . . .. .. ... oo L0000 126
3.7.1 Physical motivation| . . . . ... ... Lo 129
3.7.2  Young-symmetrized combinations of |¢|: Relation to the sigma model . . . . . . 130
3.7.3 Numerical results|. . . . . . . . .. ... ... 134

3.8 Percolation mapping] . . . . . . . ... e e 136
B.8.1 Notationl. . . . . . . . . 136
13.8.2 Mapping to percolation] . . . . . ... ... 139
13.8.3  Percolation Analytics| . . . .. ... ... ... L 147
3.8.4  Percolation Numerics| . . . . . . . . . . . 154

3.9 Conclusions| . . . . . . . . 160
4 Disordered Surfaces of time reversal invariant topological superconductors| 163
4.1 Motivation] . . . . .. 163
4.1.1 Outlinel . . . . . . . . . 167




Contents

4.2 Modeling topological surfaces |. . . . . . . . . . .. 167
4.2.1 Dirac surface theories and topological classification | . . . . . ... ... ... .. 167

4.2.2  Class AIII, CI, and DIII WZNW models over U(2n), Sp(4n), and O(2n)|. . . . . 169

4.3 Axial U(1) spin symmetry: class AIII| . . ... .. ... .. ... .. ... ... ... 172
4.3.1  Multifractal analysis| . . . . . . ... ... L 172

4.3.2  Landauer conductancel . . . . . . . . ... L 173

4.3.3 Kubo conductivity] . . . . . ... 176

4.4 Full SU(2) spin symmetry: class CI|. . . . ... .. ... ... 183
4.4.1  Multifractal analysis| . . . . . . .. ... Lo L 183

4.4.2 Kubo conductivity] . . . . . . ... 184

4.5 Broken spin rotation symmetry: class DITI|. . . . . . ... .. ... .. ... .. .... 184
4.5.1 Majorana surface fluids, quenched gravitational disorder, and possible relevance |

| to high-Tp cuprates | . . . . . . . ... L 184
4.5.2  Multifractal analysis| . . . . . . ... ... L 186

4.6 DiISCUSSION! . . . . v v v v e e e e e e e e 189

5 Conclusion and outlook 191
5.1 Summary . . . ... 191
5.1.1 Summary: Disorder and interaction in chiral chains| . . . . . ... ... ... .. 192

5.1.2  Summary: Generalized multifractality at the Spin Quantum Hall transition| . . . 192

5.1.3  Summary: Disordered surfaces of time reversal invariant topological supercon- |

l ductorsl . . . .. 193
5.2 Outlook and further directions| . . . . . . .. ... ... ... ... ... 193
5.2.1 Outlook: Disorder and interaction in chiral chains| . . . . . . ... ... ... .. 193

5.2.2  Outlook: Generalized multifractality at the Spin Quantum Hall transition| . . . . 194

5.2.3  Outlook: Disordered surfaces of time reversal invariant topological superconductors195

/A Disordered interacting chains| 197
A.1 Weak-disorder RG around the Ising + LL fixed point of the interacting Majorana chain| 197
|A.2 Origin of low-energy suppression of wave function correlations in disordered complex- |

[ fermion chainl . . . . . . . . .. 198
|A.3 Disordered Majorana chain with mean-field treatment of interaction in the Ising + LL |

.............................................. 199

B Generalized multifractality at the SQH transition| 205
B.1 Class A eigenoperators| . . . . . . .. .. ... L 205
B.2 Transformations of the Q-field|. . . . . . ... ... .. .. L o 206

Bibliography 209

xi






Chapter 1

Fundamentals

In this chapter, the theoretical concepts underlying the problems considered in this thesis are introduced.
In Sec. (field theoretic) methods for tackling low-dimensional systems are introduced. The concepts
of Anderson transitions and multifractality are outlined in Sec. [1.2. In the cases of interest in this
thesis, the transitions are induced by topology (Sec. . Finally having introduced the necessary
concepts and methods, a detailed overview of criticality in low dimensions is given (Sec. Sec.

15).

1.1 Methods

In this section methods for analyzing low-dimensional problems are discussed. Among them (local)
conformal field theory (Sec. is a powerful tool restricted to (1 4+ 1)D or (2 + 0)D. For 1D
problems Sec. introduces a further technique restricted to this dimension, the Jordan Wigner
transformation. The renormalization group analysis and field theoretic techniques for disorder
averages (Sec. are applicable in arbitrary spatial dimension. However, the non-linear sigma

model (Sec. |1.1.4.4) and the transfer matrix (Sec. |1.1.4.3) are particularly useful in low dimensions.

1.1.1 Special techniques in 1D

For presenting the methods in this chapter, I closely follow Ref. .

1.1.1.1 Jordan-Wigner Transformation

Any fermionic model can be mapped to a spin—% chain via the Jordan-Wigner (JW) transformation.
The spin operators are related to complex fermionic creators/annihilators as follows:

0';_ = elﬂzk<j nkc-]h C; = H UZO’Z, (11)
k<j

0_; _ emqu ﬁij, cj = H Ui”;» (12)
k<j

0% =27, — L. (1.3)




1 Fundamentals

The exponential is the so-called Jordan-Wigner string, the transformation is non-local. For physical
(i.e. local) models, all terms in the Hamiltonian contain an even number of fermion operators, which
leads to local spin models.

For Majorana operators, the transformation reads:

of = | TI ivarvars | 7250 vo; = [ oiof, (1.4)
k<j k<j

o = | TI ivarvansr | 22541, vojt1 = [ [ oiod, (1.5)
k<j k<j

oF = 1Y2§72j+1- (1.6)

It is assumed that neighboring majoranas are paired to a fermion via cx = yor, + ivop+1-

1.1.1.2 Bosonization

One of the peculiarities in one dimension is that the partition function of right- and left-moving fermions
with a linear spectrum ep/r; = vr(+k — kF) is equal to that of a single boson. This means that a
many-body fermionic problem may equivalently be described in terms of bosons.

This is especially helpful when fermionic density-density interactions are considered, since there is an
exact mapping to a bosonic non-interacting Hamiltonian. The bosons are then simply given by the
particle hole exitations. A slightly changed basis related directly to the density pg,; in real space

VO(z) = —7m(pr(2) + pr()), (1.7)
VO(z) = 7(pr(z) — pr(z))

no longer has bosonic commutation relations, however ® and © are canonically conjugated:
LT
[®(x1),O(z2)] = 2551gn(x2 —T1), (1.9)
[‘I’(iL’l),VG(J?g)] = iTr(S(I'Q —.%'1). (1.10)

The fermionic creators and annihilators contain ® and © as phases. The subscript r = + = R/L
distinguishes right and left movers:

1 . .
wr(«r) — Urﬁewkpxefl(r@(x)f@(x)). (111)

The U, are the so called Klein-factors that are simply numbers satisfying majorana algebra for all
purposes considered here.

Fermionic Density-Density Interaction The spinless fermionic Hamiltonian with short range density-
density interaction

H = / dz [UF(‘I’EV‘I’R — W[ VL) + gi(prpr + pLoL) + g20LPR (1.12)
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can be brought to quadratic form in the bosonic basis via the transformation introduced above:
1 2, U 2
H=— /dx WK (VO)? + L(ve)?| (1.13)
27 K

The parameters K and u of this Hamiltonian are the Luttinger parameter controlling the asymptotics
of all correlation functions and the velocity of exitations. The dependence on g4, go and vg can be
worked out after a bit of simple algebra. This becomes important for the RG analysis in Chap. |2, where
the density-density interaction term can be treated exactly by the above Luttinger Liquid description.

1.1.2 Conformal field theory

For the proof on constraints of the multifractal spectrum due to local conformal invariance and abelian
fusion in Chap. |3/ some fundamentals in conformal field theory are crucial.

I closely follow Ref. to give an overview of the constraints of global conformal invariance to
correlation functions.

1.1.2.1 Global conformal invariance
In a space of arbitrary dimension, the (global) conformal transformations:

1. translations T, :r > r+a

2. dilations Dy :r — Ar

3. rotations Rps : v — Mr with M orthogonal

4. special conformal transformation Sy, : v — I o T, o I(r), with inversion [ : r — ﬁ
leave the metric tensor g, invariant:

g:u/(r/) = A(r)g;w(r)~ (114)

This work sticks to Euclidean space, for Minkowski spacetime one needs to include boosts in the
rotation group.

Why are low dimensions special? A small conformal coordinate transformation r, — r, + ¢,
changes the metrics as:

G (1) = gy — (Oper + Ovey). (1.15)
The scale invariance condition Eq. (1.14) implies:
Ou€v + Ovey = f(r)gun- (1.16)

For a flat space (0,9, = 0) this can be simplified to:

2

fx)= p el (1.17)




1 Fundamentals

Using Eq. (1.16) again yields:

20%¢, = (2 — d)0,f. (1.18)
Applying 0, once more and contracting, one finds:
(1-d)o*f =0. (1.19)

In d > 3 this implies f(r) is a linear function of the coordinate r and is restricted to the above global
conformal transformations.

For d = 1, the condition is trivially satisfied, since there is one coordinate. Consequently, any
smooth coordinate change f is conformal in 1D.

In d = 2, the RHS in cancels to zero, which means that the constraints on € reduce to the
Cauchy-Riemann differential equations. One can see this easily by writing z = r; +iry and z = r; —irs.
The metric in these holomorphic and antiholomorphic coordinates then is

Juv = ( é) ) gt = <(2) g) . (1.20)

Eq. (1.16) then becomes

0z¢(z,2) =0, 0.€(z,2) =0, (1.21)

V= O

which are the Cauchy-Riemann equations.

One point correlation function A basic notion of CFT is that of a quasiprimary operator ¢(r).
Such operators transform in a specific way under global conformal transformations, and the results
summarized in this section are derived assuming the quasiprimary nature of all operators involved. In
a (unitary) CFT the expectation value ( . ) of any nontrivial quasiprimary field with scaling dimension
x > 0 in the infinite space is zero:

(6(r)) = du. (1.22)

Only the identity operator 1 has vanishing dimension and <]l> =1.

Two point correlation function A correlation function of two fields transforms as

or m/d or' @2/d
(P1(r1)da(r2)) = | 5~ e (61(r))¢2(r5)) (1.23)
under conformal transformations r — r’. 1 2
Dilation invariance r — Ar implies:
(61(r1)¢2(r2)) = A" 2(d1 (Ar1)d2(Ar2)).- (1.24)
From rotational and translational invariance, one can infer that
(¢1(r1)d2(r2)) = f(Ir1 —r2l), (1.25)

where f must be a homogeneous function f(r) = A\*11%2 f(Ar).
This fixes f to the form:

(61(1)alra)) = — 2 (1.26)

- ’rl — r2|x1+x2 ’

Finally, the special conformal symmetry forces either x1 = x5 or C12 = 0.




1.1 Methods

Three point correlation function Imposing translational, rotational and dilation invariance on the
correlator of three fields one finds:

C(abc)
(01(r1)Pa(r2)¢3(r3)) = 2. (1.27)
T1al23l3
Here the dilations force a + b + ¢ = x1 + x9 + 3.
Finally the special conformal transformation gives a set of constraints:
at+c =2x a =x1+To—x3
a+b =229 b =x9+ 23— 27 (1.28)
b+c =2x3 c =x3+ 11— 29
This again determines the correlation function up to the prefactor Co3:
= Cras 1.29
<¢1(r1)¢2(r2)¢3(r3)> - pLitwe—as Loty —w1 Ty tr1—T2 ( : )
12 23 13

This restrictive power of the global conformal invariance diminishes in higher orders.

Higher order correlation functions Beginning with four point functions, certain so called anhar-
monic ratios of the coordinates are conformally invariant by themselves and can therefore appear
arbitrarily in correlation functions. In fourth order, there are two anharmonic ratios n,n’. So an
arbitrary function of two variables f(n,n') appears in the correlation function:

4
(61(r1) P (r2) da (v)pa(ra)) = f(22h 12T T/ meimey (1.30)

r13Toq Toalia’ i
where z =), ;.
Operator product expansions Fields ¢;, ¢; at nearby points r1,ry can fuse together:

$i(r1)¢j(ra) = > CP (r1,12,7)di(r), (1.31)
k

where r is a point close to r{,r9 and C’,ij (r1,72,7) are structure constants. This formula is particularly
useful, when almost all of the C}/ (r1,rg,7) are zero.

1.1.2.2 Local conformal invariance in 2D

One can use the Laurent representation to express any small local conformal transformation as
oo
2 =z+e(z), e(z) = Z cn2"Th (1.32)
—0o0

In contrast to the higher dimensional case, this contains an infinite number of generators:
(=—2""9,, (=—z""p, (1.33)

These fulfill special commutation relations.
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Witt algebra The conformal algebra can be thought of as two copies of the infinite Virasoro algebra:

[ﬁn, Em] = (n—m)lpym,
[_nv _m] =(n— m)gn—&-?m
[, €m] = 0. (1.34)

The six dimensional global conformal subalgebra is generated by ¢ + ¢ and i(¢ — £) for n = —1,0, 1.

Primary fields Given a field with scaling dimension A and planar spin s, the holomorphic and
antiholomorphic dimensions are:

h:%(Aan), h=2Aa—s). (1.35)

In this work, one can restrict to s = 0, and h = h.
Primary fields (of dimension (h, h)) transform as

—h N\ —h
¢ (w,w) = (f;j) (?;j) (2, 2) (1.36)

under all local conformal transformations z — w.

Correlation functions The four point correlator slightly simplifies, one cross ratio n = T1a%ss o
13724
sufficient in the parametrization ((1.30):
. h/3—hi—h; — h/3—h.—h
(d1(1)@a(x2)d3(x3)palwa)) = flm. 1) [[ 2t """ g3 ha, (1.37)

1<J

In Sec. use will be made of this technical formalism in the proof that local conformal invariance
and a complete family of operators satisfying abelian fusion in a field theory describing a multifractal
system imply generalized parabolicity of the multifractal spectrum.

Bosonization The bosonic free fields introduced above in Sec. are an example of a conformal
field theory with central charge ¢ = 1 (see Ref. [91]). The holomorphic field is given by ¢(z = z+it) =
®(t,x) — O(t,x) and the antiholomorphic field is ¢(z = = —it) = ®(¢t,z) + O(t,z) in terms of the
notation introduced above.

1.1.3 Momentum space renormalization group

In Chaps. [2| and |3 momentum space RG-analyses are performed. The basic principle are outlined in
the following lines. Consider a general action S[¢] with couplings (g;) of a field ¢ living on momenta
|k| < A. The ultraviolet (UV) cutoff A is typically given by the reciprocal lattice spacing A ~ a~! for
condensed matter applications. The physical reason is that it is meaningless to consider fluctuations
on scales much smaller than the lattice constant a. In the infrared (IR), the sample size L cuts the
range of momenta L~ < |k|.
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The partition sum for such an action S[¢| reads:

Z = /D¢> exp (~S19) - (1.38)

Usually one is interested in the long range behavior L 2 r > a corresponding to slow momenta k < A.
Momentum space RG provides a way to derive an effective action that does no longer depend on
the exact microscopic details k ~ a~!. A reduced cutoff A = Ae~! is chosen. This splits the field
¢ = ¢~ + ¢< in fast ¢~ and slow components ¢< containing only A > k > A and A > k respectively.
The momentum shell A < |k| < A is then eliminated by integrating over the fast degrees of freedom
¢<. at the expense of renormalized coupling (g;(¢)). The procedure can be iterated until the one of
the g; reaches the strong coupling regime, or the cutoff reaches an external scale like the system size
or temperature. This is described in more detail in the next paragraph.

First, the field is split in fast and slow momentum components ¢ = ¢~ + ¢< at the reduced cutoff
Ae~t. Let Sy = D(V)? be the kinetic part of the action S. In Sp, the field components ¢~ and ¢=<
do not mix, since they live in different parts of momentum space and Sy is diagonal in momentum
space. This of course generalizes straightforwardly to arbitrary dispersions. One prepares to integrate
out the field by expanding the exponential. For this step, all couplings are assumed to be small:

2 = [ Do*De” exp (~50l6”] - Solé<] — $1167, 7))
- / DD exp (—So[6”] - Solé<]-) (1 — S1l¢”, 6] + %sl 0™, 6%+ .. ) . (139)

For this reason, one needs to stop the RG at strong coupling, since one cannot justify this step in that
case.

In the next step, one can perform the Gaussian integral over the fast modes ¢~. By re-exponentiating
(still assuming the couplings to be small) one finds a new effective action:

S /D¢< exp SO[ <]) <1 - <S1['7¢<]>> + %<7 Sl[’7 ¢<]>> + .. >

(—Solo
= [ oo (-sufe ) e (0D + Y0P (5ilaD2) 4
:/D¢<exp (~516)). (1.40)

¢

In order to compare S[¢<] and S[¢<] one needs to rescale A — A. Then one can read off how the
couplings in S change: (g;) — (g;) for a scale change ¢. By considering infinitesimal scale changes ¢
differential equations for the (g;) can be derived. These RG flow equations describe the evolution of
the couplings from small to larger scales. Starting from the microscopic bare (g;(¢ = 0)) one can in
principle obtain (g;(¢)) at arbitrary length scales. The procedure is only valid to the point, where a
coupling becomes large (g; ~ 1). This prevents the RG step based on integrating out a free fast field
shown above.

The fixed points of the RG flow equations are of special physical interest, since they can persist
to arbitrary large length scales. If a physical system is at criticality, it becomes scale invariant .
Therefore critical points in the phase diagram of the system appear as fixed points in the RG equation.
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To first order in the couplings, the RG equations around a fixed point (FP) usually look like:

dgg / 2
F1a =dig; + O(gj)v (1.41)
where a basis change g; — U;; gg- might be necessary to bring the equations to above form.

Couplings with
e d; > 0 are called relevant
e d; = 0 are marginal, one distinguishes marginally (ir)relevant by looking at higher orders in (g;)
e d; < 0 are irrelevant

One may then keep the most relevant couplings for further analysis with more sophisticated methods.

In the case that there are no relevant couplings for a given set of parameters, a stable fixed point of
the theory is reached. Fixed points with m irrelevant and n — m relevant couplings can be thought of
as m dimensional phase boundaries in the full n dimensional parameter space.

1.1.4 Dealing with disorder

When treating models analytically, one usually assumes the disorder potential (or generic coupling)
to be Gaussian distributed. Then arbitrary moments of the disorder potential V' can be expressed in
terms of the first and second moment:

(V(z)) =0, (V(z)V(2"))y = K(z — ). (1.42)

In general the predictions derived for these models under the Gaussian assumption are valid for generic
disorder ensembles, except for pathological special cases . A formal justification for this can be
derived using the central limit theorem, Gaussian disorder corresponds to infinitely many and infinitely
dense impurities [93]. The special case K (z —z’) = D§(z — 2'), where every momentum component of
the disorder kernel K; = D is present, is called Gaussian white noise.

In the language of field theory a random field V' (z) is coupled to the density p of system. It appears
linear in the action S = Sy + Sg;s-

2lv) = [ DWw. ) exp(—sow,zm -/ ddxdrw:c)p(x,r)) (143

In this setting, any observable depends on the configuration of V', one has to average over all configu-
rations of V:

1 - - -
o= [ D) 57 | D501, B exp(~SIV. 6, 5)) eXp{— [ etV (@K e - x/)v(y)}
(1.44)
The partition sum Z[V] is in the denominator of any expectation value of observables. Performing the

integral over configurations V' is not straightforward at this stage. In this thesis, two distinct methods
for this disorder averaging step are used.
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1.1.4.1 Replicas

The so called replica trick is used to perform the disorder averages in Chap. 3| A short sketch of the
underlying concept is given here. The partition sum Z[V] in the denominator of the expectation value
for the observable O

O)sw) = 77 | P DOl Tl exp (~S[V.0.. ) (1.45)

may be formally rewritten as product of n — 1 Zs in the limit n to zero:

1

—=limZ"'=1lim Z...Z . (1.46)
A n—0 n—0 N>=—~—
n—1 times

The argument V indicating dependence on the disorder configuration V is suppressed in this line.

In the average of an observable the action is then replicated n — 1 + 1 times from the denominator
(n—1) and the expectation value (1). The disorder can be integrated out yielding the following quartic
term mixing the replicas in the effective action:

©)y = lim, [ 11 D, 40)] OGe1) exp(~Ser). (1.47)

Seft[Ya; &a] = Z So(ta 7vza) - /dxdl‘/deT/p[l/)a(I, ), Ya(z, T)]p[l/]b(x/, TI)> ¢b(x/7 T/)]K(x - ‘73/)'
a=1,b=1
(1.48)

In pathological special cases, the limit n — 0 is not well-defined. For non-interacting systems, there a
more controlled analytical approach.

1.1.4.2 Supersymmetry

Without interaction, it does not matter whether one writes the functional integral in terms of Grassman
(fermions) or ordinary complex variables (bosons). There is no difference between bosons and fermions
at single-particle level. The partition sum Z is given by (one over) the determinant of the matrix in
the exponential for fermions (bosons). Writing the model in terms of Grassman (¢,1)) and ordinary
complex variables (¢*, ¢) at the same time, Z is fixed to one:

Z = /D(w,zﬁ, 6", ) exp (V(Ho + V)i + 6" (Ho + V)o) = 1. (1.49)

Averaging over V again gives an effective interaction that is elastic and mixes bosons and fermions.
Observables are written either in bosonic or fermionic form. This method is used in Chap. The
work in Chap. |3| can be safely restricted to just the bosonic sector of the action.

1.1.4.3 Transfer Matrix Method

Another way to derive the topological classification in one dimension (Tab. column d = 1) is
to look at the transfer matrix ensembles arising in the different symmetry classes. The set-up is a
1D-system of finite length L with IV channels attached to ideal leads at both ends in the limit N < L.
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The 2N x 2N transfer matrix M relates the N right movers and N left movers in the right lead to the
2N modes in the left lead. Current conservation implies that in general M € U(N, N).

Imposing the constraints of the symmetry class on M, each space of transfer matrices can be related
to a (Cartan) symmetric space @ In table one may observe, that the symmetric spaces of the
Hamiltonians are just shifted down by one to obtain the transfer matrix spaces. This is a consequence
of Bott-periodicity [3].

The intuitive reason why the transfer matrix is such a useful tool is as follows. For a given boundary
condition at one end of the wire, the transfer matrix gives the solution of the Schrédinger equation
(without boundary conditions) at the other end. Checking that the actual boundary conditions at
both leads are respected, eigenmodes of the wire are obtained. Away from criticality, the eigenvalues
t; usually behave exponentially in L. Hence it is natural to defined the Lyapunov exponents
A = %ln t;. The sign of the \; determines at which end of the wire the modes sit: the exponentially
decaying solution has to be chosen (normalization of the wave function). A vanishing exponent )\;
indicates critical states at that energy, extended over a large part of the wire.

Restricting to one chiral subspace, the sign of \; is well-defined and each sign configuration cor-
responds to a different component in the symmetric space . That way it can be seen nicely how
different chiral topological phases have different edge mode structure. This approach is used in Chap.
2l In the next section a method particularly useful in 2D follows.

1.1.4.4 The non-linear sigma model

In this section the non-linear sigma model (NLoM) is derived for disordered non-interacting fermions
in d dimensions. The generalization to bosons or the supersymmetric case is straightforward. I will
follow the book of Efetov and Ref. closely. First, one needs to write the action of the system to
extract the retarded and advanced Green’s function. It is then most convenient to use field integration
variables in a form respecting the symmetries of the Hamiltonian . For integration over disorder,
the replica trick can be employed. The arising effective interaction term can be decoupled with a
Hubbard-Stratonovich transformation of the appropriate momentum transfer channels. Integrating
out the fermions leaves us with an action S[Q] depending only on the Hubbard-Stratonovich field.
Deriving the low energy theory of S[Q], one finds that @ satisfies the non-linear constraint Q% = 1.
In general, S[Q] is a non-linear sigma model over the symmetric space of the corresponding symmetry

class .

Our starting point is the time independent disordered action S|, W, V]:
Slp, 9, V] = / A% (=@ + Ho+V +i073) ¢ = / d4rpG1ep. (1.50)

The fields 1), ¢ are fermionic and in this line the Green’s function G of the system described by Hyo+ V'
is introduced. The disorder potential V' couples to the density. The field i is chosen to carry an
advanced /retarded index 7. This ensures the appropriate +i0 prescription of the Green’s function:

@)Y (r2)) 51,507 = Gl (r1,ma50). (1.51)

Expectation values non-diagonal in frequency and retarded /advanced space vanish.
Depending on the symmetry class, G satisfies certain linear constraints. As an example consider
spinless fermions with time reversal symmetry 72 = 1. Let 7 act as transposition, then the Green’s

10
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function obeys GT = G:

_ 1 _ T _ 1 _
S, V] = Q/ddr [w—w} —y" (67 @z)T] = i/d’\pa—lxp. (1.52)
In this step the doubled fields ¥ = (,T)y and U = (¢, —1pT), are introduced. The time reversal
operation acts as U = —U7Tj0y on the doubled fields.
Integrating out the disorder following the steps of Sec. [1.1.4.1} one obtains the replicated action:
o1 4.5 A1 1 / d.x =
Senlt, V] = 3 %:/d rWaGo Vo + o %b: AW, U, 0, W, (1.53)

A Hubbard-Stratonovich transformation makes this action quadratic in ¥ again. One can do so
exactly using a field containing all momentum components. Since a low energy/momentum theory is
of interest here, the focus rather is on the processes with low momentum transfer. There are three
channels: direct, exchange and cooper.

/ddr\i]aq’a\i’bwb = Z {(\I/avplq’ay—pﬁq) (‘i’b,pzq’bﬁprq)

P1.p2:q
+ (ija,m \Ija,m) (\i’b,—m—q\l’b,—pl-m) + (\ijmmqja,m) (\Ijbrm-i-qlllb,—m—qn (1.54)
The time reversal operation forces the last two terms (exchange, cooper) to coincide:

(quy—pﬁqq’b,—pz—q) = (‘i’bv—pﬁq\l’brw—q)T = <®b7—p2—q(02)2\1’b7—p1+q) = (‘ijb,—pz—q\l’bv—pﬁq) :
(1.55)

The direct channel can be safely neglected, since it corresponds to scattering off impurities at low
momentum transfer. The other two channels are associated with Diffuson and Cooperon in the dia-
grammatic treatment and can be expected to give the dominant contributions.

Our decoupled action reads:

- 1 _ ;
T T

=G1[Q]

At this point, one can integrate over the fermions:

Z — /D[w’ &]e_seff[d)ﬂzl]
1 i . TV d 9
:/’DQexp ——trlog| Hy + —Q + X3w + 073 —i-f/d rtrQ (1.57)
2 2T 81

The action for the () field then is:

1 ,
S[Q] = —=trlog| Hy + X3@ + 073 +Q |+ B/ddr tr Q2. (1.58)
2 27 871

——1
=G;

11
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Up to neglecting the direct interaction channel, this action is exact. This comes at the expense of
arbitrary high order interaction terms contained in the ) expansion of the logarithm.

The next step is to find a quadratic low energy theory. Let us first look for the saddle point of this
action:

S[Qo + 0Q] = trlog| Hop + X3 + i073 —i— Qo + —5@ + —/ddr tr QO +2Q00Q + 6Q )

=G~1Q]

~ Z((sQ)—q (2Ld QO - )‘ZG QO pp-‘,—q) . (159)

q
An ansatz diagonal in retarded/advanced and time reversal space is chosen: (Qp), = A. Then the
stationarity criterion reduces to:

1
TvA
Tl Z — & +i073 + A

(1.60)

Choosing A = 73 is a solution of this equation. In fact there is a whole group G that leaves these mean
field equations invariant. One can equivalently put (Qo), = gAg~" for any g € G. Here for spinless
fermions with time-reversal invariance G = Sp(4n).

One can decompose Q = gAg~—! with a spatially slowly fluctuating g € G to find the low energy field
theory around the saddle point. The second term gives a constant contribution, since Q2 = 1.

Under the trace, the matrices in the logarithm effectively commute and one can employ trlog(AB) =
trlog(A) + trlog(B):

trlog (G [Sa + i073] + Q) = trlog (G ' [Sad + i073] (1 + Go[Sa@ + i075]Q))
= trlog (Gj ' [Ss@ + i07] ) + trlog (14 Go[Sa +i0m3]Q) . (1.61)

The first term gives a constant contribution to the action, the second term is expanded up to second
order in Q:

1
trlog (1 + Go[Ss% + iOTg]Q) = tr (Go[zgw + iofg}Q) - 5t (GO[E?@ +i073]QGo[S3t + iOTg]Q) .
(1.62)

From symmetry reasoning and due to the constraint Q2 = 1, the terms in the soft-mode action are:
S[Q] = %/ddr tr [CD (VQ)? - ch} . (1.63)

By comparison to the diffusion propagator and by computing v = (G)g;s one can fix c¢p and ¢, to:
o /ddr o [ vQ)® _@Q] , (1.64)
This construction works analogous for the nine other symmetry classes. In Sec. the sigma model

for class C is derived. Driven to criticality by a topological term (see Sec: [1.5.3)), it describes the
statistics of critical wave functions in Spin Quantum Hall systems.

12
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1.2 Anderson transitions and Multifractality

In general, low dimensional systems (d < 2) tend to localize in presence of disorder. By thinking
about arbitrarily weak impurities in the system as shallow potentials one can intuitively understand
this within elementary quantum mechanics: a shallow well still has at least one bound state in d = 1,2
no matter how weak the potential. Bound states are exponentially localized. Formally this means that
there is a localization length £ that is much smaller than the system size L. In the thermodynamic
limit &/L L2000, Wave functions at nearby energies are not correlated, they sit in different wells of
the random potential and have an overlap exponentially suppressed with distance. The conductance
g of such insulating systems decays exponentially with L. It was therefore surprising that chiral wires
with an odd number of channels can have perfectly transmitting eigenchannels. The average
conductance scales as a power law with L . The mechanism behind this is topological protection
(which is discussed below in Sec. : the system is at the boundary of two topologically distinct
phases and therefore has to remain critical. There is no finite localization length &(L) ~ /L, yet the
wave functions are not fully delocalized as in a metal.

Another route to escape localization is considering larger dimensions d > 2 and sufficiently weak
disorder. Neglecting topological effects, in d > 2 the system is a diffusive metal for weak disorder
W and an insulator at strong disorder. At W*(d) there is a metal insulator transition where the
wavefunctions exhibit multifractality. The critical disorder strength W*(d) grows with d [9].

1.2.1 Multifractality

In my thesis I adopt the notation from Ref. [9] for the context of multifractality (MF). Critical
disordered systems can be characterized by the scaling of the distribution of powers of the wave
function ||%, the so called inverse-participation ratios Py:

Py = ([ dhr p) )i ~ L7, (1.65)

With (.)4;s the disorder average is indicated and d is the spatial dimension of the system with linear
size L. For large system size L — oo, the multifractal exponents 7, are self-averaging [@]] In a good
metal, the wave function is spread across the entire d dimensional system. Normalization of i then
implies that |1 (r)| oc L=%?2 for all r. Plugging this into the definition, one obtains Py ox L1924 in the
metal, i.e. 722! = (¢ —1)d. In general the function 7, is non-decreasing (7, > 0) and convex (7, < 0)
with 79 = —d and 71 = 0 (normalization of ).

The anomalous dimensions
Ag=7,—d(g—1) (1.66)

are defined relative to the scaling of a completely delocalized metallic wave function. In contrast the
perfect insulator has P, that do not scale with L at all. This means all T;ns vanish identically for ¢ > 0.
The converse is not true: for chiral wires considered in Chap. 2/all 7, for ¢ > 0 are zero at a critical
point, yet the systems are not insulating. The wave functions show nontrivial spatial correlations
(| (r) |20 (0)|?) o 7—3/2 and the localization length diverges with system size.

13
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Boxing Numerically it can be favorable to subdivide a (L) system into N boxes of size b, where
N = L/b. The box probability u; = [ d% [tho(r)|¢ shows scaling behavior suitable to extract 7,:
b;

Ne . b Tq
> (i) ~ <L> : (1.67)

=1

This kind of boxing is essential to handle negative values of g (where exact zeros of the wavefunction
have drastic effects) and correlated disorder (where one needs to restrict the analysis to boxes larger
than the disorder correlation length). In Chap. 4, the multifractal spectra of Dirac Hamiltonians with
correlated disorder are extracted using this method and compared to universal predictions for two
classes of theories, which are reviewed in Sec. and Sec.

1.2.1.1 Symmetries of (generalized) MF spectra

Due to the finite energy stacking in Chap. [4] one cannot properly access the local density of states
in a meaningful way. The analysis of LDOS moments and more generic composite objects of Green’s
functions is a powerful tool used in the other Chapters 2| [3 Multifractality implies the presence of
infinitely many relevant (in the RG sense) operators at the fixed point of an Anderson transition (AT).
In Chap. 2/the RG (ir)relevance of a multifractal interaction matrix element is probed. Contrastingly
a task in Chap. (3/is to find combinations of Green’s functions in order to probe (in principle) the
entire multifractal spectrum.

The anomalous dimensions A, defined above in Eq. are in linear relation with the scaling
exponents z, of moments of the local density of states (LDOS) v(r):

vi(r) oc L™%, g = Ay + qz1. (1.68)

Here x; describes the scaling of the average LDOS: p = v(r) o L™, and z¢ = 0.
The MF exponents have the beautiful symmetry property [102]:

Lqg = Tq—q> (1.69)

where ¢* only depends on the symmetry class (with ¢, = 1 for Wigner-Dyson classes).

It turns out that the notion of LDOS MF exponents x, can be generalized to more complicated com-
posite objects of Green’s functions showing pure scaling (in Sec. such are explicitly constructed in
the class C NLoM). The generalized MF dimensions z can be labeled with a weight A = (¢1,42, ..., qn)
and are invariant under the action of the so called Weyl group W:

Tyl = T, Yw € W. (1.70)

The weights A label irreducible representations of the NLoM supersymmetric space G/K, this is
motivated below. The corresponding Weyl group W is generated by the following inversions and
permutations in weight space. Their action on the weight A = (¢1, g2, ..., ¢qn) is as follows:

(i) sign inversion of ¢; = ¢; + ¢;/2 for any j € {1,2,...,n}:

qj — —Cj — qj- (1.71)

14
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ii) interchange of §; = q; + ¢;/2 and §; = q; + ¢;/2 for some pair 7,5 € {1,2,...,n}:
j j T €

qi—>qj‘+c]2cz; qj—>qi+cz2c]. (1.72)
The parameters ¢; only depend on the manifold G/K. In particular, ¢; = 1 — 2j for class A, and
c; = 1 —4j for class C. The leading MF dimensions z, corresponds to weights A = (¢) in this notation.
When all of the ¢; are non-negative integers, one can translate a Green’s function pure-scaling
composite object C' into a pure-scaling operator Oy in the NLoM framework (by analytic continuation
one can then extend this to generic complex ¢; in certain cases, see Sec. [3.7). In this case A =
(1,92, -..,qn) forms a highest weight under the action of the Lie algebra of G. With the usual
procedure one can relate multipoint functions with sigma model operators:

O 71) O (7 7n) = (Ox, (1) . O, (1) ). (1.73)

The angular brackets indicate expectation value w.r.t. the NLoM action.
Postponing details to later sections, let us mention here important properties of the operators O,
that result from their explicit construction and the symmetry relation (1.69):

1. There are families O, of exact scaling operators in the ¢ model at its critical fixed point:

(OA(r)) ~ L7, (1.74)
their scaling dimension is x).
2. There are Oy, \j = (—ci, ..., —c¢;) with vanishing scaling dimension
zy, =0, <0Aj (r)> -1, (1.75)

even though it describes the scaling of a nontrivial moment of the LDOS, and, thus, is different
from the identity operator Oy.

3. The O, satisfy the fusion rule O Oy ~ Zu Cﬁ‘”\/(’)u.

These properties point out the resemblance of MF spectra and field theory, compare Ref. \\
There are special families of operators Py that satisfy an Abelian OPE (1.31):

—A—T s i+
P)\(Tl)P)\/(TQ) X 7":12\_“‘ AT P)\Jr)\/( ! 2 2) + ... (176)
In Sec. such families are constructed for the bosonic class C NLoM. For generic A there are
infinitely many pure scaling operators P} that do not share this fusion property (other gradientless
operators appear on RHS). An example is given in Sec.

1.2.2 CFT and Multifractality

This technical section dealing with the conformal field theory description of multifractal observables is
an excerpt from Ref. [105]. Heavy use of the notation in Sec. [1.1.2]is made. The formalism introduced
here is employed in Chap. |3|to prove the parabolicity constraint imposed by local conformal invariance
and abelian fusion.
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1 Fundamentals

Here, a general discussion of multifractality at Anderson transitions (ATS) is presented, including
definitions of multifractal (MF) observables, their correlation functions, the MF spectra of scaling
dimensions, and relation to the field-theoretical renormalization group (RG). One central issue for us
is a description of MF correlation functions in terms of conformal field theory (CFT). As discussed
below, such a description in general does not hold, in view of the system-size dependence of the MF
correlation functions. At the same time, a certain subclass of MF correlators satisfying a “neutrality”
condition is consistent with conformal invariance.

1.2.2.1 Multifractal multipoint functions and RG

Equation can be understood from an RG point of view. One needs to run the RG from the
microscopic scale a up to the scale L, and a one-point function at this scale becomes a number of order
one. The result of the RG is the appearance of the scale factor L/a raised to the power —z,, which is
exactly Eq. . Similar arguments determine the behavior of multi-point functions. Let us consider
the two-point function <Oql (r1) Oy, (7‘2)>. Now one can run the RG up to the scale r12 = |r; — ra,

which results in the renormalization factor 11, © ‘2. At this scale the two operators fuse to Oy, 44,

Then one can renormalize further up to scale L, which results in the additional factor (L/rjg) % taz.
Finally, at this scale the correlator is of order unity, and one gets

—Tgqa —T L _xq1+q2 X —Tga —X
(O (M) Ogy(r2) ) ~ 75 <T2> = pygte Tt T [T tg (1.77)
1

The same result is obtained from the Abelian OPE (1.76) combined with Eq. applied to the
expectation value of Oy, 4g,.

Next consider the three-point function <Oq1 (11)Ogy (12) Oy (r3)>. To apply the RG argument, one
needs to know the hierarchy of distances between the three points. For example, let us assume that
r19 is the smallest distance: ris < ri3 ~ 7193 < L. Then there will be three stages of RG and two
fusions resulting in

(04 (11)04, (1) Oy (13) ) ~ 115327 ( Oy 143 (71 /712) Oy (3 /112))

13 ~Zqy+q2 ~Tq3 L ~Zqy1+qa+a3
—Tqq —%gg —Tyq Lq1+q92 —Tqy —ZLqy  Tqy+qa+q93 ~Tq1+aa ~Laz 7 —x .
~ T 1 2 3 — prataz 1 27”131 2+4a3 1+a2 3 [~ %a1+az+as

12
12 13

(1.78)

Similar expressions are obtained in other cases when the distances between the points satisfy different
inequalities. It is also easy to generalize these expressions to higher multipoint functions. In particular,

it should be clear from the discussion above that a generic n-point MF function <H?:1 Oy (ri)>, when
considered as a function of system size L at fixed pairwise distances 7;; (all much smaller than L) will
scale with L as

(O (r1) - Oy, (7)) o L™ Tmeam, (1.79)

1.2.2.2 Relation of MF multipoint functions and CFT correlators

A quick comparison of MF correlators with those in a CFT indicates that not all MF multipoint
functions can be represented as CFT correlators. For example, even the one-point function (1.74)
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1.2 Anderson transitions and Multifractality

is comsistent with Eq. only if z, > 0. It is easy to see that for an extended range of ¢ the
dimensions are negative x4, < 0. (In fact, 2, < 0 holds for any ¢ satisfying ¢ < 0 or ¢ > ¢,.) In addition
there is a non-trivial operator Oy, , distinct from the identity operator, whose dimension is zero, and
whose expectation value in the infinite system is one, see Eq. . This indicates that one cannot
expect all aspects of MF multipoint functions to be describable by a CFT.

The reader is encouraged to look at the two-point function . In general, it is L-dependent, at
variance with Egs. and . One has to notice the following: one can choose q2 = —¢q1, and
then the dimension x4, 44, = o = 0. This implies that with this choice the two-point function stops
depending on the system size:

12

A 7 N
<Oq1(7’1)0—q1 (7“2)> ~Tp " () =71y " (1.80)

Then the system size can be taken to infinity, and the two-point function can be compared with a two-
point function in a critical field theory. One can see that the above form is consistent with requirements
of rotational, translational and scale invariance, Eq. , but not with conformal invariance, Eq.
(1.26), since the dimensions 4, # x_q, .

However, the presence of the special operator O, allows us to make another choice. Indeed, if one
chooses the special value g2 = ¢« — q1, the dimension x4, 44, = 74, = 0. In this case one has

P A 7 U
<Oq1 (r1)Og—a1 (7“2)> ~ 7"12%l e () = lezwa‘ (1.81)
12
This two-point function is independent of the system size and is consistent with the CFT form
—2z
(60 (r)bg—aa (r2)) o ~ 112 ™ (1.82)

since the two operators involved have the same dimensions.
This discussion and the scaling (1.79) suggest that CFT may apply only to such multipoint MF

functions <(9q1 ... Oy, ) where the sum of the indices g; is equal to ¢, (a sort of “neutrality” condition):

n
>4 = g. (1.83)
i=1

An alternative choice ), ¢; = 0 leads to MF multipoint functions that are well defined in the infinite
system, but are inconsistent with conformal invariance.

To illustrate this point, let us make the choice (1.83)) in the three-point function (1.78):
T —ZTgq, —X —2x
<Oq1 (11)Ogs (12) Og—q1 g2 (7“3)> ~ gt T Ry e, (1.84)

If the general CFT expression (1.29) is specified to the case here and the symmetry relation (1.69) is
used one gets

<¢q1 (r1)¢q2(r2)¢q*—q1—q2 <T3>>CFT ~ /,n‘,féll-&-qg—qu—xqzrfgz_qu—Iq1+q27,§§1_96q2*$q1+q2_ (185)

If one now assumes that the arrangement of points satisfies the inequality r1o < r13 ~ 723, one can
replace 723 /&~ 713, and the three-point function simplifies to

—@g, —Tg, —2
(00 (r1)B0s (72)00. a1 aa (7)) ~ 75T T (1.56)
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1 Fundamentals

which is the same as Eq. (1.84). On the other hand, the choice Y ;¢ = 0 leads to inconsistent
expressions. The MF three-point function (1.78) in this case becomes

<Oq1 (rl)oqg (r2)0—q1 e (T3)> ~ TT(QZI-HD —Tq) —Tqy 7,;3qu1+(12 —T—gqy—qy , (187)
while the CFT expression (1.29) reduces to a different form

—g1—go — — —2T_g, —
(800 (11)80(12)6—g—qu (r) ) |~y T R e, (1.88)

This shows that m-point correlation functions of CFT can be related to m-point MF correlation
functions in an infinite system under the condition ;" ¢; = ¢«. Let us return to the MF multipoint
functions with indices ¢; that do not satisfy this condition. As discussed above, they in general scale
with L and thus should be considered in a finite system. Such generic m-point MF functions in a finite
system can be related to m + 1-point CFT functions in an infinite system by adding another field to
ensure the condition Zz’ﬁl‘l G = Gx.

As the simplest example, let us consider the two-point function (1.82) (defined in an infinite system)
and place the operator ¢, _4, at a large distance L (which is not the system size) from the point 71 = 0.

Then one can rewrite the two-point function as

L7 (601 (0)g.—an (L)) . ~ L7701 (1.89)

This has the same form as the scaling of a one-point MF correlation function in a system of size L, Eq.
(1.74). Similarly, if one places the operator ¢q, _q,—q, in the three-point function (1.85) at a distance
L > 715 from the points 71 and 79, one can replace r13 = rog = L, which yields

<¢Q1 (1) bgs (12) g —g1—q2 (L) >CFT ~ T:fgﬁm B IR (1.90)

This can be rewritten as

L¥ata <¢q1 (11)bgy (12) g —g1 — 2 (L)> ~ ngﬁqQ e L™ Fnta, (1.91)

which is exactly the same as Eq. . Thus, a three-point CFT function, which describes a
three-point MF function with ¢1 + ¢2 + g3 = ¢+ in an infinite system, can also be related to a two-
point MF function (with arbitrary ¢; and ¢2) in a finite system. It is natural to expect that such
relations continue to hold for higher multi-point correlators. For example, the four-point function
LFa1taz+as <¢q1 (1) ¢y (12) gy (r3)<bq*_q1_q2_q3(L)>CFT should reduce to the three-point function (1.78
in the appropriate limiting case of separation of scales r15 < 713 ~ 193 < L.

A brief recapitulation of the results so far follows. First of all, there are multi-point MF correlation
functions with >, ¢; # 0, g« that explicitly contain the system size L, exemplifying strong infrared
fluctuations that may grow with L. Secondly, there are MF correlators with >, ¢; = 0 that can be
considered in an infinite system, consistent with scale invariance, but inconsistent with conformal
invariance. Finally, there are “good” MF correlators satisfying the neutrality condition ) ; ¢; = ¢. that
are consistent with conformal invariance.

This analysis can be extended to the generalized MF correlation functions (Oy,(r1)Ox,(r2)...)
involving the much broader class of gradientless operators Oy, with A = (¢1,q2, . .., qn), see Sec.
Again, almost all such correlation functions are infrared-singular with respect to the system size L,
i.e., depend on L in a power-law fashion. There is a subset of them that exhibits L-independence.

18



1.3 Symmetry Classes and Topology

And within this subset, there is a still smaller subset of correlators whose scaling is consistent with
conformal invariance. Specifically, the corresponding condition is >, \i = (—c1, —c2,...,—Cp) = —pp.

This consistency is not a guarantee of conformal invariance at ATs. While there is a wide-spread
folklore that scale invariance and locality imply conformal invariance, this is not the case in general,
see Ref. for a comprehensive discussion of the relation between the two. All currently existing or
even envisioned proofs of conformal invariance following from scale invariance involve certain technical
assumptions such as unitarity (reflection positivity) of the field theory and discreteness of the spec-
trum of scaling dimensions. These assumptions are certainly violated in any viable theory of ATs, so
conformal invariance is not guaranteed to be a feature of ATs.

Understanding the difference of scale and conformal invariance is especially important in two dimen-
sions, where conformal invariance is particularly powerful due to the existence of an infinite-dimensional
Virasoro symmetry. In Sec. one can see that assuming local conformal invariance in two dimensions
together with Abelian fusion leads to very stringent restrictions on the spectra of MF exponents.

1.3 Symmetry Classes and Topology

Here the famous topological classification completed by Altand and Zirnbauer in Ref. [7] is introduced.
That is more precisely non-interacting fermionic gapped local Hamiltionians with disorder (that can
be represented as matrices with dimension L?) are considered. A short overview is given of how far
this classification is stable towards weak interaction.

Random matrix theory was introduced by Wigner and generalized by Dyson . The Wigner-
Dyson classification is complete if one demands the symmetry and topological protection to be present
over the whole energy spectrum. Weakening this requirement to the discrete symmetry being present
at a single energy in the spectrum leads to further symmetry classes. Among these are the chiral
classes 110]. In condensed matter context, these are relevant for systems at half filling. Here the
Fermi energy is the special point in the spectrum where the additional symmetry is present. Altland
and Zirnbauer finally extended this theory to the superconducting Bogolyubov-de-Gennes Hamiltonian
ensembles [7] with effectively broken particle conservation.

In the following, the Altland-Zirnbauer symmetry classes are introduced briefly. It is sketched how
to find the number of topologically distinct phases in each class. Further, it is summarized how weak
interactions influence this. In Chap. |2| a superconducting wire in with anomalous time reversal and
particle hole symmetry (class BDI) is considered. The spin quantum Hall systems that are studied in
Chap. (3| reside in class C. The last chapter 4| deals with time reversal invariant superconductors with
different degrees of spin rotational symmetry (classes AIII, CI, DIII).

1.3.1 Fermionic Disordered Hamiltonians

Let H be an ensemble of hermitian quadratic matrices representing fermionic non-interacting gapped
local Hamiltionians. H can be interpreted as a manifold. Depending on the symmetries shared by all
H € H, one can make general statements about the number of (path) connected components of this
manifold. Intuitively, there is no way from one to a distinct (path) connected component tuning the
parameters of the system (without closing the gap in the system or breaking the defining symmetries
of the ensemble).

Usually symmetries in quantum mechanics act as unitary operators U on the observables. If the
system possesses the symmetry acting as unitary U, the Hamiltonian is invariant: H = UTHU.
However symmetries can also be represented by antiunitary operators commuting with the Hamiltonian
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1 Fundamentals

like time reversal 7. The spectrum of the Hamiltonian H is preserved by these symmetries. Moreover
one can weaken this requirement and generalize to symmetries that are present at a single special
energy. Examples are the antiunitary particle-hole P symmetry anticommuting with H and the unitary
chiral symmetry C anticommuting with H. Anticommutating the symmetry means the spectrum is
symmetric around zero energy:

U, H] =0, (C,H} =0, (1.92)
[T, H] =0, {(P,H}=0. (1.93)

The chiral symmetry C, particle-hole symmetry P and time reversal symmetry 7 introduced in the
preceding lines are different from the conventional unitary symmetries and it turns out that their
presence or absence is sufficient to characterize the different ensembles of Hamiltionians.

As one can easily see, the conventional unitary commuting symmetries U factor out of the classifica-
tion. The reason is that H and U have common eigenspaces, more precisely there exists a convenient
basis where H is block diagonal. In formal mathematical language, the symmetries represented by
unitary commuting U form a group G. All Hamiltonians H in the ensemble can be decomposed into
irreducible representations with respect to the action of G. In the irreducible blocks, the elements of G
act trivial (multiplication by a phase). Each block then needs to be classified individually depending
on the presence or absence of the anomalous symmetries C, P, T.

These are either absent or unique and present and square to 72 = +1, P? = +1 and C?> = 1. One
can convince oneself of this by supposing there are two distinct time reversal symmetries 7,7". In
general an antiunitary operator decomposes into a unitary operator and the complex conjugation K:
T =UK and 7' = U'K with U,U’ unitary. By exploiting that H must also commute with 77

0=[T,H] =T, H] = [T'T, H| = [U'U*, H], (1.94)

one finds a unitary operator U'U* commuting with H.

Since the block is assumed to be irreducible this means U'U* must be the identity up to a phase.
In this sense 7 is equivalent to 7’. Further by choosing 7' = T one can show 72 = 41: Then
T2 = UU* = M. Since UU* is real symmetric A € {—1,1}. The cases P,C follow analogously. The
full rigorous proof is given in Ref. [111].

Since the presence of both 7 and P in a block implies the existence of C = TP, there are 10 =
3-3-2—2-4 possible combinations of these symmetries. These are the ten Altland-Zirnbauer classes
(Tab. [1.1).

Each class is associated to the ensemble of hermitean matrices H obeying the corresponding sym-
metries. Interpreted as a group theoretic manifold, these from Riemannian symmetric spaces that are
either connected (0), have two components (Zz) or infinitely many (Z). The so called Cartan labels A,
AIII, Al ...are the historical name of the ten infinite families of symmetric spaces introduced by Elie
Cartan [@] Depending on the dimension d of the system described by H, this is sufficient to determine
if and how many distinct topological phases there can be (see tab. .

1.3.2 Topological Invariants and Dimensionality

Given a general ensemble of Hamiltonians, the question arises what constraints locality and the dimen-
sion of space impose. A matrix element between two sites ¢, j has to decay sufficiently fast H; ; — 0
as the distance between them becomes large dist(i, j) — co. The function dist depends on the dimen-
sionality d. If (almost) all Hamiltonians in the ensemble satisfy such a property for a metric dist with
an associated dimension d, one can say that this ensemble is local in d dimensions.
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1.3 Symmetry Classes and Topology

Class T P C d=1 d=2 d=3 Realization Fermion NLoM

C 0 -10 - Z SQH Sp(4n)/U(2n)

A o 0 0 - Z - IQH U(2n)/U(n) ® U(n)

D 0 41 0 7Z Z - MZM, TQH 0(2n)/U(n)

CI +1 -1 1 - - Z 3D TSC Sp(4n) ® Sp(4n)/Sp(4n)
AL 0 0 1 Z ; Z 3D TSC,chiral TT  U(2n) ® U(2n)/U(2n)
DIIT -1 +1 1 Zo Zo Z 3D TSC (*He-B) 0(2n) ® O(2n)/0(2n)
Al +1 0 0 - - - - Sp(4n)/Sp(2n) ® Sp(2n)
A 1 0 0 - ; Z, 2D, 3D TIs 0(2n)/0(n) ® O(n)
BDI +1 +1 1 Z - - MZM U(2n)/Sp(2n)

CII -1 -1 1 Z - Loy 3D chiral TI U(2n)/0(2n)

Table 1.1: Modified from Ref. . The 10-fold way classification for strong (fully gapped), d-
dimensional symmetry-protected topological phases of fermions, i.e. topological insu-
lators (TIs) and topological superconductors (TSCs) [2-5]. The 10 classes are defined
by different combinations of the three effective discrete symmetries 7 (time-reversal),
P (particle-hole), and C (chiral or sublattice). For a d-dimensional bulk, any defor-
mation of the clean band structure that preserves 7, P and C and does not close
a gap preserves the topological winding number. For a (d — 1)-dimensional edge or
surface theory, the equivalent statement is that any static deformation of the surface
(quenched disorder) that preserves 7, P and C also preserves the “topological pro-
tection” against Anderson localization. Of particular interest here are classes C, A,
D on one hand, and classes CI, AIII, DIII on the other. Classes C, A, and D are
topological in d = 2, and describe the spin (SQHE), integer or charge (IQHE), and
thermal (TQHE) quantum Hall effects; all three can be realized as TSCs with broken
T. Classes CI, AIII, and DIII are topological in d = 3, and can describe 3D time-
reversal-invariant TSCs. (In this case, the physical time-reversal symmetry appears as
the effective chiral symmetry S in the table ) The column “spin sym.” denotes
the amount of spin SU(2) symmetry preserved for TSC realizations of these 6 classes.
The 3D TSCs can host 2D massless Dirac (CI, AIII) or Majorana (DIII) surface the-
ories. The last column gives the symmetry structure of the non-linear sigma model
(NLoM) description (see Sec. for each class, in terms of fermionic replicas @]
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This mathematical property is already sufficient to reduce the general classification problem of the
Hamiltonian ensembles to classifying a Dirac operator defined on a compact space that can then
be tackled with real/complex K-theory. This gives insights about the number of boundary modes in
d dimensional topological insulators see (tab. [1.1)).

The problem is essentially reduced to determining how many topologically distinct mass terms can
be added to the corresponding Dirac’s equation.

1.3.3 Nonlocal Discrete Symmetries

The presence of non-local symmetries modifies the above results [113]. These symmetries further
restrict the choices of the mass term and therefore modify the classification. For a simple disordered
chain as investigated here there are no such additional symmetries.

1.3.4 Interactions

The topological classification discussed above is not stable towards weak interactions in general. Ar-
bitrarily small interactions can in principle open gaps between distinct phases . For T-invariant
Majorana chains (non-int: BDI) this has been investigated by Fidkowski and Kitaev [26]. It is found
that the interaction can only gap between phases n € Z and m = n mod 8. The proof uses matrix
product states, which ties it to 1D systems.

In general, Z is broken down to Z, in odd dimensions, where v is a power of two . These results
do not apply to strong interactions, where symmetry breaking can occur. As one can see in Sec.
disorder introduces wave function multifractality that enhances interaction matrix elements. In one of
the models discussed there, an interaction term becomes relevant and induces spontaneous symmetry
breaking even for weak interaction. The topologically protected criticality goes away.

1.4 Criticality in 1D

The considerations before in Sec. dealt with the question whether a system with given anomalous
symmetries can in principle be in a topologically nontrivial phase. In this section, the setting is that a
concrete (non-interacting local 1D) Hamiltonian is given. An overview is given how to obtain a winding
number that enumerates the different phases as function of the parameters of the given Hamiltonian.
From this, a full phase diagram of the system may be constructed. Here, only non-interacting chiral
Quasi-1D lattices with a gap, like the dimerized model (with interaction treated at mean field level)
investigated in Sec. are considered. While this picture does not lead to many new insights into
the topological transition in the disordered case, it is amusing to note that the RG flow away from this
critical line is of Khmelnitskii-Pruisken type. This is a further connection between the works presented
in the following chapters.

1.4.1 Perfectly conducting channels: A, C, D, All, DIl

In Sec. [1.5.3] the quantum Hall like topological systems in 2D are introduced. Interpreting the edge
of such systems between topologically distinct phases (indices p,q) as a 1D wire, one obtains p — ¢
perfectly transmitting channels. In these wires, backscattering is suppressed totally @

22



1.4 Criticality in 1D

The same mechanism also exists in wires of classes AII, DIII or edges of quantum spin Hall systems
(AII). There is a distinct type of topological criticality in 1D having drastic impact on conductivity
and wavefunctions that is exhaustively discussed in the following.

1.4.2 Chiral Symmetry: Alll, BDI, CIi, D, DIll

Commuting unitary symmetries can be used to bring H in block diagonal form. The chiral symmetry
is a unitary anticommuting symmetry. Still, by choosing a basis where C = ¢,K the Hamiltonians H
can be brought to block off-diagonal form:

H = (;31 8) . (1.95)

This is the most general form, the off-diagonal entries are related by hermiticity. The 2 x 2 structure
depicted is the one the ¢, matrix acts in. This will be denoted as chiral basis in the following.

In Tab. [I.1} one can see that these classes support distinct topological phases in 1D. In presence of
disorder, the properties at criticality (topological transition) are universal for all classes :

e broad distribution of g:

—(lng) ~ VL, ((Ing)?) ~ L (1.96)

e broad distribution of localization length

§iyp ~ [Inel, Eav ~ |Inel? (1.97)

e the near € ~ 0 wave function

1y 3
{[9(@)p(0)|7) ~ L™ Ha| 2 (1.98)
is a stretched expo%ential localized at x¢ with a secondary maximum at x appearing with prob-
ability ~ (x — xz9)” 2
e the density of states

1

~ 1.99
leln? ¢ (1.99)

p(e)

is strongly singular
All these properties can be understood from the infinite randomness physics perspective, see Sec.
for a discussion.

1.4.2.1 Winding numbers

In the following, the formalism used to describe topological winding numbers in chiral wires in classes
AIII, BDI, CII, D, DIII is sketched. Peculiarities arising due to the Zs classification of classes D, DIII
are not discussed here, the reader is referred to Ref. [115].
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Clean case Without disorder, one can work with the band structure of the model. The approach
described here follows the work of Schnyder et. al. [2]. Let uy,(k) be the Bloch states of the system.
The projector P on the occupied states can then be used to define the operator ) = 2P — 1, that
gives 1 for a particle and —1 for a hole. The idea behind this is that @) corresponds to the Hamiltonian
with each energy continuously deformed to +1 (the Fermi level is set to zero energy). Topology is
diffeomorphism invariant, to extract topological properties, it is sufficient to restrict to Q:

P=3" |un(k)) (un(k)

n filled

, Qk) = 2P (k) — 1. (1.100)

Since P is a projector, () is unitary. The following expression is the winding number of the unitary @
, that serves as topological index:

1 2m 1 1 2m
NQI= 5 [ dktr (@' (R)aQk)) = %/0 dkdgtr (I Q(k)) . (1.101)
This can be motivated by the following facts: N[Q] is locally constant which is shown by rewriting
the equation in terms of the In. The first homotopy group of the U(n) is m(U(n)) = Z, so N[Q] can
range over all integers.

For the chiral classes (AIIl, BDI, CII), H can be brought to block form , so (@ may be replaced
by one chiral block h. Comparison to the transfer matrix formalism then yields that the number of
negative eigenvalues of () corresponds to the number of negative Lyapunov exponents. This proves
that N[Q)] defined above is indeed the topological index.

Since this heavily relies on the existence of a Brillouin zone, that is to say (discrete) translational
invariance, it cannot be used in presence of disorder.

1.4.2.2 Generalization to Disorder

Refs. [115] [116] point out that the key is to define the topological index in terms of how the sample
reacts to twisting the boundary conditions. I will briefly summarize this formalism in the following

lines.
For bipartite Hamiltonians possessing a chiral symmetry P one can define a non-unitary transfor-
mation Tg:
Ps,s’ = (_1)8(53 s’y (1102)
.S
(Ts)s,s = exp(—quﬁPs,sfés ) (1.103)

The application of Tj to the Hamiltonian effectively twists the boundary condition of the wave functions

P
.S s
H, = T,HT, vals) = exp(i30(-1)° ). (1.104)
With the transformation of the eigenfunctions, one can formulate the Green’s function G of the sample

with boundaries twisted by a phase ¢. Then the following formula generalizes the index introduced
above:

o 1 G27r
X = Eln (GO> . (1.105)
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A
O-.’ELL'

Oy
0 : 1 (e*/n) 0 : 1

Figure 1.1: Left panel: Khmelnitzkii-Pruisken flow \ \ of longitudinal and transverse con-
ductance (04, 0zy) in the 2D IQHE. Non half-integer o,, (x axis) flows (gray arrows)
to the nearest integer as the system size L increases. Meanwhile, o, (y axis) reaches
zero. For half-integer valued o, (red dashed lines), one is at the boundary of two
topologically distinct phases (0, 1: white, blue) Right panel: RG flow of Khmelnitzkii-
Pruisken type of the conductance g and the bare index Y of a disordered topo-
logical chiral wire. (g,X) correspond to (04z,04y) in IQHE. Non half-integer x (x
axis) flows to the nearest integer. Meanwhile, the conductance g (y axis) reaches
zero exponentially fast in L. For half-integer valued x (red dashed lines), one is at
the boundary of two topologically distinct phases (0, 1: white, blue). On the critical
lines g decays algebraically with L. In contrast to the Khmelnitzkii-Pruisken flow
there is no finite g* at the transition.

The “bare” index x defined this way is not locally constant, in presence of disorder there is no reason
why it has to be an integer. For short samples, \ can take arbitrary real values. In the thermodynamic
limit L — oo there are only two possibilities for x = x(L — o0):

e X € Z: the system is a (topological) Anderson insulator, the conductance g approaches zero
exponentially fast g o< e £/¢

oy €7+ %: the system is at the boundary of two distinct phases and therefore critical, the
conductance decays algebraically g oc L™¢

Using field theoretical methods these results are obtained by showing that (g, ) have a similar two-
parameter flow diagram as the (044, 04y) Khmelnitskii-Pruisken flow in the integer quantum
Hall effect (IQHE), see fig. From the field theoretical point of view this is since in a chiral
non-linear o-model (NLoM) a O-term is allowed. A brief sketch of the derivation follows in the next
section.

25
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Supersymmetric field theory The winding number defined in Eq. (1.105) can be expressed in terms
of the supersymmetric partition function Z[¢1, ¢o:

Z[p1, o) = </D(w, ) eXp{i¢G¢¢}> (1.106)
G¢ = diag(G_wo, G¢1)bf. (1.107)

The phases ¢1, ¢pg are twists of the boundary condition in the fermionic and bosonic sectors. They act
as a source term and the “bare index” x can be found by integration/differentiation of Z in the usual

way:
o 1 27rd 8¢) det <G¢> 1108
X = E/o ¢<det(G¢J> (1. )

2
= 4;/0 d619p, Z(61.0)|, - (1.109)
As discussed in Sec. [1.1.4.2| due to supersymmetry fixing Z = 1 the disorder may be averaged
over. The emerging quartic effective interaction terms are decoupled using a Hubbard-Stratonovich
transformation. The domain of the integration variable @) thereby depends on the symmetry class.
The remaining quadratic action S[¢, 1), Q] is quadratic in the supervector ¢ which can be integrated
over at this point.

The partition function can then be written only in terms of Q: Z = [ DQ exp(—S’[Q]). The action
reads:

B + 2~
S[Q) = ﬁstr(cy@—) +strln (Z”_if i —hZQ—) . (1.110)
The dependence on the twist angles ¢ is hidden in this expression. However one has to keep in mind
that it affects the boundary conditions of the @ field. At this stage one needs to find the quadratic low
energy /momentum theory. To this end a saddle-point expansion of S[Q] needs to be performed. For
this purpose the parametrization @@ = X7, where ¥ is the self-consistent Born-approximation (SCBA)
self-energy and T describes slow fluctuations living in the saddle point manifold is convenient.

Expanding the action in the slow fluctuations 7" one finds, using the standard gradient expansion of
the trace logarithm:

Zlp=0] = /DTeXp (alstr(TaT_l) + agstr(TO*TY) + .. ) . (1.111)

Remembering the ¢ dependence of the boundary conditions T'(L) = e?*T(0)e?*, one finds the general
formula for Z[¢].

One can fix the constants a1, as, by computing the index y with Eq. , this implies a; = 2y.
The corresponding term in the action can be identified as the topological winding number. Similar
considerations relate the as coefficient to the conductance g = ao. Knowing the microsopic details of
the model, one can compute a1, as on the other hand. These bare parameters in the action undergo
an RG flow analogous to Khmelnitskii-Pruisken flow in the 2D quantum Hall like phases.
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1.5 Criticality in 2D

1.5 Criticality in 2D

The chapters (3| and |4 are concerned with 2D systems. Ref. ﬂgﬂ describes the mechanisms to escape
criticality in 2D, which are directly relevant to these studies. Additionally, in Chap. numerical

evidence for a further mechanism in surfaces of bulk STI is shown. The results are recapitulated
in the language of the NLoM, in terms of the renormalization of the first coefficient in Eq. (1.64),

dt 1 D
B(t) = —— with t = = 22 0 d = 2 + ¢ dimensions. In an insulating/metallic system £ is

dlnL 2rg 27
negative/positive, the conductivity becomes smaller/larger with increasing system size. Zeros of the
beta function correspond to criticality and multifractal behavior.

1.5.1 Broken spin rotation invariance: positive 5 function

The classes AII, D, DIII have a positive 3(t < t*) function at small ¢ in 2D. This means there can be
a stable metallic phase depending on the parameters of the system. At weak disorder the conductance
~ t~! is typically large, if t < t* is reached, ¢ scales to zero in the RG flow, i.e. the system is
metallic. In the opposite strong disorder limit, ¢ is large and the system becomes insulating. At t*
there is a metal-insulator transition. With the techniques introduced in Chap. |3|one can construct the
observables revealing the generalized multifractal spectrum in these classes and study its properties
numerically. Preliminary results indicate violation of generalized parabolicity in these classes.

1.5.2 Chiral classes: vanishing j function

The sigma model of the chiral classes (AIII, CII, BDI) shows a peculiarity: Gade and Wegner found
the 8 function does not renormalize at any order in t ! This means the conductance ¢t~ is
exactly marginal in RG sense and serves as a parameter labeling different fixed points. In addition to
the terms in Eq. , there is also the Gade term, that affects the renormalization of the LDOS,
which typically becomes strongly singular.

1.5.3 2D Quantum Hall type topological phases

In the time reversal breaking classes (A, C, D) one has an integer classified second homotopy group
mo(Mp) = Z which means the 0 term

iStop(Q) = iION[Q], N[Q] = 8%/d2r trQ0,Q0,Q (1.112)

may appear in the NLoMs of these classes. The integer N|[Q] is the winding number of the @ field
configuration.

Integer Quantum Hall criticality A paradigmatic example of topological phase transition is the
integer quantum Hall effect in the unitary Wigner-Dyson class A.

The Hall conductivity o, of a 2D electron gas at sufficiently low temperature develops plateaus
quantized in units of e?/h. Given the background introduced in Sec. one can think about the
plateaus as distinct topological phases, with the winding number given by the number of conductance
quanta observed at the plateau. The nature of the criticality emerging at the topological transition
(between the plateaus) is still an open problem.
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In the NLoM picture, the IQHE is described by a Khmelnitskii-Pruisken two parameter RG flow[118|
119]. The NLoM has an additional topological term:

SQl = ;/dzr tr [—am(VQ)2 + QO'nyamQayQ} (1.113)

that measures the winding number of the ) field. The coefficient is the effectively quantized transverse
conductivity o,,. The flow diagram shown in Fig. can however only be verified with a perturbative
RG analysis, when o, is large. The fixed points occur at strong coupling o, ~ 1, where the RG is
not controlled any more.

An open question is whether the multifractal spectrum is parabolic:

Ag=0q(1—q). (1.114)

Studies of the Chalker-Coddington network model (see Sec. indicate approximately
parabolic multifractality with § ~ 1/4 in Eq. . The longitudinal conductivity is known to
be ojgppr ~ 0.58 £ 0.02 from numerical Kubo computations. Later studies find substantial
deviations from parabolicity. Together with the arguments presented in Sec. [3.2]this indicates violation
of local conformal invariance at the IQH critical point.

Spin Quantum Hall criticality The SQH transition is well-studied numerically with the network
model . Certain observables can be studied analytically by a mapping to 2D classical percolation
(Ref. [54H58, and an extension of that work in Sec. [3.8). The conductance distribution and exact
average longitudinal conductivity oty = v/3/2 have been determined analytically in Ref. . For
certain multifractal exponents there are exact analytical results available compatible with § = 1/8
in Eq. (assuming approximate parabolicity). The work done by me and collaborators in Ref.
[105] is extended in Chap. |3|showing the strong violation of generalized parabolicity in the subleading
multifractal spectrum. This confirms high precision numerical studies , that find a nonzero quartic
term in in the leading A,.

Thermal Quantum Hall criticality In class D one can formulate a large variety of distinct network
models and Hamiltonians [78/84], since there apparently is non-universality. In most models, the
topological phase transition is hidden by a broad thermal metal wedge in the phase diagram separating
the phases. In this region the system is weakly antilocalizing. The conjectured thermal quantum Hall
transition is therefore difficult to observe.

In Chap. numerical evidence for the conjecture, that finite energy 3D time reversal invariant
topological superconductor (T'SC) surface states match the phenomenology of quantum Hall criticality
is presented. Chap. |3|focuses on the class C NLoM and the multifractal spectrum in SQH transitions.

1.5.3.1 Chalker-Coddington network model

IQH The IQHE in a smooth random potential can be modeled with the Chalker-Coddington network
(CCN) [121]. Smooth here means that the correlation length of the potential is large. The electrons
then can be assumed to drift along equipotential lines. Deep in a topological phase, each of the electrons
performs cyclotron motion around its orbit in this picture. Increasing the energy to the percolation
threshold enables tunneling processes at the saddle points of the potential between the closed orbits.
This way electrons can delocalize at criticality.
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Left panel: Network model defined on square lattice. Each node has two incoming
and outgoing links. There is an amplitude to turn right and one to turn left at a node
(red or blue dot). Traveling along a link e; shown as directed arrow in the sketch
accumulates a phase U; € G.

Right panel: In the G =SU(2) version of the CC network model, disorder average
reduces the computation of certain observables to the sum over self-avoiding loops.
This reduces the quantum mechanical problem to studying probabilities in classical
percolation. The configuration is shown as +, — in the nodes. Paths separate + from
— regions. The closed loop in the part of the network shown is highlighted by a bold
line. By considering an infinite area or applying periodic boundary conditions, all
paths form closed loops.
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In the CCN, one assumes a square grid of nodes that are the “saddle points” of the random potential.
At each node, there are two outgoing and incoming links. The distance to criticality is encoded in the
scattering amplitudes 4 cos @, + sin 6 between the links. In each discrete time evolution step, one such
scattering event occurs and the electron traversing a link e acquires a random G = U(1) phase ei%
with ¢e € [0, 27] uniformly.

By choosing different G, one can realize the other quantum hall like phases in 2D.

SQH The defining symmetry in class C implies that the evolution operator U satisfies the property
U = oyl{*o, in addition to unitarity. This means that the phases on the links e are in G = SU(2).
The average over these phase groups is amenable to an analytical treatment.

An important result was obtained in Ref. : expressions involving n < 3 Green’s functions at the
same finite broadening can be mapped to classical percolation.

One can restrict to paths satisfying the following two conditions in these cases:

e cach network link is visited either zero or two times

e cach node is visited zero, two or four times, the sum over (i) - cos* 4, (ii) - sin* 9, (iii) -(— sin? @ cos? #)
can be reduced to the sum over (i) -cos? 6, (ii) -sin?

These statements imply, that the sum over quantum mechanical amplitudes averaged over disorder
can be restricted to the sum over closed loops that can be interpreted as classical percolation hulls,

see Fig.

Class D network models By using G = O(1) in analogy to the cases discussed above, one does not
find a topological transition @ Each of the (—1) network factors distributed with concentration p
is a topological defect, that cannot be gotten rid of by a continuous deformation [79]. These defects
completely destroy localization, such that the O(1) network model is always in the metallic phase. In
class D it is important how to introduce disorder, other network models show a different phase diagram.
The fermionic counterpart of the Random Bond Ising Model for example does not contain this
metallic phase. In the Cho-Fisher model the metal phase appears at strong defect concentration.
At low concentration, there two topologically distinct phases, it is not fully established whether there is
a direct topological transition, or the thermal metal wedge in the phase diagram persists to arbitrarily
weak disorder and “hides” the topological transition.

1.5.4 Topological Z,-theta term

The NLoM in the symplectic metal class AIl and its superconducting analog class CII also have
nontrivial second homotopy group me(Mp) = Za. Since this is a subgroup of Z, the parameter © in
front of the winding number is restricted to the values 0, 7. The action then is sensitive only to
N[Q] even or odd. Graphene with long range disorder can be described by a Dirac model with random
scalar potential which in turn maps to a NLoM with such a ©® = 7 topological term .

1.5.5 Wess-Zumino-Novikov-Witten (WZNW) models

In Chap. [4] disordered surfaces of time-reversal invariant topological superconductors (AIII, CI, DIII)
are investigated. As it turns out, the critical surface states can be described by a NLoM with fermionic
manifold Mp = H x H/H with H being U(n), Sp(n) or O(n), respectively. In general, topology of
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the bulk manifests itself by a topological term in the corresponding surface NLoMs . In the case
considered here a Wess-Zumino term Swz(g) is emerges in the action due to the topological
nontrivial bandstructure of the clean model.

In order to write down the Wess-Zumino term, one needs to extend g(x,y) to the third dimension

g(z,y,s):
ik

iSwz(g) = 2%

1

/dQT/O dseuy,\Str(gflaug)(gfl&,g)(gfla)\g). (1.115)
As usual € is the Levi-Civita symbol and & the level of the theory. The topological ambiguity of above
integral arising since g(x,y, s) is not unique forces k to take integer values. At this point a comment
on existence and uniqueness of this extension are in order. The second homotopy group of H is trivial,
mo(H) = 0. This means that given two arbitrary maps f1, fo : So — H one can interpolate between
them continuously, there is a continuous F' : Sy x [0,1] — H such that f(z,y,s = 0) = fi(z,y) and
f(x,y,s =1) = fa(x,y). By identifying the sphere and the 2d plane, one is guaranteed a map g(x,y, s)
interpolating between g(z,y,s = 1) = g(z,y) and the constant map to identity g(x,y,s = 0) = 1. The
extension is not unique, nevertheless the choice of a specific extension leaves observables invariant.
Maps ¢ : S3 — H are classified by the third homotopy group m3(H) = Z, hence iSwz(g) is defined up
to a phase nk2mi with integer n. Since this is an integer multiple of 27 observables are not affected.

By employing advanced CFT methods, one can extract multifractality, LDOS and conductance at
criticality in these models. See Tab. for an overview and references.

At zero energy the (generalized) multifractal spectrum is strictly parabolic . Consequently,
the infinite set of multifractal scaling dimensions is solely described by a single parameter 6. A
fundamental question addressed in this thesis, is which 2D Anderson transitions exhibit (generalized)
parabolicity. For a more specific and comprehensive discussion of WZNW models with finite energy

perturbation see Sec.

1.5.6 Stacking in TSC surfaces

In Chap. numerical evidence is gathered that TSC surface states away from the particle hole
symmetric point ensuring topological protection remain critical. Moreover independent of the energetic
distance from the center of the spectrum they share the same critical properties. These are truly
distinct from Gade-Wegner criticality introduced above in Sec. and Wess-Zumino criticality (see
Sec. at zero energy.

The conventional expectation was that finite energy ¢ # 0 breaks the defining chiral S symmetry,
producing a standard Wigner-Dyson class, so that [9] CI — AI (Anderson localized), AIIl — A
(Anderson localized), and DIIT — AII (Anderson localized or weak antilocalization).

Even more surprisingly than this conventional expectation being violated, the criticality exhibited
resembles Quantum Hall critical phenomenology. Therefore the numerics presented in Chap. 4] sup-
ports the conjectures AIIl — A, CI — C and DIIT — D at relating time reversal invariant TSC at finite
energy with QH critical systems fine tuned to the critical point. Refs. claim that the QH
Pruisken model could flow to a deformed WZNW. This would imply local conformal invariance
of the corresponding QH critical theory, which can be completely ruled out for the SQH transition
(see Sec. for a discussion) and is unlikely for the IQH transition (Ref. [53]). The numerical data
presented in this work instead suggests that apparently the TSC surface WZNW flows to a Pruisken
model in presence of the energy perturbation breaking conformal invariance.
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AIII CI DIIT
v 7 27, Y/
-2\ 1 1
ZEl/Z 2[v]+3 3 —m (‘l/‘ 2 3) 61} (123
Be=0) | Mzl 42 -5 , 65,124 o (v >3) (61
0" = 0) - . =

Table 1.2: Summary of properties for Wess—Zumino—Novikov—Witten criticality at zero energy.

The parameter v is the level of the theory and the scaling of the density of states is
p(e) o |e|*1/#. The WZNW model is locally conformally invariant, by the arguments
reviewed and generalized in Sec. the multifractal spectrum is strictly parabolic,
Ay = —0q(1 — q). The level determines the curvature 6. The longitudinal surface
conductivity o (for spin or heat transport at the boundary of the TSC, in units of
the appropriate conductance quantum ) is quantized. In class AIII, there is
a peculiarity: the abelian disorder strength A4, which is defined in Eqs. (4.10) and
(4.11). The additional parameter A4 is RG-marginal and addresses a continuum of

distinct zero-energy fixed points .
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Chapter 2

Disorder and interaction in chiral chains:
Majoranas vs complex fermions

In this chapter, I study the low-energy physics in topological chains of (real) Majorana fermions and
complex fermions in the presence of both interactions and disorder. Numerically there is qualitatively
a drastically distinct behavior between these systems, despite the fact they are (up to the total number
of degrees of freedom) equivalent in the non-interacting limit.

While in the non-interacting limit both models are equivalent (in particular, belong to the same sym-
metry class BDI and flow towards the same infinite-randomness critical fized point), their behavior
differs drastically once interaction is added. Density-matriz renormalization group (DMRG) calcula-
tions show that the complex-fermion chain remains at the non-interacting fized point. On the other
hand, the Majorana fermion chain experiences a spontaneous symmetry breaking and localizes for re-
pulsive interaction.

In order to understand the phenomena observed in the DMRG numerics, an RG analysis treating in-
teraction perturbatively is performed. The appropriate RG fixed point to study is of infinite-randomness
type. The interaction matrix elements from which the scaling dimension can be inferred are given by
two-point wavefunction correlators. Both numerically and analytically the critical eigenstate correla-
tions are studied. The Majorana chain is driven away from the infinite randomness fized point by a
strongly relevant interaction operator. The interaction is irrelevant in the complex fermionic chain.

The contents of this chapter are based on Ref. , a work performed by collaborators and myself.

2.1 Introduction

Topological states of matter represent one of the central directions of the contemporary condensed
matter physics . Systems with topological order are usually characterized by a gap in the bulk
and “metallic” states at the boundaries. These boundary states are robust against disorder-induced
Anderson localization as long as the disorder is not strong enough to close the gap in the bulk
128+130].

One-dimensional (1D) systems with topological phases are considered a potential platform for quan-
tum Computing, as the quantum state is stored non-locally and cannot be destroyed by local,
uncorrelated noise (as long as the noise is not strong enough to close the bulk gap). For non-interacting
systems, the symmetry classification (see Sec. by Altland and Zirnbauer combined with the

analysis of topologies , extended also to various spatial symmetries , has pro-
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vided a systematic picture of possible topological states. Despite the progress on extending this classi-
fication to include weak interactions [26H28], it is still a formidable task to determine which topological
phases are present in a given interacting systems. While non-interacting topological phases are robust
against disorder-induced localization, this is not always the case for topological states in interacting
systems, see discussion in Sec. In particular, in 2D superconductor systems, the combined effect
of disorder and interactions has been shown to break entirely the topological protection . The
underlying mechanism is that disorder renders the interaction relevant in the renormalization-group
(RG) sense; see also Refs. for related physics. The fact that the interplay of interaction and
disorder may crucially affect the physics has been known for a while [138]; recent works show that it
is also of central importance for topological states of matter.

In this work, the effect of disorder and interaction on the low energy physics of a chain of Majorana
quasiparticles commonly called Kitaev chain [32] is explored. Note that usually one studies the gapped
Kitaev chain, with zero-dimensional Majorana bound states at its ends. In particular attention is
payed to the combined effect of disorder and interaction on a gapless Majorana chain representing a
one-dimensional wire with counterpropagating Majorana modes. The most local interaction one can
have in this system is a four-point Majorana interaction . Disorder is introduced by choosing the
hopping parameters from a random distribution. This model could potentially be realized by vortex
lattices [33H35] in a thin film topological superconductor. In general, chains of parafermions such
as Majoranas can also be realized in superconductor-ferromagnet structures along quantum spin Hall
edges . Further, the (gapped) Kitaev chain Hamiltonian has been realized as an effective low energy
theory in InGaAs nanowires on top of a superconductor in a magnetic field . A gapless Majorana
chain can be realized on the edge of an array of such wires [41]. Other platforms for generating
Majorana chains include chains of magnetic atoms on top of a superconductor , as well as cold
atoms in optical lattices . The phase diagram of a clean interacting Kitaev chain was studied in
Ref. .

The Majorana model is compared to that of complex fermion hopping on a chain with the chemical
potential tuned to zero , . In spin language (see Sec. , this model is equivalent to the
random bond XXZ model. In the absence of interaction, both Majorana and complex-fermion models
belong to the symmetry class BDI and are largely equivalent. The only difference between them is
that in the case of complex fermions each pair of states related through chiral symmetry represent
two independent single body states, while in the case of the Majorana chain each pair represents a
single state. However, the situation changes dramatically once one adds interaction. In the case of
complex fermions, previous work based on real-space RG analysis showed that weak interactions are
irrelevant in the RG sense and thus do not change the low energy properties of the system.
This system flows into a peculiar critical infinite-randomness fixed point. For the interacting disordered
Majorana chain, the behavior turns out to be very different. It is shown that interaction drives the
system away from the infinite randomness fixed point, which leads to localization in the case of (even
weak) repulsive interaction. The localization of a disordered Majorana chain with moderately strong
repulsive interaction was observed previously in Ref. . Further it is explained why the above two
similar models behave so drastically different once interaction is added.

The outline of this chapter is as follows. The models are defined in Sec. Further, previously
known results on the models are reviewed. In Sec. [2.3] the numerical results obtained with the density
matrix renormalization group (DMRG) code OSMPS are presented. First the clean inter-
acting Majorana chain driven out of criticality by staggering in order to explore emerging topological
phases is considered. Then the DMRG study of the combined effect of disorder and interaction follows,
both for complex fermions and for Majoranas. In the case of complex fermions, the properties of a
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random chain are not essentially influenced by interaction, in consistency with previous results. On
the other hand, the observations indicate that the interacting disordered Majorana chain localizes even
for weak repulsive interaction. This localization is accompanied by a spontaneous breaking of sym-
metry between two topological phases that manifests itself in correlation functions. To shed light on
the physical origin of these results, in Sec. and two complementary approaches are employed.
Specifically, in Sec. momentum-space RG methods (introduced in Sec. are used to inves-
tigate the effect of weak disorder on the interacting clean models. It is shown that disorder in both
models is strongly relevant rendering the clean fixed point unstable. The complementary approach in
Sec. follows, where the start is from an exact treatment of disorder (which drives the system into
the infinite-randomness fixed point) and the interaction considered as perturbation. By combining
the RG treatment of interaction with a numerical study of wave-function correlations (see Sec.
at the infinite-randomness fixed point, a relevant operator is identified in the case of the Majorana
chain. No such operator exists in the case of the complex fermionic chain in view of the cancellation
between Hartree and Fock contributions. This explains why the Majorana fermion chain is unstable
with respect to weak interaction, while the complex fermion chain is stable.

2.2 Models

In this Section two 1D models to be considered in this chapter are defined: that of complex fermions,
Sec. and of Majoranas, Sec. Briefly some previous results relevant to this work are reviewed.

2.2.1 Complex Fermion chain

The vanilla chiral wire is a spinless fermionic chain where the chemical potential is tuned to zero,

H = th(C}Cj_H =+ hc) (2.1)
J

Every hopping term is between an even (e) and an odd (o) site. The Hamiltonian possesses therefore
a sublattice symmetry which is represented by the operator S = 7,, where 7, is the Pauli matrix
operating on the even-odd subspace. By using the local U(1) gauge freedom, the hopping matrix
elements t; can always be chosen as reals. This implies a time reversal symmetry represented by
complex conjugation 7 = K with 72 = 1. Further, the system possesses in addition the particle hole
symmetry P expressed by P = K., with P? = 1. These symmetries place the model in the BDI
symmetry class.

Disorder is introduced by making the hopping matrix elements random. This does not change
the symmetry classification. The most local interaction that can be added to this model is a two-
point nearest-neighbor density-density interaction. To keep the system at half filling, a chemical
potential proportional to the interaction strength has to be included. Since later it becomes clear that
the sublattice structure of the interaction is important, we generalize the interaction to act on sites
separated by a distance r:

H=3"tj(clejpr +he)+ 93 pipjer, (22)
j j
1
pj = clej — 5 (2.3)

The couplings of this model for » = 1 are sketched in Fig.
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Figure 2.1: Figure taken from Ref. . Sketch of the couplings of the complex-fermion chain
with Hamiltonian and r = 1. Couplings starting on odd sites are solid, those
starting on even sites are dashed. Odd sites have blue color and are labeled by +,
while even sites have red color and are labeled by —. The first few quartic interaction
terms involving the sites j and j + 1 are indicated by blue (odd j) and red (even j)
ellipses.

2.2.1.1 Spin representation

Using the Jordan-Wigner transformation, one can map the model 1) onto a random-bond, spin—%
XXZ chain:

Hgpin = Z tj(ojoi + U?U?H) + 90505, (2.4)
J

The U(1) gauge freedom in the fermionic model corresponds to the spin-rotation symmetry in the
XY plane. While the two models and are equivalent, the Jordan-Wigner transformation is
non-local, and so is the mapping between the correlation functions. The spin representation turns out
to be particularly suitable for the DMRG analysis and will be used in this chapter.

2.2.1.2 Symmetries and topology

To show that the interaction does not change the symmetry class, the many body generalizations of the
above symmetries 7 = UrK, P = UpK,C = U are considered, see Ref. |\ They can be obtained
by defining the action of the symmetry operators on the creation and annihilation operators:

TCjTil = (UT)j,iCi = ¢4, (25)
Pijil = (Up)j’icl»L = (—l)jc;, (2.6)
C=T-P. (2.7)

This defines the action of 7', P,C on all operators and states in the Fock space. In this many-body
formulation, the time-reversal symmetry T and chiral symmetry C are represented by anti-unitary
operators, while the particle hole symmetry Pis represented by a unitary operator. In contrast to the
single body symmetry operators P and C, the many body symmetry operators ]5, C’,T all commute
with the Hamiltonian.

Now one can analyze the symmetries of the Hamiltonian (2.2). First, all couplings are real, implying
that 7' commutes with H. Second, the term —1/2 in Eq. 1} which corresponds to a proper choice
of the chemical potential ensures that the model is invariant under P. Further, the operators T and P
square to unity. The interacting model belongs therefore to the symmetry class BDI. It was shown that
1D interacting systems of complex fermions belonging to this symmetry class (in absence of pairing

terms) have a Z4 topological invariant [28].
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2.2.1.3 Clean limit

Here the clean limit is briefly discussed. If all matrix elements ¢; are equal, t; = ¢, and the interaction
g is not too strong, the low-energy theory of the XXZ model is the Luttinger liquid. This is a
conformal field theory with central charge ¢ = 1. For the case of nearest-neighbor interaction, r = 1,
the corresponding condition is[144] |g| < ¢. For |g| > ¢ the system is gapped.

One can drive the system away from the critical line by introducing a staggering, ts; = t. and
tojr1 = to, with to # t,. This will in general open a gap. More precisely, investigating the RG
relevance of the corresponding term in the bosonization language (see analysis in Sec. below), one
finds that the staggering immediately opens a gap for —1 < g/t < 0.7, i.e., almost in the whole range
of g/t corresponding to a critical theory. The gapped phases with ¢, > t, and t, < t, are topologically
distinct. This can be easily seen by observing that in the limit t, — oo, the fermion at the first site
decouples from the rest of the chain, thus representing a topological zero mode. This zero mode will
persist for te > t, (although it will spread over a few sites). In the opposite case, t, — oo, there is
no zero mode. The ¢ = 1 critical theory (Luttinger liquid) thus represents a boundary between two
topologically distinct phases.

2.2.1.4 Noninteracting limit

Consider now a non-interacting system (¢ = 0) but in the presence of disorder, i.e. with random
hopping matrix elements ;. This breaks translational symmetry j — j + 1 for a given realization of
disorder. However, if the distributions of even t3; and odd t2j41 matrix elements are the same, the
system remains self-dual with respect to the transformation 57 — j 4+ 1. In spin language, the model
corresponds to a disordered XY chain. Analytically, the problem can be treated with a real space
RG procedure . At the self-dual point, the system is critical despite an RG flow towards strong
disorder. This very peculiar fixed point is termed infinite-randomness fixed point. By considering
the scaling of the disorder-averaged entanglement entropy, one can define an effective central charge
ceff = In 2 characterizing this critical state .

2.2.2 Majoranas

To introduce the second model—the one that is which is of the central interest for this work—one
starts with a 1D chain of spinless fermions of length L with superconducting pairing matrix elements
Aj, hopping t~j and local chemical potential z;. The pairing and hopping are chosen to be real. The
Hamiltonian reads

Z:“J cjej +1; CTC]‘H—’_C;—HC])

+ Aj(cjcj+1 +clgeh). (2.8)

Now one rewrites each pair of fermionic creation and annihilation operators in terms of two Hermitian
: _ 5
Majorana operators 7y; = V5

cj = (v +i72j11)/2 ¢ = (v — im2j11)/2. (2.9)
The Majorana operators obey the commutation relations
(v} =205 =1 (2.10)
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2 Disorder and interaction in chiral chains: Majoranas vs complex fermions

Figure 2.2: Figure taken from Ref. . Sketch of the couplings in the Majorana Hamiltonians
(2.13),(2-17). Couplings t9; are dashed, t3;41 solid. Odd sites have blue color and

are labeled by -+, while even sites have red color and are labeled by —. The first two

quartic interaction terms with couplings ggl) and g%z) are indicated by a blue and a

red ellipse, respectively. Translation by one site swaps even and odd hopping and
interaction terms.

Each Majorana operator represents half a degree of freedom. The Hamiltonian becomes now

. L
(3 ~
H o= 53 e+ (<1 + 8525017242
j=1
+ (B + Aj)r2572548)- (2.11)

If the hopping and pairing terms are chosen such that £; = —A;, this simplifies to

2L
H =Y ity (2.12)
j=1
where the notations to; = p; /2 and tojy1 = —t~j were introduced. This model is known as Kitaev

chain.

The symmetries of the non-interacting Hamiltonian are inspected in the following lines. The
pairing terms in Hamiltonian break the global U(1) symmetry to the parity Zs. As usual for
Bogolyubov-de Gennes models, the Hamiltonian has a particle hole symmetry P = K. Since all
couplings are real, the system has time reversal symmetry 7 = 7,K. Both symmetry operators square
to unity, thus the model belongs to class BDI. The product of those two symmetries yields the sublattice
symmetry C = 7.

In the following, the interaction term is included. Since 42 = 1, the most local interaction term
couples four neighboring Majoranas :

2L 2L

H =3 ity + ) 95 +17+275+3- (2.13)
=i =1

Below it will be allowed for randomness in the hopping matrix elements t;. If the values of the
interaction g; as well as the distribution of hopping matrix elements t; is the same for even and odd
sites, the model is self-dual under translation by one side.
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2.2 Models

2.2.2.1 Symmetry and topology

The symmetries 7,P and C can be extended to the many-body setting in analogy with discussion in
Sec. 2.2.1.2|for the case of complex fermions. In terms of Majorana operators the symmetries read

Ty T~ = (1), (2.14)
CyiC™t =1, (2.15)
S=1-C. (2.16)

It is worth mentioning that for Bogolyubov-de Gennes Hamiltonians the particle-hole symmetry is not
a true many-body symmetry but rather a constraint related to the Fermi statistics, see discussion in
Ref. . This puts the model in interacting symmetry-class BDI with Zg topological classification,
see Ref. [26].

While the Hamiltonian contains only nearest-neighbor Majorana hopping ¢;, any odd-range
hopping is in principle permitted by symmetry. In particular, as it is discussed below, the interaction
generates third nearest neighbor hopping on the mean-field level. An even-range hopping would couple
Majoranas from the same sublattice and break the chiral symmetry and the time-reversal symmetry.
Similarly, any interaction term containing an even number of Majorana operators belonging to even
sites (and thus an even number of operators from odd sites), is consistent with the T and chiral
symmetries.

2.2.2.2 Spin representation

The interacting Kitaev chain l) can be mapped onto a spin—%—chain by means of Jordan-Wigner

transformation (see Sec. [1.1.1)):
- (1 - 2
H = ) tjloj =) t 005,
j=1 j=1
S0 -2
— Zgj 070y — Zgj 0507 1o (2.17)
j=1 J=1
Here t\ and t§2) correspond respectively to odd (t2j—1) and even (t2;) hopping matrix elements of
Eq. (2.13), and similarly for the interaction couplings g. The couplings of this model are sketched in
Fig. [2.2

It is interesting to note that the odd couplings g(l) and t\V) couple in the spin language to x com-

J J
5-2) to z components. Translation by one site (even-odd

transformation) exchanges g](-l) e gj(?) and t§~1) t§-2). Models related by this transformation are dual,

although this duality is less obvious in the spin representation than in the Majorana representation.
The spin representation will be used for the DMRG analysis below.

ponents, and the the odd couplings gj(-z) and ¢

2.2.2.3 Noninteracting limit

In the non-interacting limit (¢ = 0) the Hamiltonian (2.17) describes the transverse Ising model. In the
clean translational-invariant case (no staggering, t) = ¢ 2)) the system is critical with a 1D Majorana
low-energy theory and central charge ¢ = % In the presence of random hopping, the model is at the
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2 Disorder and interaction in chiral chains: Majoranas vs complex fermions

infinite-randomness fixed point as noted above in the context of complex fermions in Sec.
The difference between the two models in the absence of interaction is that two single-particle states
of the complex-fermion model correspond to a single state of the Majorana model. As a consequence,
the effective central charge at the infinite-randomness fixed point is halved, ¢ = (In2)/2.

2.2.2.4 Clean limit

For the case of interacting model with homogenous couplings, t; = ¢ and g; = g, Rahmani et al.
have determined the phase diagram:

e Strong interaction. The system is gapped for very strong interactions of both signs (g > 250 or
g < —2.86). The translation symmetry gets spontaneously broken, and the transition between
the topologically distinct phases is of first order type.

o Attractive interaction. There is a critical phase up to very strong interactions 0 < g < 250. The
low energy theory is a single Majorana mode with central charge ¢ = % This phase is controlled
by the same fixed point as the transverse Ising model and therefore dubbed Ising phase.

o Weak repulsive interaction. For the case of repulsive interaction (¢ < 0), the Ising phase is stable
for sufficiently weak interactions, g > —0.28.

e Intermediate repulsive interaction. For repulsive interaction of intermediate strength, —2.86 <
g < —0.28, a phase emerges with coexisting Luttinger-liquid and Majorana modes. Alternatively,
one can say that a single Majorana mode of the non-interacting theory is promoted to three Ma-
jorana modes, which can be understood already by mean-field level treatment of the interaction.

3

The central charges in this phase is ¢ = 5.

2.3 DMRG results

In this section an overview over the DMRG numerics from Ref. performed by one of my collabo-
rators is given. For DMRG methods, spin models are most convenient. Therefore the spin represen-
tations, Eq. and Eq. of the models are employed. The software OSMPS was used
for the calculations. The maximum bond dimension was chosen to be 512, states with weight smaller
than 10~® were truncated.

2.3.1 Interacting Majorana chain with staggering

This section presents the numerical DMRG results obtained by my collaborator in Ref. [86]. The
analytical reasoning in the next sections are based on these findings.

The main numerical observations are that disorder drives an interacting Majorana chain into different
localized phases if the interaction is repulsive. To obtain an overview over possible localized phases in

the Majorana model, first consider the clean model driven out of criticality by introducing staggering
(1) (2)
t

is considered. The parameters of the Hamiltonian, Eq. 1) are chosen equal to t;

ggl) = g1, and g§2) = go. The system size is fixed to L = 96 spin sites (which corresponds to 2L = 192
Majorana sites). Parameters are chosen in such a way that the relation g;/t; = g2/t is maintained; a
short-hand notation g/t is used for this ratio. The DMRG simulations explore the range —4 < g/t < 1

of the interaction strength, varying the staggering, 0 < t1/t2 = g1/g2 < oco. For the staggering region

=1, = to,
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2.3 DMRG results

0 < t1/t2 < 1, the hopping ¢t; = 1 is fixed and ¢5 is varied, while for staggering above the self-dual line
1 < t1/te < 00, ta =1 is fixed and ¢ is varied.

The system with a given value of staggering t;/to is related to the system with inverse staggering
via duality transformation. In the Majorana representation, this transformation corresponds simply
to a translation by one lattice site. On the other hand, in the spin language of Eq. the duality
transformation is much less trivial (and, in particular, non-local).

In the MPS representation the (von Neumann) entanglement entropy between two subsystems split
by a bond is readily available . In a critical 1D system of length L with open boundary
conditions, the bond entropy scales as a function of bond position = as

S(z) = gln (ifsin ”;) + (2.18)
where c is the central charge and ~ the topological entanglement entropy. The slope of the dependence
of the entanglement entropy on the scaling function entering Eq. can thus be used to extract
the central charge of the system. In gapped systems, the entanglement entropy saturates, i.e., ¢ = 0.
In order to identify critical lines and regions, the central charge defined according to Eq. is
plotted in Fig. via a color map in the parameter plane spanned by the interaction strength g/t and
the staggering t; /to. Further, in Fig. the long-range spin-spin correlation (o7 / 4057 /4) are shown.
This plot helps to differentiate between topologically distinct gapped regions. Figure provides an
overview over results that are discussed in more detail below. In this figure, numbers from 1 to 6 label
different regions; the corresponding distance dependences of spin correlations is shown (with the same
labels) in Fig. On the self-dual line, ¢1/to = 1, the range of interaction strength —4 < g/t < 1
can be divided, in agreement with Ref. || into three intervals: the ¢ = % Ising phase for attractive
and relatively weak repulsive interaction, g/t > —0.28, the ¢ = % phase where the Ising sector coexists
with a Luttinger liquid sector for repulsive interaction in the interval —0.28 > g/t > —2.9, and a
gapped phase for even stronger repulsive interaction, g/t < —2.9. This distinction remains useful also

for understanding of phases in the presence of staggering, as discussed below.

2.3.1.1 Attractive and weak repulsive interaction

In the absence of staggering, t1/to = 1, the system remains in the non-interacting Ising phase for
attractive interaction and for repulsive interaction, —g/t < 0.28, as was found in Ref. . Indeed, one
can observe in Fig. that on the self-dual line the system is critical with a central charge of % at this
range of interactions. At finite staggering the system is gapped, with two topologically distinct phases
(labeled 2 and 3 in Fig. that can be distinguished by the behavior of the spin-spin correlator. For
staggering t1/ta = ¢g1/g2 > 1, which corresponds to the topologically trivial phase in the fermionic
picture, it decays quickly with distance, see Fig. and the top left panel of Fig. On the other
hand, in the symmetry-broken phase in the spin language, t1/ta = g1/g2 < 1 (which is topologically
non-trivial in the fermion language), the correlator saturates at a constant value of order unity at large
distance, Fig. and the bottom left panel of Fig. . On the critical line t1/to = g1/g2 = 1, the
correlator decays slowly (algebraically), as expected, see middle left panel of Fig. .

2.3.1.2 Intermediate repulsive interaction

For stronger repulsive interaction —0.28 < g < —2.9, the clean system without staggering exhibits a
Luttinger liquid sector in addition to the Ising sector as has been already pointed out in Sec.|2.2.2.4
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2 Disorder and interaction in chiral chains: Majoranas vs complex fermions

2

Figure 2.3: Figure modified from Ref. |@| Central charge ¢ of the clean interacting Majorana
chain vs interaction strength g1 /t; = go2/ta = g/t and staggering t;/ts = ¢g1/g2. On
the self-dual line (no staggering, i.e., t1/ta = 1), the results agree with Ref. [31]: the
central charge is ¢ = % for —g/t < 0.28 and is then ¢ = % until the system becomes
gapped at strong repulsive interaction, —g/t > 2.9. In the Ising phase, the system
is gapped everywhere apart from the critical line (i.e., by any staggering t;/to # 1).
On the other hand, in the Ising+LL phase, adding staggering produces an extend
critical region with ¢ = 1, see also a schematic phase diagram in Fig. The red
patch is a peculiar region where determination of ¢ by means of Eq. (2.18) breaks
down, see Ref. for more detail. In fact, this phase is gapped (as is also clear by
inspecting its dual, ¢;/ty — t2/t1), i.e., the properly defined central charge is zero.

In this paper we will call this phase “Ising + LL” phase, where “LL” stands for “Luttinger liquid”. In
Ref. this phase is called the “floating” phase, in analogy to a similar phase in the anisotropic next
nearest neighbor Ising model. It is characterized by a central charge of ¢ = % Our numerical data in
Fig. confirm this behavior.

As Fig. demonstrates, the staggering does not immediately lead to a gapped system in this
interaction range. Instead, there is an extended region of finite staggering with a central charge of
¢ = 1 around the no-staggering line. This can be understood as a result of the Luttinger-liquid sector
being stable to weak staggering, with the Ising sector becoming gapped. An argument based on RG
analysis is given in Sec. [2.4. More precisely, there are two such phases with ¢ = 1, labeled 5 and 6 in
Fig. which are separated by the line with ¢ = 3/2 (label 4).

In these extended critical regions, the spin-spin correlator is an oscillating function of distance, as
detailed in Fig. The oscillation decay above the no-staggering line (label 6, top right panel),
while their amplitude remains constant below this line (label 5, bottom right panel). On the line
without staggering, the oscillations decay very slowly (label 4, middle right panel). The non-decaying
oscillation in the extended critical region below the self-dual line are also visible in Fig.

At extreme staggering t;/to = 0, the model reduces to the longitudinal Ising model. This model
exhibits a first order transition at the point g/t = 0.5. The critical region with central charge ¢ = 1
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Figure 2.4: Figure modified from Ref. . The (05,0%3) correlator between spins on the sites
t = 24 and ¢ = 48 for the clean interacting Majorana chain as a function of interaction
strength g1/t1 = ga/ta = g/t and staggering t1/ta = g1/g2. In the gapped phases (cf.
Figs. and Fig. the correlator is equal to zero above the self-duality line and
to unity below this line, thus helping to distinguish two topologically distinct phases.
In the critical region with ¢ = 1 around the Ising + LL phase the correlator shows
an oscillatory behavior, cf. Fig. right panels.

is separated from the gapped region of the Ising phase by a line connecting this point (g/t = 0.5 and
t1/ta = g1/92 = 0; marked by a black dot in Fig. with the point of the Lifshitz transition on the
critical line (g/t ~ —0.28 and t1/t2 = g1/g2 = 1; marked by a red star in Fig. [2.5). Additionally, there
is a vertical critical line (red) connecting the black dot to its dual. This line is also clearly visible in
the picture of the central charge, Fig. , as it has a central charge of ¢ = %

At variance with the horizontal ¢ = 35 line that is determined by the condition of no staggering,
the vertical ¢ = % line is not fixed by any simple symmetry. Thus additional checks were performed
to verify its position. First, in order to exclude finite-size effects, considered twice larger systems
(L = 192) are considered in this part of the phase diagram. The results demonstrated that neither the
obtained value ¢ = % nor the position of the line change with L. This implies that the vertical ¢ = %
line is indeed a property of the system in the thermodynamic limit. Second, the precise location of
the line was looked at more carefully and found that it is not exactly at —g/t = 0.5, although very
close to it. As an example, it was found that the ¢ = % line crosses the horizontal line ¢; /ty = 0.72 at
—g/t ~ 0.45. This indicates that the “vertical” ¢ = % line is not exactly straight but rather shows a
small deviation from the line —g/t = 0.5.

Analogous to the horizontal (no-staggering) critical line, the value ¢ = % can be understood as a
superposition of a Luttinger liquid (¢ = 1) and a Majorana mode (¢ = %) due to a topological phase
boundary.

To shed light on the reason for the emergence of the vertical ¢ = % line, I performed a mean-field
analysis by generalizing that of Ref. to the problem. In this way, one can approximately mapped
an interacting fermionic Hamiltonian to a non-interacting (mean-field) one and obtained the condition

for gap closing. This condition yields a two-dimensional surface in the whole (three-dimensional) space
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Figure 2.5: Figure taken from Ref. . Schematic phase diagram of the clean interacting
Majorana chain in the plane spanned by the interaction strength g1 /t; = ga/t2 = g/t
and the staggering ¢1/t2. The labels from 1 to 6 correspond to the plots of the spin-
spin correlator as a function of distance in Fig. which are labeled in the same
way. For —g/t < 0.28 the system on the self-dual line (¢;/t; = 1) is in the Ising phase
with central charge ¢ = 1/2 (label 1). Introducing staggering yields two topologically
distinct gapped phases (labels 2 and 3). At the point —g/t ~ 0.28 (marked by a
red star) the system undergoes a Lifshitz transition into the Ising+LL phase with
¢ = 3/2 (label 4). This Ising+LL phase intersects the projection plane also in the
vertical line at —g/t = 0.5 (red dashed-dotted line). For intermediate interactions,
a not too strong staggering leaves the system gapless but reduces its central charge
down to ¢ = 1 (Luttinger liquid phases; bounded by green dashed and blue dotted
lines, labels 5 and 6). These lines are drawn schematically, their exact form has not
been determined. The black dot on the bottom of the diagram (g1/g2 = t1/ta = 0
and —g/t = 0.5) marks the first-order transition in the longitudinal Ising model.
The blue square at —g/t ~ 2.9 on the self-duality line ¢;/to = 1 is the point of the
transition to a gapped phase. The phase diagram is symmetric with respect to the
duality transformation that links points with the same value of g/t and inverse values
of t1 / to.
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2.3 DMRG results

of parameters (to/t1, g1/t1, and ga/t1). The surface can be computed numerically. One can observe
numerically that this two-dimensional surface intersects the two-dimensional surface determined by
the condition t;/ta = g1/¢2 (that is used in the DMRG numerics) on two lines — the horizontal and
the vertical ones. The numerically obtained position of the vertical line is close to —g/t = 0.5. With
the superimposed extended Luttinger liquid phase, one has ¢ = % on these lines. In analogy with the
horizontal line, the vertical line corresponds to the gap closing in the Ising sector, which corresponds
to a phase boundary between topologically distinct phases.

Another interesting point is the red patch appearing in the upper plane seemingly violating the
duality of the model. This is more than a numerical artifact and has to do with corrections to the
scaling form of the entanglement entropy in gapped phases. In the Appendix of Ref. a more

detailed discussion can be found.

2.3.1.3 Strong repulsive interaction

With increasing strength of repulsive interaction —g/t, the extended critical region around the no-
staggering line gradually shrinks, see Fig. For sufficiently strong interaction —g/t > 2.9 this
region vanishes and, moreover, the line of no-staggering becomes gapped.

2.3.2 Interacting Majorana chain with disorder

In this part, the DMRG numerics that introduce disorder in the interacting Majorana chain model
are presented. The hopping ¢; was chosen as random independent variables, with a homogeneous
distribution over the interval [0.5,1.5]. All hopping matrix elements have now the same distribution,
so that there is no staggering.

In general, critical lines can move in phase space as function of disorder strength . However,
the critical line at no staggering is pinned by self-duality. Therefore, it should remain critical in the
presence of both disorder and interaction unless spontaneous symmetry breaking takes place, see a
more detailed discussion in Sec. below.

Since the average value of the hopping matrix elements is unity, the value of the interaction g has
now the same meaning as ¢/t in the analysis of the clean system. Three different ranges of interaction
strength were considered: (i) attractive interaction 0 < g < 250, (ii) weak repulsive interaction 0 >
g > —0.28 and (iii) medium repulsive interaction —0.28 > g > 2.86. The effective central charge in
these regions of interaction was calculated by analyzing the disorder-averaged entanglement entropy

via Eq. .

2.3.2.1 Attractive interaction

For attractive interaction 0 < g < 250, the clean system is in the Ising phase with a central charge
of %, see Sec. and left panel of Fig. On the other hand, the disordered non-interacting
system has an effective central charge of cog = % ~ 0.35 as was found in Ref. . The numerics
confirms this value.

Remarkably, in the presence of both disorder and interaction, the central charge returns to the value
of the clean system ceg = %, see Fig. (right panel). For higher attractive interaction, the disorder
averaging requires less samples in order to give a smooth function of the entanglement entropy vs
scaling function than for lower interaction. This serves as an additional indication that disorder does

not play an important role for the Majorana chain with attractive interaction.
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Figure 2.6: Figure taken from Ref. . Spin-spin correlator (o7 14074 ;) for the clean Majorana
chain in spin formulation, Eq. (2.17), at weak repulsive interaction g/t = —0.10 (left)
and medium repulsive interaction g/t = —0.85 with no staggering, t1 /t2 = 1 (middle),
and staggering t1/t2 = 1.39 (top) and ¢;/t2 = 0.72 (bottom). The labels from 1 to 6
correspond to those in Fig. The system size is L = 190, in the indices L/4 denotes
the integer part [190/4] = 47. In the case of weak repulsive interaction, the correlator
is strictly positive, while in the case of medium repulsive interaction, the correlator
oscillates as a function of distance and can take on negative values. On the self-
dual line (middle), both correlators decay slowly (presumably algebraically) to zero.
Above the self-dual line the correlators decay in both regimes quickly (presumably
exponentially) to zero. Below the self-dual line, the correlator becomes constant
for weak repulsive interaction and oscillates with a constant amplitude for medium
repulsive interaction. The drop of the correlator in the bottom left panel (with label
2) near i = 3L/4 (i.e., at the right end of the curve) is a boundary effect.
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Figure 2.7: Entanglement entropy of the clean (left) and disordered (right) Majorana chain with
attractive interaction g = 1 vs the scaling function Eq. (2.18) for different system
sizes. For the clean system, the central charge is ¢ = % in agreement with Ref. .
For the disordered system, the effective central charge is also found to be ¢ = %

2.3.2.2 Weak repulsive interaction

The clean system stays critical with ¢ = % for weak repulsive interaction , —0.28 < g < 0, see
Sec. and the left panel of Fig. An important finding was that adding disorder leads
to localization, see right panel of Fig. This appears to happen for arbitrarily weak repulsive
interaction and arbitrarily weak disorder. Due to duality, the critical lines have to be mirror symmetric
around the self-dual line with respect to staggering. This holds also when the system is disordered. For
this reason, the critical line cannot simply bend away from the self dual line. If the system localizes
on the self-dual line, there are therefore two possibilities: (i) the critical line splits up into two lines
with equal central charge, leaving a gapped region around the self-dual line, or (ii) the critical line
terminates, and the transition between the region above and below the self-dual line becomes first order.
It is shown in Appendix by treating the interaction at the mean-field level that the criticality is
pinned to the self-dual line for all interaction values and disorder strengths. This excludes the option
(i), thus implying that the possibility (ii) is realized.

Thus one can conclude that, for a disordered system with repulsive interaction, the symmetry gets
spontaneously broken, and the system undergoes a first-order transition on the self-dual line. This is
also reflected in the distance dependence of the spin correlation function. Specifically, it was found
that, depending on the disorder configuration, this correlation function shows one of two types of
behavior: it either very quickly decays to zero or fluctuates around a value of order unity. This is
illustrated in Fig. where the results for two disorder configurations are shown. These two types of
behavior correspond to two topologically distinct phases, as is clear from the comparison of two panels
of Fig. with the top left and bottom left panels of Fig. In the latter figure, the topologically
distinct phases were induced by staggering (in a clean model) breaking explicitly the symmetry with
respect to the duality transformation. One can now see that adding disorder breaks spontaneously the
symmetry of the system on the no-staggering line, placing it into one of the two topologically distinct
phases. The transition between these two topological phases becomes thus first order.
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Figure 2.8: Entanglement entropy of the clean (left) and disordered (right) Majorana chain with
weak repulsive interaction g = —0.1 vs the scaling function Eq. for different
system sizes. In the clean system, the central charge stays at ¢ =
disordered case the entanglement entropy saturates indicating localized behavior.
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Figure 2.9: Spin-spin correlator (o7 /402 /4 ;) of the Majorana chain with weak repulsive inter-
action g = —0.1 at length L = 200. The two panels represent two different disorder
configurations. In the left panel, the correlator decays quickly to zero, which is anal-
ogous to the behavior in the presence of staggering gi/g2 = t1/ta > 1, see top right
panel of Fig. In the right panel, the correlation function fluctuates, staying of or-
der O(1). This is similar to the region with staggering g1 /g2 = t1/t2 < 1, see bottom
right panel of Fig. This behavior reflects the fact that disorder breaks sponta-
neously the symmetry with respect to duality transformation, placing the system in
one of two topological phases.
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Figure 2.10: Entanglement entropy of the clean (left) and disordered (right) Majorana chain
with medium repulsive interaction g = —0.5 vs the scaling function Eq. (2.18)). The
central charge of the clean system is % as predicted . On the other hand, the
entanglement entropy saturates for the disordered case, implying localization.

2.3.2.3 Medium repulsive interaction

If the repulsive interaction is in the interval —2.86 < g < —0.28 the clean system is in the ISing+LL
phase which is characterized by a central charge of %, see Sec. and left panel of Fig. m The
results show that, similar to the case of weak repulsive interaction, disorder leads to localized behavior
also in this range of interaction, see right panel of Fig. This was also found in Ref. .

As in the case of weak repulsive interaction, the spontaneous symmetry breaking by disorder can
be visualized by inspecting the spin-spin correlation function for individual realizations of disorder.
Again two distinct types of behavior were found that are illustrated in Fig. oscillations without
decay or with a quick decay. The behavior shown in the left panel of Fig. corresponds to that
in the clean model in the Ising+LL phase with staggering g1/g2 = t1/t2 < 1, see bottom right panel
of Fig. while the behavior shown in the right panel of Fig. corresponds to that in the
clean model with staggering g1/g2 = t1/t2 > 1, see top right panel of Fig. Thus, the symmetry
between the two topological phases gets broken spontaneously by disorder in full analogy with the
weak-repulsion regime. A comparison of Figs. and reveals an interesting difference between
the weak-repulsion and intermediate-repulsion topological phases. Specifically, in the latter case the
correlator shows oscillations around zero, thus changing sign.

2.3.3 Disordered Fermionic chain

It has been found that the (sufficiently weak) interaction for a disordered interacting fermionic chain,
Eq. (2.2), does not modify the behavior of the disordered system in Ref. [86]. Both for r = 1 and
r = 2 the interacting system remains critical and has the central charge ¢ = In 2 characteristic for the
infinite-randomness fixed point. The interaction must be RG irrelevant.
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Figure 2.11: Spin-spin correlators (o7 / 107 /4 +i> of the Majorana chain for medium repulsive in-
teraction g = —0.5 with length L = 200. Two panels show results for two different
disorder configurations that lead to vastly different behavior. In the plot for the first
disorder configuration, the spin correlator oscillates around zero with an amplitude
essentially independent of distance. This behavior is analogous to the one induced
by staggering in the region below the self-dual line, see bottom right panel of Fig.
For the other disorder configuration, the spin-spin correlator oscillates and
quickly drops to zero. This behavior corresponds to the one induced by staggering
in the region above the no-staggering line, see top right panel of Fig. The disor-
der thus breaks spontaneously the symmetry between the two topologically distinct
phases. In both phases, the correlator takes negative values for some distances, at
variance with the case of weak repulsive interaction, Fig.

2.4 Renormalization group around the clean fixed point

Numerical results of Sec. for a disordered interacting Majorana chain indicate that in the presence
of disorder an interaction of either sign becomes relevant. To get the corresponding analytical insight,
one has to consider a model with both interaction and disorder, which is an extremely challenging
problem. In this Section this problem is approached by starting from a clean interacting Majorana
chain and exploring the effect of weak disorder.

The stability of the clean fixed points of the interacting fermionic and Majorana models can be probed
by a weak-disorder momentum-space RG analysis, which is introduced in Sec. [1.1.3] For this purpose,
the low-energy theory is considered in the continuum limit. In the case of the complex fermionic chain,
this is a Luttinger liquid (LL) theory. In the Majorana case, it is either a Majorana theory (¢ = %,
Ising phase) or a Majorana theory with an additional LL sector (¢ = %, Ising +LL phase), depending
on the interaction strength. The density-density parts of the interaction are quadratic in Luttinger
theory and renormalize the Luttinger parameter K.

In these continuum theories, disorder appears as a random-mass term. Choosing nonzero average
of the mass or a constant non-vanishing mass corresponds to staggering. By including such terms,
one can draw conclusions about the stability with respect to staggering, which is another goal of the
present section. This should help understanding the appearance of extended gapless phases that were
found by DMRG numerical analysis in Sec.

It is shown below that at any of the fixed points of the clean Majorana chain (Ising or Ising +
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2.4 Renormalization group around the clean fixed point

LL), the disorder becomes relevant and flows to the strong-coupling regime. This happens also for
the complex-fermion fixed point (Luttinger liquid) if the interaction is not too strong. This will lead
to the complementary analysis in Sec. where disorder is treated exactly and the interaction as a
perturbation.

2.4.1 Majorana: c = 1/2 fixed point

The continuum decomposition in slow modes vg/;, of the lattice Majorana operators v; is

v =R+ (=1L (2.19)

For a Majorana low energy theory disorder corresponds to a random-mass term of the form:
Smaj — /dex m(z)vr(T, )y (T, ). (2.20)

A constant mass m(x) = mg corresponds to a staggering; it directly opens a gap of size my.

The disorder is assumed to be Gaussian white noise with (m(x)m(y)) = Dd(x — y); one can also
include a staggering by introducing a non-zero mean (m(z)) = mg. Treating the disorder by using
the replica trick, one straightforwardly finds that the term generated by disorder has (upon disorder
averaging) the scaling dimension 1 and is therefore relevant in the RG sense. This term drives the
system away from the clean fixed point. However, this does not necessarily mean that the system
becomes gapped. For example, in the non-interacting case (and in the absence of staggering) the
system flows to the critical infinite-randomness fixed point . It means, however, that an analysis
based on RG around the clean fixed point is insufficient to understand the infrared physics of the
problem and suggests a complementary approach as implemented in Sec.

Finally it should be noted that no relevant interaction term can be written down in a Majorana low-
energy theory. Indeed, the interaction should involve at least four Majorana operators with scaling

1

dimension 5 each and two derivatives with dimension —1. The most relevant term thus has scaling

dimension —2 and is strongly irrelevant.

2.4.2 Complex fermions: Luttinger liquid (c = 1) fixed point

Lattice operators c¢; are related to their continuum versions g/, as follows

¢j = P Pr + (—i) 9L (2.21)

In the presence of interaction g # 0, bosonization has to be employed. Here the following conventions
relating the fermionic fields ¢ g7, to the bosonic fields ¢, 6 are used:

Yr/L = Ugrrexp (¢ £0). (2.22)

The Klein factors Ug/;, are not important in any of the following considerations.
The exact dependence of the Luttinger parameter K on the parameters of the lattice model is

known :

g/t = —cos (W/QK) . (2.23)
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2 Disorder and interaction in chiral chains: Majoranas vs complex fermions

Disorder and staggering introduce a mass term of the form:

SLL — /dex m(x)(wTR(T, )L (1,z) + h.c.). (2.24)

The scaling dimension of a constant mass term is 2 — K. This means that it is relevant for K < 2,
which corresponds, in terms of the microscopic parameters, to the interval —1 < g/t < 0.7 covering
almost the whole range of critical theories, |g/t| < 1.

The scaling dimension of the quartic term generated by disorder, as obtained by the replica field-
theory approach, is 3 — 2K. It depends thus on the Luttinger parameter K whether the disorder is
relevant or not. Specifically, for g/t < 0.5 the disorder is relevant, while for 0.5 < g/t < 1 the model
remains at the clean fixed point in the presence of weak disorder. The latter prediction has been
checked by DMRG for the scaling of the entanglement entropy at strong attractive interaction,
g = 0.8, and sufficiently weak disorder. One finds ¢ = 1, as expected for the system at the Luttinger-
liquid fixed point. Around the non-interacting limit, i.e. for K sufficiently close to unity, the disorder
is strongly relevant, as expected.

The allowed interaction terms are discussed briefly as perturbations to the Luttinger liquid fixed
point. They are of three types. First, the density-density interaction is marginal and simply modifies
the value of K. Second, terms that are of higher order in v or contain gradients are strongly irrelevant.
Finally, the staggering yields sine and cosine terms that are relevant in a range of K (in particular,
around the weak-interaction point &K = 1). On the self-dual line, these latter terms are absent.

2.4.3 Majorana chain: Ising+Luttinger liquid (c = 3/2) fixed point

This subsection turns to the ¢ = % fixed point of the clean Majorana chain that emerges in a range of
medium-strength repulsive interactions, as discussed above. It was suggested in Ref. that, at this
fixed point, the low-energy theory consist of Majorana and Luttinger-liquid sectors, see also Sec.
and This can be understood by considering the quadratic form of the action including the
third-nearest-neighbor hopping which is generated by mean-field treatment of the interaction (or,
alternatively, under RG flow):

H = iZ[tj’YjVj+1+t/’7j’Yj+3}- (2.25)
j

The third-nearest-neighbor hopping term modifies the dispersion such that there are now three Majo-
rana modes, or, equivalently, a fermionic mode emerge in addition to the Majorana mode. The lattice
Majorana operator -y; then has the following low-energy decomposition [31]:

v = 27r + 2(=1)7 g
+ exp(—ikoj) U] + exp (+ilko + 7)) Ul + hec. (2.26)

where ko is the effective Fermi momentum. The interaction gv;v;j4+17;+27;+3 generates now the density-
density interaction of the fermions W, V. To treat this interaction exactly, the bosonization approach
is employed. Another interaction term couples the resulting Luttinger liquid to the Majoranas with
strength ¢, see Eq. (A.2).

Next, the stability with respect to staggering is discussed. The kinetic term ~;v;41 has oscillatory
components with wave vectors k; = 0, ko, ko + 7, 2ko, 2ko+m, and 7. A constant mass term m(x) = m
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2.4 Renormalization group around the clean fixed point

Table 2.1: The RG scaling dimension and relevance range of couplings in the low-energy theory of
the Ising+LL phase. Forward scattering is gauged away, see Appendix The five
remaining (dimensionless) coupling constants corresponding to disorder are labeled
Yk;, where k; refers to the momentum component. The dimensionless interaction
strength is denoted by v/ = ¢'au™!, where a is the lattice spacing and u the LL
velocity. The clean Ising+LL phase of the Majorana chain is characterized by K < 1
and remains stable with respect to coupling between the Ising and LL sectors as long
as % < K <1.

coupling dimension relevant in
Yo 2—3(K+K1) 02T<K <38
Yhotr 2—3(K+K71) 027T<K <38

Yoko 3-2(K+ K1 0<K<?2

Yokotr 3—2K K <15
Y 3—2K! 0.67 < K
Y 1—-K1 1<K

describing staggering couples to the m-component of the kinetic term:
S,, = /d2r [—8myr YR + 4m cos kg cos 26] . (2.27)

The Majoranas are then immediately gapped out. On the other hand, the cosine term in the Luttinger-
liquid sector is relevant only for K > % There is therefore a region of the interaction strength where
the Luttinger liquid is stable towards staggering. This explains the existence of the extended gapless
phase with ¢ = 1 observed numerically, see Fig. and the schematic phase diagram in Fig.

Now the effect of disorder that is treated as a weak perturbation is analyzed. Combining the
oscillatory components of the kinetic term v;v;11 (with the six wave vectors listed above) with the
corresponding Fourier components of the random mass yields non-oscillatory contributions. One there-
fore gets six independent disorder couplings Dy, that coincide at the beginning of the RG flow but
renormalize differently. Details on implementation of the RG procedure are presented in Appendix[A.1]
In Eq. (A.1), the disorder-induced terms in the action (with the replica formalism used to average over
disorder) are presented. While the forward scattering Dy cannot be gauged away straightforwardly, a
more detailed calculation shows that it does not change the results presented here.

In Table [2.1], the scaling dimensions of the disorder couplings resulting from the corresponding RG
equations are listed. They determine the range of K in which the disorder-induced terms are RG-
relevant. One can observe that at least one of the couplings is relevant for any value of K, i.e. the
disorder always drives the system aways from the clean fixed point. In analogy with the conventional
Giamarchi-Schulz RG , the RG equations for the disorder-induced couplings are complemented
by the flow equation for the Luttinger constant K:

2)(3 —
88—];:—% [Kz— L+ K )2(3 QK)] Yoko+m
N % [1 a4 K2)(23 - 2/K)] . (2.28)
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2 Disorder and interaction in chiral chains: Majoranas vs complex fermions

Here yorg+r = ﬁ_1D2k0+7rau_2 and yr = 16 cos® koDrau~? are dimensionless coupling constants for
the disorder-induced terms with momentum component k; in terms of lattice spacing a and Luttinger-
liquid velocity u. In Eq. , kept only the contribution of the couplings yoi,+~ and y. to the
renormalization of K has been kept. In principle, the other couplings yi, also contribute to this
renormalization; however, they are less relevant for K around unity, so that their contributions have
been neglected.

A brief summary of main conclusions that can be drawn from this RG is as follows. First, the
Ising+LL clean fixed point is stable towards interaction. Indeed, this phase is characterized by a
repulsive interaction, hence K < 1, so that the ¢’ coupling is irrelevant. In fact, a higher order coupling
between the LL and Majorana sectors becomes relevant for very strong interaction [31], K < 1/4, so
that the range of stability in the absence of disorder is 1/4 < K < 1. Second, over an extended
parameter regime, the staggering is irrelevant in agreement with the numerical results of Sec.
see Fig. Third, and most importantly, the disorder at the Ising+LL fixed point always runs to
strong coupling. In other words, this fixed point is unstable with respect to disorder.

The results obtained in Sec. demonstrate that the weak-disorder analysis is not sufficient for
Majorana chain, both in the ¢ = 1/2 and ¢ = 3/2 phases of the clean system. The RG relevance
of disorder is also supported by the analysis in Appendix where the exact treatment of disorder
is combined with mean-field treatment of the interaction. The disorder is also RG relevant for the
complex-fermion chain if the interaction is not too strong. These results motivate one to perform in
Sec. a complementary analysis. One can start there from an exact treatment of disorder and will
include interaction as a weak perturbation.

2.5 Strong randomness fixed point: Eigenfunction statistics and effect
of interactions

In Sec. [2.4] one could see that the combined effect of interaction and disorder cannot be understood as a
perturbation around the clean interacting fixed point. Specifically, it has been established that disorder
is strongly relevant at the clean fixed point, thus quickly increasing under RG. It is known that, in the
absence of interaction, this RG flow leads to the critical infinite-randomness fixed point. It is thus a
natural question whether this fixed point is stable or not with respect to interaction. This question is
addressed in the present section. The analysis has much in common with the investigation of stability
of 2D surface states of disordered topological superconductors with respect to interaction , . A
closely related physics controls the enhancement of superconducting and ferromagnetic instabilities
by disorder in 2D systems . Further, there are close connections with the analysis of the
anomalous scaling dimension of interaction in context of the study of decoherence and the dynamical
critical exponent at the quantum-Hall transition with short-range interaction.

In the clean system, the relevance or irrelevance of an operator can be often established by a relatively
straightforward power counting. As an example, this was done in Sec. to show that interactions are
RG-irrelevant at the clean fixed point of the Majorana chain. In the presence of disorder, the situation
is much more complex, since the multifractal nature of wavefunctions as well as a non-trivial scaling
of the density of states have to be taken into account. Formally, this disorder-induced renormalization
of the interaction U can be expressed by an RG equation of the form

dlnU )
YA (2.29)

54



2.5 Strong randomness fixed point: Eigenfunction statistics and effect of interactions

Here z; is the scaling dimension of the density of states of a non-interacting system, with x; > 0 and
x1 < 0 corresponding to the cases of vanishing and diverging density of states, respectively. Further,
l'gU) is the scaling dimension of the four-fermion interaction operator with respect to the non-interacting
theory. For a detailed derivation of Eq. the reader is referred to Appendix C of Ref. . If the
right-hand side of Eq. is positive, the interaction is relevant at the non-interacting fixed point;
otherwise it is irrelevant.

For a short-range interaction, and in the case when cancellations of the Hartree-Fock type (see below)
are not operative, the scaling dimension ng) is equal to the dimension x5 of the squared density of
states (which is also a local four-fermion operator). For the clean system z is simply equal to 2x; but
for a disordered system one has in general zo < x; in view of multifractality (characterizing strong

fluctuations of the density of states) . Specifically,
To = Ao + 211, (230)

where Ay < 0 is the anomalous dimension of the fourth moment of the eigenfunction ((U2) in the
notations used below). In this situation of the maximally relevant interaction (no suppression due to
Hartree-Fock cancellation or other reasons), Eq. 1' takes the form

dlnU
dinL = —X1 — AQ. (231)

The sum of two exponents —z1 and —Ay in the r.h.s. of Eq. (2.31) determines the scaling with L of
the product vCy of the density of states v and the Hartree-type correlation function Cy [defined in

Eq. (2.48) below] for r = 0.

In general, CL'QU) > x4 since the effect of the interaction can be suppressed due to Hartree-Fock-type
cancellation. In this generic situation, one has, in analogy with Eq. (2.30),

2V = AV 4 24y (2.32)
where AgU) is the anomalous dimension of the eigenstate correlation function C'gp corresponding
to the matrix element of the interaction (and thus taking into account possible Hartree-Fock-type

cancellations; see, e.g., Eq. (2.47)) for the case of complex fermions below). Substituting Eq. (2.32) into
Eq. | , one gets

dinU U)

The sum of the exponents —z; and —AéU) in the r.h.s. of Eq. 1D corresponds to the scaling with

L of the product vCpp of the density of states and the correlation function Cyp. Below the explicit
form of this correlation function is determined by inspecting the expectation value of the interaction
operator and analyze the scaling of the product vCgp with L for the models of complex fermions

(Sec.[2.5.2) and for the Majorana model (Sec. [2.5.3).

If —zq — AéU) < 0, the interaction is RG-irrelevant, i.e., the non-interacting fixed point is stable
with respect to inclusion of not too strong interaction. In the opposite case, —x1 — AgU) > 0, the
interaction is RG-relevant and drives the system away from the non-interacting fixed point. It was
found in previous works on the effect of interaction at critical points of higher spatial dimensionality

(d > 1, with a particular focus on 2D systems)[29} [30, 136, [137] [156{158] that both these scenarios can
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2 Disorder and interaction in chiral chains: Majoranas vs complex fermions

be realized. Whether the interaction is relevant or irrelevant depends on the specific non-interacting
critical theory considered (i.e., spatial dimensionality as well as symmetry and topology class). As is
shown below, both scenarios are also realized in the context of the present work (1D critical systems of
class BDI): the interaction is irrelevant in the case of complex fermions and relevant in the Majorana
model.

The present problem has much in common with d > 1 Anderson-localization critical points studied
in previous works where the multifractality induces strong correlations between eigenstates at different
spatial points and different energies (often referred to as Chalker scaling). In fact, critical singularities
are particularly strong in the present case. In the more conventional situation, both the density of
states v and the eigenstate correlation function Cyp (and, correspondingly, their product) exhibit a
power-law scaling with L, so that the indices x; and AgU) are constant (i.e., independent on L). On
the other hand, below it can be seen that in the present problem v and (in the complex-fermion case)
Chr scale exponentially with v/L, which means that z; and AgU) are L-dependent and increase (by
absolute value) at large L as v/L/In L. This is a manifestation of the fact that the 1D critical point
studied here is characterized by very strong multifractality. The sign of —z; — AéU) at large L is of
interest here, since it controls the behavior (increase or decrease) of vCyp in the limit L — oo.

For systems of the symmetry class BDI in one dimension with an odd number of channels, the
density of states at low energies e exhibits the well known Dyson singularity[39) 161]:

1

~—. 2.34
YO~ e (2.34)
One can use this result to calculate the position of the n-th level in a system of the length L:
€n n
/ ve)de = 2 (2.35)
0 L

which yields

L
€n ~ €XP C\/; , c=0(1). (2.36)

The scaling is verified numerically for the model with the nearest-neighbor hopping matrix
elements uniformly distributed over the interval ¢; € [0,1]. The numerical data shown in Fig. 2.12|
fully confirm the analytical prediction, with the coefficient ¢ =~ 0.5. Thus, one can write down the
density of states around the lowest energy state €; as a function of the length L:

exp (cﬁ)

v(0,L) ~ —5—=~. 2.37
(0.0)~ — (231)
This behavior is not of power-law type, i.e., it is not characterized by a critical exponent in the usual
sense. One can define, however, an L-dependent scaling exponent z1(L) = —0dInv/01n L, with the
result
vL 3
—x1(L) = - = 2.38
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Figure 2.12: Figure taken from Ref. . Numerical verification of Eq. 1D for the scaling of
energies of the low-lying single-particle states. Left: Average energy of the lowest
eigenstate €; as a function of the square root of the system size, confirming the
scaling —Ine; o< VL. Right: average energy €, of the n-th eigenstate vs 1 /v/n in a
system of size L = 1000, confirming the scaling — In e, o< n~'/2 for sufficiently low
energies. Combination of the scaling behavior observed in both panels confirms Eq.
(2.36).

The result (2.38)) for the scaling dimension of the density of states is valid both for the Majorana
and complex fermions, since these models are equivalent in the absence of interaction. (The only
difference is that the number of states is halved in the case of Majoranas.) On the other hand, it will
be shown that the scaling dimension A(ZU) of the interaction is completely different in these two models.
The scaling of interaction by a will be explored by a numerical approach, supporting the results by
analytical arguments.

2.5.1 Scaling of interaction

In order to determine the scaling of the interaction operators, the interaction matrix elements are
expressed in terms of linear combinations of products of single-particle eigenfunctions. These expression
in terms of the eigenfunctions are then numerically averaged over the disorder. The numerical results
will be also supported by analytical considerations (Appendix .

One can start by writing the most general non-interacting Hamiltonian of a 1D system of size L of

symmetry class BDI [159]:
1 0 h c

where h is a real matrix and c4 B, CL p are onsite operators acting on the two sublattices. In the case
of the complex fermionic chain, these are fermionic creation and annihilation operators, in the case of
the Majorana chain one has cq4 = v4 = CL and cg = iy = —CE, where v4 p are the real Majorana
operators in Eq. . Diagonalizing the L x L matrix in Eq. , one can rewrite the Hamiltonian

(2.39)
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2 Disorder and interaction in chiral chains: Majoranas vs complex fermions

in the basis of operators which correspond to the single particle excitations of the system,

n=1(al d1)<g i)(jj), (2.40)

¢i =Y Uiada. (2.41)

Here ¢ is a diagonal matrix with eigenvalues 0 < €1 < €2 <... < €f/. In the case of complex fermions,
the eigenvectors Uj, are just the conventional single-particle wavefunction ¥, (i). The ground state
|2) of the Hamiltonian can be written in terms of the operators d and the zero-particle state |0):

Q)= J[ dilo). (2.42)

a,eq <0
This immediately yields the action of the d operators on the ground state:

do|Q?) =0 for eq > 0, (2.43)
di|Q) =0 for e, < 0. (2.44)

A general ¢-body interaction operator can be expressed as sum of products of annihilation and creation
operators of the following type:

R q 2q
0 = HCIM H Ca
i=1 Jj=q+1
q 2q
= Y [[Uawdl, 1] Uaja;da;- (2.45)
{aia;} =1 i=q+1

The expectation value of the operator O over any eigenstate of a non-interacting system can now be

calculated by substituting Eq. (2.41)) into Eq.(2.45):
~ q 2q
{0) = Z HUai:aanmj <H diui H docj>' (2.46)
i=1

{anas} i j=q+1

The expectation value that stands as a last factor on the right-hand side of Eq. is non-zero only
if the states a; and «; are pairwise identical; in this case, it is equal to +1 or —1, depending on parity
of the permutation of indices. The right-hand side of Eq. thus represents an algebraic sum of
products of single-particle eigenfunctions.

The terms in Eq. are therefore the matrix elements of the interaction operator expressed as
products of the eigenvector amplitudes U;,. For the conventional case of two-body interaction, ¢ = 2,
Eq. reduces, in accordance with the Wick theorem, to a sum over pairs of states aj, as. For
a given choice of sites a1,...aq4 and eigenstates aq, ao, there will be two different terms in Eq.
(plus analogous terms obtained by an interchange a; <> «2), that have a meaning of Hartree and
Fock terms. These two terms correspond to the order of subscripts ajasaias and ajasasay of d
operators in Eq. . As usual, the Fock term will enter with a relative minus sign due to Fermi
statistics. Below one can see that, in close analogy with Refs. [156-158], a major cancellation between
the Hartree and Fock terms will play a crucial role for the RG-irrelevance of the interaction in the
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2.5 Strong randomness fixed point: Eigenfunction statistics and effect of interactions

case of complex fermions. In the case of Majorana system, there is a third term, originating from
the following order of indices ajajagag, as discussed in detail in Sec.[2.5.3] It has a meaning of the
Cooper term, and its emergence it is not surprising since Majorana excitations are characteristic for
superconducting systems. As is shown below, the presence of this term spoils the cancellation, making
the total interaction matrix element relevant in the RG sense.

In general, the disorder averaged value of matrix elements under consideration is a function of
the system size and of the energies of the ¢ = 2 eigenvectors involved. To obtain the scaling of these
functions numerically, matrices of the form Eq. for different system sizes were generated and the
lowest 20 eigenvectors calculated. Then for each pair of eigenvectors the corresponding matrix elements
entering Eq. were calculated. This procedure yields pairs of energies and the associated matrix
elements, which then have to be averaged over disorder configurations. This is done by making a
histogram and averaging the matrix elements over each energy bin. It is worth emphasizing that for
the cases of logarithmic dependence of the matrix elements on energy, the correct choice of averaging
procedure is crucial. In these cases, the bin sizes are chosen such that the number of data points is
the same in every bin.

Even though here one is dealing with eigenstates of a non-interacting problem, the corresponding
numerical analysis is a rather challenging endeavour. This is particularly true in the regime of strong
Hartree-Fock cancellations that plays a central role below. In this situation, the default double precision
that provides approximately 15 decimal digits is by far insufficient. As will be shown below, the Hartree
and Fock terms can be the same within hundreds of digits for large systems. The calculations have
therefore been performed with at least 500 decimal digit floating point arithmetics.

Since for large (L >> 1) systems full diagonalization becomes slow (typically O(L?))) and memory
intensive (at least O(L?))), a transfer matrix approach is chosen to compute the first few eigenvectors
Uic,- The characteristic polynomial A(e) is evaluated by L column expansions in O(L?). The first
20 eigenenergies €; closest to zero are obtained as roots of A(€). The ¢; are plugged into the transfer
matrix equation to find U, .

For all following calculations, the hopping parameters are chosen to be uniformly distributed over
the interval ¢; € [0, 1].

2.5.2 Complex fermion chain

Start with the model of the complex fermionic chain described by Hamiltonian Eq. . Due to
chiral symmetry, each state with positive energy has a partner state with negative energy. For zero
chemical potential, in the non-interacting ground state all states of negative energy are occupied and
all of positive energy are free. The relevance of the interaction in the infrared limit is controlled by its
matrix elements evaluated on low-lying eigenstates. To obtain the appropriate eigenstate correlation
function, the expectation value of the interaction, Eq. is inspected. For each pair of sites 7, 7,
one has a contribution

(el ciciyr) = Y Uz‘anUHr,wUm,a<dldgdvd6>
afyo

= Z (Uianan—i-T,B Uitr,p
{aB}

— UiaUigUsiraUstrs) (2.47)
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2 Disorder and interaction in chiral chains: Majoranas vs complex fermions

with the summation in the last expression going over pairs of filled states. The two terms in brackets
after the last equality sign in Eq. correspond to the conventional Hartree and Fock diagrams.
Define the corresponding correlation functions of two single-particle eigenfunctions as functions of
energies, distance, and system size:

Cu(€a,€8,7, L) = (UiaUiaUitr,gUitr 8) diss (2.48)
Cr(€a,€8,7, L) = (UiaUigUiyr.aUitr g) dis, (2.49)

Cur(€a; 5,7, L) = (UiaUiaUi1r gUitrp
— UiaUigUitr,aUisr 8) diss (2.50)

where (.. .)qis denotes the disorder averaging. Below, the scaling of the full correlation function Cyp =
Cy — CF is analyzed in order to determine the scaling exponent AgU) of the interaction. It was verified
in Refs. that this scaling dimension also controls the scaling of interaction matrix elements
also in the second order of the perturbation theory. Thus it is expected that the analysis of the scaling
of the correlation function with energy and the distance is sufficient for establishing the relevance

or irrelevance of the interaction near the non-interacting fixed point.

The following comment concerning the r dependence is in order here. The DMRG results presented
above dealt with short range interaction r» ~ 1 only. At the same time, one may be also interested in
effects of long-range interaction, in which case one needs to know the scaling of correlations functions
of the type with r. Furthermore, the analysis of correlations of eigenstates at the infinite-
randomness fixed point constitutes by itself a very interesting problem (with r dependence being an
important ingredient), as it represents a remarkable example of strong-coupling Anderson-localization
critical point (see also a discussion in Sec. . Since the r dependence of the correlation functions
(2.48), (2.49), (2.50) can be tackled by the same approach, below the correlation functions not only
for r ~ 1 but also for arbitrary r are analyzed. In the end, when the RG relevance of the short-range
interaction is studied, the focus is on the correlations at » ~ 1. This comment applies also to the
Majorana chain, Sec. [2.5.3|

2.5.2.1 Single-wavefunction correlations

Terms where the two wavefunctions are identical, i.e. @ = 3, do not contribute to the interaction matrix
element Cyr as the Hartree and Fock terms cancel each other exactly. Nevertheless, it is useful to start
the analysis by considering the single-wavefunction correlations for two reasons. First, they can be
particularly well understood analytically and can serve as a benchmark to the numerical calculations.
Second, it can be seen below that some of properties of the single-wavefunction correlations translate
to correlations of two eigenstates that are important for the interacting models. The two-point, single-
wavefunction correlation function C5 is defined to be:

02 (Qw r, L) = <Uianan+r,aUz’+r,a>dis- (2'51)
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Figure 2.13: Figure taken from Ref. . Single-wavefunction correlation function for short even
distance, LCy(e,r = 2, L), and short odd distance, Cy(e,r = 1, L), vs energy € in
systems with size L from 100 to 10000 (distinct colors). For r = 2 the correlation
function is independent on energy, while for » = 1 it scales as €2 (and thus is strongly
suppressed at low energy), as predicted analytically.

10734 X
G 1
ol x L~

I

=10

\U.\
@)

1075 | , , , , "

102 103 104 20 40 60 80
L VL

Figure 2.14: Figure taken from Ref. . Single-wavefunction correlation function for short
even distances Cy(e1,7 = 2,L) (left panel) and short odd distances Ca(er,r =
1,L) (right panel) vs system size L. For r = 2 the data confirm the analytically
predicted scaling, Cy ~ L7!, see first line of Eq. . For odd distance, the
correlation function decreases quickly with L since the lowest energy e; approaches
zero exponentially fast, e; ~ exp{—cv/L} and in view of Cy €7, see Appendix

For zero energy, the wavefunction U, can be expressed exactly in terms of a given realization of
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2 Disorder and interaction in chiral chains: Majoranas vs complex fermions

disorder [39]. The zero-energy wavefunctions belong entirely to one of the two sublattices (i.e., vanish
on the other sublattice). If one looks at the wave function moments at a single point, their scaling is
similar to that of a fully localized wavefunction[39] 159]:

) ~ 1, (2.52)

for ¢ > 0. At the same time, the spatial decay of the correlation function Cs at zero energy is only
algebraic, which is a property of a critical system [39]:

_3 . _
r~2L7Y, reven;

Ca(0,7r, L) ~ {0 L odd (2.53)

For finite energy, this formula for even-r correlations is expected to hold as long as the distance r is
smaller than the localization length, r < &. The latter was predicted to scale with energy as

£ o< |Inel?. (2.54)

Using Eq. with n = 1, one can see that £ ~ L for the lowest eigenstate.

As to odd-distance correlations, they are not exactly zero for a non-zero energy e. Indeed, the
absence of odd-distance correlations, Eq. , is a consequence of the chiral symmetry which is
exact at e = 0 but is violated at non-zero energy and gets progressively more strongly broken when
the energy increases. Thus, the odd-r correlations should be strongly suppressed relative to even-r
correlations at low energies, with the suppression becoming stronger with lowering energy. As shown
in Appendix , the corresponding suppression factor is ~ €2 for odd r ~ 1.

Now the analytical predictions are confronted with numerical simulations. In Fig. the numer-
ically obtained energy dependence of the correlation function Cs is shown for fixed L = 1200 and
fixed small separation r. Specifically, » = 2 is chosen for the even case and r = 1 for the odd case.
It is seen that the even-distance correlations are essentially independent of €. This is the expected
behavior: indeed, for r ~ 1, the condition r < & is fulfilled as long as |lne| > 1, i.e., essentially
in the whole range of Ine. On the other hand, the odd-distance correlations strongly increase with
energy. Specifically, the data unambiguously demonstrate the €2 behavior of Ca(e,r, L) for small odd
r discussed above and derived analytically in Appendix It is worth emphasizing the enormously
broad range of variation of the energy e and the correlation function Cy (odd r) in Fig. about
130 and 260 orders of magnitude, respectively!

Finally, in Fig. the dependence of the correlation function Cs (€1, 7, L) on the system size L is
shown for even (r = 2) and odd (r = 1) distance. In the even case, the correlation function does not
depend on energy for small , so that the fact that e is different from zero and varies with L is of no
importance. The expected result is given by the first line of Eq. . The numerical data in the right
panel of Fig. conﬁrm the predicted L~! scaling. For odd r the decay of Ca(ey,r, L) with L should be
exponentially fast due to Cy(e,r, L) ~ €2 and the fact that the energy e; approaches zero exponentially

with increasing L, see Eq.(2.36)). This yields the analytical expectation Cy(ey,r, L) ~ exp(—Zcx/f),
in full agreement with the data in the right panel of Fig.

2.5.2.2 Two wavefunction correlations

Matrix elements for two-wavefunction correlations, Egs. (2.48)—(2.50), are calculated using two eigen-
states with different energies for a given disorder configuration, and then averaging over disorder. The
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2.5 Strong randomness fixed point: Eigenfunction statistics and effect of interactions

energy levels are on average distributed as €, ~ exp(—c\/L/n), which means that, for L > 1 and
n ~ 1, one of the energies will almost always be much larger than the other one. Since the energy
breaks the chiral symmetry, it is expected that the matrix elements will essentially depend only on the
larger of the two energies and only weakly on the lower one.

The correlation functions at criticality depend thus on the (larger) energy e, the length L and the
distance r. As for the single-eigenstate correlation function, Sec. the behavior for even and
odd distances r is very different. At low energy €, and short even distances, it is natural to expect that
Cpr behaves, in similarity with with Cs, as a power-law in r and L. Such a power-law behavior is also
analogous to that of eigenfunction correlation functions at critical points of localization-delocalization
transitions in systems of higher dimensionality, see Ref. . As to the expected for of the energy
dependence, recall that, at the critical point that is studied, the logarithm of the energy scales as a
power law of the length, see Eq. . Therefore, it is natural to expect a power-law scaling of Cy
with respect to Ine. Therefore, for short even distances r and low energy ¢, the correlation function
Cy is expected to have the scaling form (see also [162]):

[Ine|®
rPLY’

Cr(0,e,7, L) ~ r — even. (2.55)

This equation should hold at criticality, so that the necessary condition is r < &. Now the exponents
a, 3, and v are determined by a numerical analysis. The numerical results are supported by analytical
considerations (details of which are presented in Appendix[2.5.4) yielding the values of the exponents
a and 7.

To find the exponent « in the critical scaling of C'y, Eq. , in the right panel of Fig. the
dependence of correlation functions is shown at small even distance (r = 2) and fixed L on the energy.
The slope yields a = 1. To determine +, in the left panel of the same figure the dependence on the
system size L is plotted. Here the correlation functions are evaluated for two lowest eigenstates, so

that the energy € is equal to e = exp(—ch/Q). The obtained scaling of Cy is L™2; taking into

account the |Ineg| ~ L2 factor originating from the energy dependence of C, on finds that v = 2.
The scaling of C'y in the critical regime is thus given by

| In €]

39
L?r2

Cy(0,e,7, L) ~ r — even. (2.56)

The Fock correlation function C'r for even r is found to behave in exactly the same way. This is what
should be expected: indeed, a particular case of a small even r is r = 0, for which Cy and Cp are
identically the same. The |In €|L~2 scaling of Cy and CF for even r is confirmed also by an analytical
calculation of the averaged square of the Green function, see Appendix for details.

As was discussed above, the effect of the interaction is controlled by the scaling of the Hartree-Fock
correlation function Cyr = Cyg — Crp. As the data in Fig. clearly demonstrate, this function
is strongly suppressed (for small even r) as compared to Cy and Cp. This is also what is expected
analytically: as shown in Appendix the suppression factor is ~ e*. If the correlation function is
evaluated for two lowest eigenstates, the suppression factor becomes ~ €3 ~ exp(—4c L/ 2). These
analytical predictions are fully confirmed by the numerical results, see Fig.
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Figure 2.15: Figure taken from Ref. . Hartree, Fock, and Hartree-Fock correlation functions
Cy(er,e,7 = 2, L), Cp(er,e,r = 2,L), and Cyp(er,e,r = 2,L) for a small even
distance (r = 2). Upper left: Scaling of C,Cr with L at € = e2. The slope yields
the power-law scaling ~ L~3/2, implying a relation v — a;/2 = 3/2 for the exponents
in Eq. . Upper right: Scaling with energy at fixed L = 4000. The slope implies
the scaling ~ |Ine| for C, implying the exponent o = 1 in Eq. (2.55). In both
panels, the Fock correlation function is nearly equal to the Hartree one, which is a
characteristic feature of the critical regime for even r. As a result, Cyr shown in
lower panels is strongly suppressed with respect to C'y and Cp. Lower left: Scaling
of Cyr with L at € = e3. Lower right: Scaling of Cr with energy for L from 100
to 10000. The slope agrees with the analytical prediction Crp o< €.

The considerations now turn to the critical behavior of the correlation functions at odd r. One
expects that odd-distance correlation functions C'y and Cp are suppressed with respect to their even-r
counterparts. The reason for this is the same as for the the single-eigenfunction correlation function
C>, Sec. odd-r correlations necessarily involve wavefunctions on different sublattices. As shown
in Appendix the suppression factor for Cy and Cr with odd 7 is the same (~ €2) as for Cy. Again,
this translates into an exponential suppression with respect to L.

This expectation is fully supported by the numerical results shown in Fig. Note that, in the
case of odd r, the Fock term is considerably smaller than the Hartree one (even though the dominant
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2.5 Strong randomness fixed point: Eigenfunction statistics and effect of interactions

scaling factor is the same). This, the Hartree-Fock cancellation is not operative and Cyp ~ Cpg.
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Figure 2.16: Figure taken from Ref. . Hartree, Fock, and Hartree-Fock correlation functions
Cyler,e,7 = 1,L), Cp(er,e,r = 1,L), and Cyp(er,e,7 = 1,L) for a small odd
distance (r = 1). Left: Scaling with L at € = e3. Right: Scaling with energy.
Different colors represent different lengths from 100 to 10000. In both panels, the
Fock correlation function is much smaller than the Hartree one, so that Cyp ~
Cyg. The dominant scaling for both Cy and Cp is ~ €2 (which translates into
an exponential length dependence in the left panel). The data for the Fock term
suggest an additional power-law dependence on length.

One thus finds that the Hartree-Fock correlation function Cpgp is strongly suppressed at criticality
(i.e., at short distances r and low energies, so that r < ). This is valid both for even distances (due
to cancellation between Hartree and Fock terms) and for odd distances (due to different sublattices
entering). The suppression factor is ~ ¢* for even r and ~ €2 for odd 7.

One can return now to the question of RG relevance of the interaction which is determined by Eq.
(2.29)). The right-hand-side of this equation characterizes the scaling of the product of the interaction
matrix element and the density of states with the system size L. The matrix element to be used
here is the Hartree-Fock correlation function, see Egs. and (2.50). If this product increases
(decreases) with L, the interaction is relevant (respectively, irrelevant). The density of states increases
exponentially with v/L according to Eq. or, equivalently, as 1/e with energy (up to logarithmic
correction), see Eq. . On the other hand, the Hartree-Fock correlation function decreases as €2
(odd r) or €* (even r). Thus, the suppression of the Hartree-Fock correlation function is stronger than
the increase of the density of states, and the product decays as a power of € (and thus exponentially
with respect to v/L). To illustrate this, in Fig. the product v(L)Cryp(e1,e2,m, L) is plotted for
small even and odd distances (r = 2 and r = 1, respectively) as a function of L. One can see that
both functions decrease exponentially with v/L as expected. This implies that the interaction in Eq.
is irrelevant in the presence of disorder, and the system stays critical (at the infinite-randomness
fixed point), at least for sufficiently weak interaction. This is in agreement with the DMRG results
presented in Sec. and with real-space-RG findings of Refs. .

Above the focus was on the behavior of two-eigenstate correlation functions at criticality (r < &),
since such functions emerge when one explores the effect of short-range interaction (r ~ 1). On the
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2 Disorder and interaction in chiral chains: Majoranas vs complex fermions

other hand, the behavior of the correlation functions at r 2 & may be of interest in other contexts.
This behavior is briefly discussed in the Appendix of Ref. [86].
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Figure 2.17: Left panel: Figure taken from Ref. . RG irrelevance of interaction at the infinite-

randomness fixed point of the complex-fermion chain. Product v(L)Crr(€1, 2,7, L)
of the Hartree-Fock matrix element at criticality multiplied by the density of states
plotted versus the system size L, for odd (r = 1, blue symbols) and even (r = 2,
red symbols). Both for even and odd distances, the product decreases quickly with
L (as an exponential of \/Z), implying that the interaction is irrelevant.
Right panel: Figure taken from Ref. [86]. RG (ir)relevance of interac-
tion at the infinite-randomness fixed point of the majorana chain. Product
v(L)CHF e0y(€1,€2,7, L) of the Hartree-Fock correlation function and the density
of states is plotted versus the system size L. Blue symbols: vCgF, for r = 2 quickly
decreases with L, implying RG irrelevance of the corresponding interaction terms.
Red symbols: vCpp for » = 4 quickly increases with L, indicating RG relevance
of the corresponding interaction term.

2.5.3 Majorana chain

Now the attention turns to the Majorana model. The simplest interaction term in this model was
presented in Eq. . However, as was already mentioned before, any fourth order interaction term
containing an even number of Majoranas on even sites (and an even number of those on on odd sites)
is consistent with the symmetries of the Hamiltonian. In fact, such terms will be generated by RG
even if one starts from the simplest term only as in Eq. .

The interaction in Eq. is generalized by introducing a distance r separating two nearest-
neighbor pairs of Majoranas:

L

Hing = > V4174V jr+1- (2.57)
=1

(r > 2 is assumed to be even but it is not particularly important here.) Such a term is analogous to the
odd-r interaction term in the case of complex fermions, see Eq. (2.3)), since it involves two operators
on even sites and two on odd sites.
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2.5 Strong randomness fixed point: Eigenfunction statistics and effect of interactions

The Majorana operators ; can be expressed in terms of the Bogoliubov operators d, using the
definitions cq4 = 74 = ¢4 and cg = iyp = —c};, and then diagonalizing the Hamiltonian matrix,
see Sec. At variance with the complex fermion case, these 2L Bogolyubov operators are not
independent: each operator is related to its chiral conjugate with inverse sign of the energy, d& =dg.
Thus, one can express the Majorana operators by using only wavefunctions and Bogolyubov operators
associated with positive energies:

Y%= D Uaj(da+dl) (j even), (2.58)
€a>0

%= Waj(da - df) (j odd). (2.59)
€a>0

Via the same token, the whole Hilbert space of the problem is obtained by acting with operators dJ,
with €, > 0 on the vacuum state.

Substituting Eq. into an interaction term in , one can evaluate the expectation value
of the interaction term over any basis state of the non-interacting Fock space. For example, averaging
over the non-interacting vacuum (that is annihilated by all d, with positive energies), one gets

(VR YVh-+1Vhtr Ve4r+1)

= — Z (Uk’aUkJ’_l:O‘Uk‘i"”,BUk-i-’r’—‘,—Lﬂ
a>0;8>0

+Uk,aUk+1,8Uk4r,aUrk4r11,8

_UkaUk+1ﬁUk+r,,BUk+r+1,a> : (2.60)

Three terms here correspond to the expansion of a Pfaffian that is a general form of the Majorana
Wick’s theorem.

The matrix element in Eq. consists of three terms. The first of them is similar to a Hartree
term in the sense that amplitudes of each eigenstates enter at spatial points separated by a minimal
distance (one site). The other two terms are similar to Fock terms. In full analogy with the case of
complex fermions, correlation functions depending on two energies €,, €, distance r, and the system
size L are defined:

Ch,o(€as 8,7, L) = (Uk,aUs+1,0Uk+r,8Uk+r+1,8)dis; (2.61)
Cri,0(€a,€8,7 L) = (Uk,aUk+1,8Uk+r,aUk+r+1,8)dis (2.62)
Cr2.0(€a,€3,7 L) = (Uk,aUk+1,8Uk+r,8Uk4r+1,a)dis> (2.63)
Crro(€a €8,7 L) = (Uk,aUk+1,aUk+r Uk +r+1,8

+ Uk,a Uk+1,5Uk+r,a Uk+r+1,5
= Uk,aUsk+1,8Uk47,8Uk4741,0) dis- (2.64)

The subscript “o” serves to indicate that, as was explained above, these correlation functions bear
analogy with odd-r correlations introduced for the model of complex fermions.

The same analytical consideration as were used in the case of correlation functions -
with odd r suggest that all the correlation functions - should be suppressed by the factor
~ €2. Now it is shown by numerical analysis that the correlation functions - indeed behave
in a way very similar to the correlation functions - with odd r. One can observe that
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2 Disorder and interaction in chiral chains: Majoranas vs complex fermions

in the critical regime of not too large r (the condition is r < &) the function Cr;, dominates. It is
also seen that the magnitude of this term is quite small. To understand the source of this smallness
and its parametric dependence, in Fig. the dependence of the correlation functions on system size
L and on the energy e is shown. The right panel clearly shows the € scaling that is expected from
the analytical argument and is fully analogous to the scaling in Fig. This is translated into an
exponential scaling with respect to v/L of correlation functions evaluated on two lowest- energy states,
as is seen in the left panel of Fig. and is again in full analogy with the corresponding behavior in
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Figure 2.18: Figure taken from Ref. |@| Left:  Scaling of the correlation functions
CH70(61, €2, T = 2, L), CF71,O(61, €2, T = 2, L), CF7270(61, €, T = 2, L), CHF70(517 €2, T =
2, L), Egs. - with respect to system size L. Right: Scaling of the same
correlation functions with energy. Different colors represent L from 100 to 10000.
The data clearly demonstrated the €? scaling that is also expected analytically.

The €2 scaling of the correlation functions - implies the RG irrelevance of the cor-
responding interaction term. Indeed, the density of states increases only as 1/e with logarithmic
correction, see Eq. , and thus the suppression of the interaction wins over the increase of the
density of states. This will be verified numerically below (Fig. . As explained above, the reason
behind the €? suppression of the matrix elements is the fact that both even and odd sites are involved.
This tells one which correlation functions may escape such a suppression: those that involve sites
of one sublattice only, i.e., with all distances between the sites being even. Thus such a generalized
interaction term is considered:

N

O = VeVe+2Vk+r Vhtr+2, (2.65)

with an even r > 4. Such a term is allowed by symmetries and will be generalized by RG from
the original interaction. This leads to introducing the corresponding generalization of the correlation
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2.5 Strong randomness fixed point: Eigenfunction statistics and effect of interactions

functions (2.61) - (2.64):

CHe(€a,€8,7, L) = (Up,aUk+2,0Uk+r,8Uk+r+2,8) dis, (2.66)
Criel€a, €5, 7 L) = (Up,aUk+2,8Uk+r,a Uk+r42,8) dis, (2.67)
Cro.e(€as€s, 7 L) = (Uk,aUk+2,8Uk+r,8Uk4r+2,0) diss (2.68)
Cure(€ar€p, 7, L) = (UraUr42,aUk1r,Uk4r42,8

+ Uk,a Uk+2,ﬁ UkJrr,a Uk+r+2,ﬁ
- Uk,aUk+2,BUk+r,ﬁUk+r+2,a>dis- (269)

The subscript “e” indicates that all distances between the sites involved are even, in analogy with
correlation functions - at even r.

In view of the analogy that has just been emphasized, one can expect that (i) the correlation
function Cp . scales similarly to Cy, , and (ii) the correlation functions Cr; . and Cp2 . scale in
the same way and, moreover, are equal in the leading order to C'y ¢, in analogy with the corresponding
behavior of Cp, . However, since now there are three terms rather than two, the strong Hartree-
Fock compensation should not happen, leaving one with Cyre ~ CpH .. These expectation are fully
supported by the numerical simulations. In Fig.[2.19]it is shown that the r dependence of the correlation
functions - evaluated on two lowest-energy eigenstates in a system of size L = 400. All
four correlations functions Cr e, Cri,e, Cr2e, and Cyp are nearly equal in the critical regime (not
too large ) and show the r~3/2 scaling in analogy with Cy and Cp. In fact, the overall behavior
of the correlation function Cy . (Cr1,e and Cra.) in Fig. is remarkably similar to that of Cpg
(respectively, C'r) in Fig. Now one can turn to the scaling of the correlation functions -
with energy € and length L, see Fig. The figure is very similar to the upper two panels of
Fig. and confirms that Cp e, CFr 16, and Cgp . scale exactly in the same as C'y with even r, (2.56).
Since the Hartree-Fock compensation is not operative now, the correlation function C . scales in the
same way.
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Figure 2.19: Figure taken from Ref. . Correlation functions 1)1' with r = 4. Left:

Scaling with the system size L of the correlation functions evaluated on two lowest-
energy eigenstates. The slope corresponds to a power law with an exponent 3/2.
Right: Dependence on energy at fixed L = 4000. The slope corresponds to the |In €|
scaling. The total scaling with L and e is therefore the same as for the complex-
fermion correlation function Cy with even r, Eq. .
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Since the correlation function Cyr. decreases with L in a power-law fashion only, and the density
of states increases in an exponential way, they product should clearly increase exponentially. This is
explicitly demonstrated in Fig. For comparison, it is also show there that the product vCpr.
decreases with increasing L as discussed above. The exponential increase of vCpr indicates the RG
relevance of the corresponding interaction term. This explains why the interaction drives the system
away from the the infinite-randomness fixed point and establishes the spontaneous symmetry breaking
and localization, as exhibited by the DMRG results, Sec.

At this point, the following comment is in order. The completeness of eigenstates in combination
with the chiral symmetry implies that >-. o Uk aUkrq is equal to zero for any even r # 0. As a result,
the correlation functions - are zero when summed over all states with positive energies.
Exactly such sums will arise if the expectation of the interaction is calculated over the vacuum
state (or, more generally, over any Fock-space basis state). However, what actually is of interest here
is not this expectation value but rather the effect of non-diagonal matrix elements of the interaction.
In more conventional problems, it turns out that it is sufficient to study the scaling of the expectation
value to understand the effect of the interaction. It turns out that the situation with the term of the
type in the present problem is more delicate. The full analysis of the effect of non-diagonal
matrix elements of such an interaction at the infinite-randomness fixed point is a very challenging task
that will be left to future work. The expectation is that two properties of the correlation functions
- that have been identified above—namely, (i) the contributions that, when multiplied
with the density of states, strongly increase with L and (ii) the absence of Hartree-Fock cancellation of
such contributions—will be also key ingredients of such a more sophisticated analysis, thus governing
the RG relevance of the interaction for the disordered Majorana chain.

2.5.4 Analytical approach to wave function correlations

In this subsection analytical results for the scaling of eigenfunction correlation functions at the infinite-
randomness fixed point are provided. These results complement, support, and explain the correspond-
ing numerical results in Sec.

In Ref. the average of one Green’s function in a non-interacting 1D model of class BDI was
computed by means of supersymmetry formalism that allowed to map the problem onto quantum
mechanics of a SU(1|1) spin. In order to obtain directly the correlation functions of two eigenstates,
one would need to average products of two Green’s functions with the corresponding energy and spatial
arguments. While the mapping on a supersymmetric quantum mechanics can be generalized to this
situation, the solution of the corresponding problem becomes extremely difficult. For this reason, below
a slightly different approach is chosen. By using the supersymmetry technique, the averaged square of
the Green’s function at an imaginary frequency is calculated. This average is related, by virtue of a
spectral decomposition, to the two-eigenstates correlation functions. The resulting conclusions on the
scaling of the two-eigenstates correlations are in agreement with the numerical findings in Sec.

Following the formalism of Ref. and map the original lattice model with random hopping onto
a continuous model of a Dirac fermion with random mass, cf. Sec. The latter is considered to
be delta-correlated and gaussian-distributed disorder, with the strength W (which sets the ultraviolet
cutoff for the critical theory and can be set to unity). Within the mapping onto the supersymmetric
quantum mechanics, the averaged Green’s function at an imaginary frequency iw and with coinciding
spatial arguments is obtained from the ground state of the corresponding effective Schrédinger equation.
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In agreement with Ref. , one obtains:
G1W
iw| ln(w/aoW) ]2.

(G(iw))ais = (2.70)

The constants a; and ag can be by a numerical solution of the effective Schrodinger equation of the
supersymmetric quantum mechanics; the results are a; = 1 (which holds with a very high accuracy
and is apparently exact) and ag ~ 0.8. Extending this analysis to the averaged square of the Green’s
function, one obtains

(IQW
(,L)2|ln((,u/a(ﬂ/V>|27

where as = 1/3 (which again holds numerically with a very high accuracy and should thus be ex-
act). Equations and are derived in the continuum-limit approximation to the effective
Schrodinger equation. By a numerical solution of the exact (discrete) equation, it was verified that
they hold with an outstanding accuracy. Specifically, as shown in Fig. the relative correction to
Eq. is of the order w and that to Eq. is of the order w?. This means, in particular, that
all orders of expansion of Egs. and in 1/|Inw| are fully reliable.

(G(iw)G(iw))ais = (2.71)
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Figure 2.20: Figure taken from Ref. |@| In this plot, the validity of Egs. and
for (G(iw))ais and (G(iw)G(iw))gis derived in a continuum-limit approx-
imation to the effective Schrodinger equation is verified numerically. For this
purpose, the numerically computed e;(w) = iw(G(iw))gis — \ln(w/ao)F2 and

ea(w) = 3w?(G(iw)G (iw))gis — ]ln(w/ao)\*z are plotted. The disorder strength

is set W = 1. The constant ag ~ 0.8 is determined to minimize the errors e;. It can

be seen that ej(w) x w and ez (w) ox w?.

Now these results are connected to the correlation functions of eigenstates 1, (r) (which are con-
tinuum limit counterparts of the states v;, studied numerically in Sec. Since all arguments of
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Green’s functions that considered here are equal (they are set to » = 0), only eigenstates at this point
will enter. Using the spectral decomposition of the single-particle Green’s function, one gets

2
(Gi))ais = Z< Yal0) >
dlS

W — €q

_/d Lu(e Wal(0)ais (2.72)

iw— €
The average entering here is (12 (0))g;s = L~! due to eigenfunction normalization. Further, the density

of states is

62

vie) =~ ————~—,

€| In (E/A) I3

see Eq. (2.34), where ¢ ~ 1 is the constant defined in Eq. (2.36) and A ~ 1 is an ultraviolet cutoff.
Substituting this in Eq. (2.72), one gets

(2.73)

) . 9 1 In2
(G i) [iw|lnw/A\2 * iw|Inw/A3
+ O(w_lllnw\_4)} . (2.74)

One can see that Eq. is in full agreement with the result of the supersymmetric calculation.
Indeed, not only the leading behavior agrees but also Eq. can be expanded to bring it to the
form (2.74)). This confirms that the formula for the density of states that was used when deriving
Eq. from the spectral decomposition (2.72) is correct. One can, of course, also obtain by
performing an analytical continuation of Eq. (2.70). Note, however, that different models of disorder
were used in the numerical and analytical calculations, so that numerical value of the coefficient ¢? in
Eq. cannot be directly obtained from the analytical result.

Having satisfied ourselves that the spectral decomposition works properly for (G(iw))qgis, one can
turn to (G(iw)G(iw))qis that provides information about correlations of different eigenfunctions. The
spectral decomposition now yields

(G(iw)G(iw))dis = S <(6¢i®)2>
dis

- iw)
¥ (0)93(0) >
+ ) 2.75
(;5 < —iw)(€eg — iw) dis ( )

In Sec. the following scaling of the eigenstates correlation functions entering Eq. (2.75) is found
numerically: (¢2(0))ais = aL ™", Eq. , and (¥3(0)93(0))ais = bL ™ In e, Eq. , where a and
b are numerical coefficients, and e is the larger of the two energies €, and €g. Substituting them
into Eq. and rewriting the sum over energies as integrals with the density of states , one
obtains

. . a a— (2/3)bc?
(G(iw)G (iw)) dis ¢ LW2‘ /AP T i En{,u/)A|3
+ O™ |Inw|™)]. (2.76)

The two leading terms of Eq. (2.76) fully correspond to the expansion of the result (2.71) of the
supersymmetry-formalism calculation. This proves that the numerically found values of the exponents,
a =1 and v = 2, in the scaling of eigenstate correlations, Eq. (2.56)), are indeed exact.
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2.6 Summary

2.6 Summary

In this part of the work the chief aim was understanding the behavior of disordered wires of Majoranas
and complex fermions in the presence of interaction. The models studied both belong to symmetry
class BDI and are completely equivalent (except for the smaller Majorana Hilbert space) in the non-
interacting limit. In particular, the low energy theory is governed by the infinite-randomness fixed
point. The intriguing question whether there is a fundamental difference between the Majorana and
complex fermions version of the problem was answered: they behave drastically distinct! Additionally,
the analysis presented above yields insight on the origin of this difference.

As mentioned above in 1D there are more methods available than in higher dimensions. Here the
full force of DMRG, bosonization, SCBA topological indices with mean field decoupled interaction and
infinite randomness RG were used.

The statistical properties of eigenfunction correlations in systems controlled by the infinite-randomness
fixed point were studied. A similar analysis is performed in Chap. where multifractal eigenstate
correlations in spin quantum Hall systems are investigated. Here, it directly permits conclusions on
the (ir)relevance of interaction at the perturbative level. The main results from this work are:

(1) Together with my collaborators, I have determined phase diagrams and drew conclusions about
their observable properties (spin order, criticality). As basis of this, DMRG simulations of the mod-
els were employed. This provided access to the entanglement entropy and the spin-spin correlation
functions. In detail:

(i) The topological phase diagram of the Majorana chain was studied by artificially introducing
staggering. In Fig. the central charge, obtained from the scaling of the entanglement entropy, is
visualized in parameter space and in Fig. a spin-order phase diagram is shown. Using the corre-
spondence of spin order of the Jordan Wigner dual and topological order in the original model, one
obtains the full topological phase diagram shown in Fig.[2.5 Additionally the observed central charges
allow conclusions on the type of criticality at the phase boundaries. On the average translational sym-

metric line, up to moderate interaction, the numerics shows Ising (central charge ¢ = %) criticality. For

moderate repulsive interaction the DMRG simulations show Ising+LL (¢ = %) criticality in agreement
with Ref. . The critical line is surrounded by gapped topologically distinct phases and an extended
patch of LL (¢ = 1) criticality. The Ising sector that is still gapped in this phase, it is therefore natural
to assume that topological protection persists, despite there are gapless LL degrees of freedom. The
strongly interacting gapped phases show a rich phenomenology of density waves with different wave
vectors.

(ii) Gapped topological phases are robust towards weak disorder, however the phase boundaries
depend on disorder strength in general. When turning on disorder in the DMRG analysis it is therefore
most convenient to stay on the pinned self dual critical line in the phase diagram. The results obtained
depend on the sign of interaction: for attractive interaction, the scaling of the entanglement reveals
the system is still at criticality. Interestingly, the data in Fig. suggests a central charge that (within
the numerical accuracy) agrees with clean Ising criticality (¢ = %) despite the presence of disorder. For
repulsive interaction on the other hand the system localizes for weak repulsion (saturating entanglement
entropy). Even in the localized phase there is rich phenomenology: spin correlation functions Figs.|2.9
and show signs of topological ordering for half of the disorder configurations. In the other
half, the ordering is absent. The most probable explanation for this is that repulsive interaction and
disorder lead to spontaneous breaking of the translational symmetry.

(iii) Confirming the well known result in spin chains for nearest neighbor density-density interac-
tion, DMRG indicates disordered interacting complex fermions behave the same way as in the non-
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interacting case. Investigations of the entanglement yield an effective central charge ¢ ~ In2,
which is a smoking gun pointing to infinite-randomness physics.

(2) I performed two kinds of RG analysis to understant the numericals results from (1): (i) First,
I have developed a Giamarchi-Schulz like weak-disorder RG. Fig. indicates there are three clean
critical theories in the phase diagram: ¢ = § (Ising), ¢ = 3 (Ising+LL) and ¢ = 1 (LL). The disorder
is strongly RG-relevant and quickly flows towards the strong-disorder regime driving the system away
from the clean FP. The RG flow becomes uncontrolled before reaching the infrared behavior.

(ii) Since the disorder flows to strong coupling, an RG analysis starting at the non-interacting infinite-
randomness fixed point seemed natural. The effect of the interaction was investigated perturbatively
from that point. To this end, the scaling of the interaction matrix elements had to be determined. I
studied the eigenfunction statistics in great detail. The difference between LDOS moments and generic
composite objects of eigenfunctions is maximally pronounced in the sense that a single wavefunction
looks localized and nontrivial correlations appear only with several points and wavefunctions. Further
there was a strong even/odd sublattice effect in all correlation functions studied. Using high precision
numerics, the correlation functions for both Hartree and Fock terms are computed. Due to the singular
LDOS, both terms grow quickly with increasing system size. However because there is a strong
cancellation between the two terms, their difference vanishes rapidly. Since this is even faster than the
divergence of the LDOS, the interaction is RG-irrelevant in the complex fermionic chain.

Contrarily in the Majorana model the interaction terms are spread over four sites. The unsuppressed
matrix elements with even separation scale similarly to the two point function Cp introduced before
in Eq. . Due to non-conservation of particle number in the Majorana case there are three
non-vanishing contributions from Wick’s theorem in the matrix elements of the interaction. Since these
are each of the same magnitude (in leading order), there is no cancellation in the Majorana system.
Consequently such interaction terms are strongly relevant at the infinite randomness fixed point. This
explains the drastic difference of behavior between Majoranas and complex fermions seen in the DMRG
numerics.
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Chapter 3

Generalized multifractality in Spin
Quantum Hall systems

In this chapter, I coin the term generalized multifractality characterizing the scaling of arbitrary eigen-
state composite observables at Anderson-localization critical points opposed to leading multifractality
dealing with local density of states (LDOS) moments only.

The spin quantum Hall (SQH) transition in superconductors with anomalous particle-hole symmetry
(class C) is central to this chapter. Many of the mathematical constructions for pure-scaling eigenop-
erators and observables generalize straightforwardly to the other symmetry classes. In order to explore
generalized multifractality in SQH (and other) systems, I derive the pure-scaling observables in the field
theoretical framework of the non-linear sigma model (NLSM). Then a “translation” in terms of eigen-
state observables has to be found. Having obtained these, I perform numerical studies of the network
models for SQH and IQH transitions. As expected, the results show pure scaling in the corresponding
observables, which allows me to find the generalized multifractal spectrum. Remarkably the spectrum at
the SQH critical point strongly deviates from generalized parabolicity. These numerical indices imply
violation of the local conformal invariance (LCI) at this critical point.

Finally I give analytical arguments showing violations from generalized parabolicity explicitly in cer-
tain scaling exponents. This is sufficient to proof that SQH criticality does not obey LCIL

This section closely follows my publication Ref. [105].

3.1 Motivation

Anderson localization in disordered systems belongs to the most fundamental phenomena in condensed
matter physics . In particular, Anderson transitions between localized and delocalized phases
(or between topologically distinct localized phases) [9] attract much attention. This interest was
additionally enhanced by development of the symmetry classification of disordered systems
(see Sec. [1.3), which has further extended the scope of Anderson transitions (in particular, to the area
of disordered superconductors); see @ﬂ for review. A general discussion of Anderson transition and
multifractality can be found in Sec. and Sec. [1.2.1]

A remarkable hallmark of critical points of Anderson transitions is the multifractality characterizing
the statistics of eigenfunctions and of the local density of states (LDOS). Multifractality of critical
eigenstates at various Anderson-transition critical points has been extensivlely explored analytically
and numerically @ It was demonstrated that the multifractality can be efficiently employed to
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determine the position of the critical point of the Anderson transition and the critical index of the
localization length 21]. It was also shown that the multifractality survives in the presence of
Coulomb interaction [166]. Recently, the multifractality was used as an efficient tool to detect and
explore the emergent criticality of 2D surface states of topological superconductors .

Direct experimental measurement of multifractality is a highly non-trivial task. Experimental ob-
servations of multifractality near metal-insulator transition were reported for sound waves and
electrons in disordered semiconductors . Strong fluctuations of the local density of states qualita-
tively analogous to multifractality were observed in experiments on superconductor-insulator transition
in disordered films 24).

Recent works on interplay of multifractality and interactions have additionally emphasized the im-
portance of multifractality. In particular, it was predicted that the multifractality may enhance the
critical temperature T, of superconductiors in three-dimensional and two-dimensional (2D)
[171H175] systems. The multifractal enhancement of T; in 2D superconductors was indeed observed
experimentally , . Further, it was shown that the multifractality drives instabilities of surface
states of topological superconductors and leads to broad distribution of Kondo temperatures
in disordered metals with magnetic impurities .

It was shown in Refs. [181}185] that, within the non-linear o model (which constitutes the field theory
of Anderson localization), the distribution of LDOS in Wigner-Dyson classes possesses a symmetry
relating the probabilities of values v and v~! (with the average LDOS normalized to unity). This
was used in Ref. to derive exact symmetry relations between multifractal exponents at Anderson
transitions in the Wigner-Dyson classes. It was later shown in Ref. that these relations can be
understood as a manifestation of Weyl-group symmetry associated with the o-model manifold and
can be extended to unconventional symmetry classes. In Ref. , a general classification of composite
operators without gradients was developed, which extends that of Refs. [187H189]. Further, in Ref.
multiple symmetry relations between scaling exponents of composite operators were derived, which all
follow from the Weyl-group symmetry. Finally, Ref. determined a “translation” of these composite
operators to eigenfunction correlation functions for the symmetry class A (unitary Wigner-Dyson
class).

The scaling of the whole set of composite operators characterizing critical eigenstates extends the
conventional notion of multifractality (which refers only to leading exponents 7, characterizing moments
|9(r)|?? of eigenstate amplitude). I will thus term it “generalized multifractality”. The subleading
multifractal exponents manifest themselves in dephasing and broadening of localization transition in
an interacting system with a short-range interaction that is irrelevant in the renormalization-group
sense 191).

The spatial dimensionality d = 2 plays a special role in the context of Anderson localization. In
the most conventional symmetry class Al (orthogonal Wigner-Dyson class), d = 2 is the lower critical
dimension, so that a 2D system is always in the localized phase (although with an exponentially large
localization length for weak disorder). The situation is, however, different in other symmetry classes,
with a wealth of 2D Anderson-localization critical points @ Emergence of these critical points is
related either to peculiarities of the perturbative expansion (e.g., antilocalization in Wigner-Dyson
symplectic class AII) or to topology. A paradigmatic example of the localization-transition critical
point associated with topology is the plateau transition in the quantum Hall effect (which belongs to
the Wigner-Dyson unitary class A).

Multifractality at the quantum-Hall plateau transition and, more generally, physics of the corre-
sponding fixed point, has been attracting much interest. On the numerical side, the multifractal
spectrum is very close to parabolicity ; however, a high-precision numerics indicates small devia-
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tions . Many papers have attacked the problem of the character of the critical theory ;
in particular, various versions of the Wess-Zumino-Novikov-Witten (WZNW) theory were conjectured.
Quite generally, such WZNW-type theories lead to a parabolic multifractality spectrum as for free
Gaussian fields. Another important argument in favor of parabolic multifractality was provided by
Ref. . In was shown in that work that, for 2D Anderson transitions, the assumption of local con-
formal invariance, in combination with an assumption of Abelian fusion of composite operators, leads
to an exactly parabolic multifractal spectrum of moments of the local density of states: the exponent
T4 is a quadratic function of ¢q. A further interesting connection between WZNW models and quantum
Hall criticality is explored in Chap.

The present work deals with a superconducting counterpart of the quantum Hall transition—the
spin quantum Hall (SQH) transition . It was found that mapping to percolation allows one to
obtain some critical exponents for the SQH transition exactly . The multifractality spectrum at
the SQH critical point was studied numerically in Refs. and very recently in Ref. [59]. It was
found that the spectrum exhibits clear (although relatively weak) deviations from parabolicity.
These deviations are very interesting physically since, in combination with results of Ref. , they
hint to a possible violation of local conformal invariance.

In this work, I present a detailed analysis of the generalized multifractality at the SQH critical
point, supporting and complementing analytical study by numerical simulations. The key results are
as follows:

1. The implications of local conformal invariance (LCI) in 2D systems for the generalized multifrac-
tal spectrum are explored. The result of Ref. stating that LCI implies parabolicity of the
LDOS multifractality can be extended. By assuming both LCI and Abelian fusion (1.76), one
can show that the generalized-multifractality spectrum exhibits “generalized parabolicity” and
is parametrized (for a given critical point) by a single constant.

2. One can develop explicitly two constructions of pure-scaling composite operators for o-model of
class C, invoking heighest-weight vectors and the Iwasawa decomposition, respectively. These
composite operators both obey Abelian fusion rules. The Iwasawa decomposition is performed
in Sec. . The highest weight vector construction can be found in Ref. .

3. Using one-loop renormalization group an alternative family of pure-scaling operators is found in
Sec. (invariant with respect to the action of the symmetry group of the o-model and easier
to connect to the wavefunctions).

4. A “translation” of the scaling operators to the language of eigenstates of the Hamiltonian is
performed and explicit expressions for particularly interesting eigenstate correlators exhibiting
generalized multifractality are determined in Secs. Using the network model of class
C, it is verified numerically that these are indeed the proper scaling operators and determine
the corresponding exponents. Very remarkably, there is a strong violation of the generalized
parabolicity of the generalized-multifractality spectrum. In combination with the results proven
in (i) and (ii), this points out to a violation of the local conformal invariance at the SQH tran-
sition. While this is a rather surprising conclusion, there apparently is no alternative plausible
explanation of the numerical findings.

5. Exploiting the percolation mapping of certain observables in critical SQH systems, I show ana-
lytically that the generalized multifractal spectrum violates parabolicity in Sec.
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The results in (ii) and a part of analytical results in (iv) represent an extension of the class-A
construction of Ref. to class C. It should be emphasized, however, that this extension is far from
trivial, and the situation in class C turns out to be much richer than in class A. This complexity can
be traced back to the additional particle-hole degree of freedom (referred as “spin” in the term “spin
quantum Hall effect”) .

The mathematical constructions in the following Secs. (3.2} 3.3} [3.4] are excerpts from Ref.
slightly modified to fit notation and style of this work.

3.2 Multifractality and CFT

In this section the attention is restricted to Anderson transitions (ATs) in two dimensions. The reason
is that in two dimensions, conformal symmetry is especially powerful due to local conformal invariance
(LCI) and the underlying infinite-dimensional Virasoro algebra. It is commonly expected that if a
2D theory satisfies global conformal invariance, it also satisfies the—much stronger—local conformal
invariance. The framework employed here relating multifractality to a field theory satisfying LCI is
introduced in Sec. General fundamentals on conformal field theory can be found in Sec. [1.1.2/and
references therein. This infinite symmetry implies (together with the Abelian fusion) ezact parabolicity
of MF spectra . After reviewing the arguments of Ref. that dealt with the the leading MF
spectra at the integer quantum Hall (IQH) transition, this section continues with an extension to other
symmetry classes [Eq. (3.20)] and also to generalized MF exponents [Eq. (3.25)].

3.2.1 Exact parabolicity of A, for the IQH transition under the assumption of local
conformal invariance

Bondesan et al. considered the scaling operators O,(r) in the context of the IQH transition in
2D and its description in terms of the Chalker-Coddington network model. This critical point belongs
to class A, so ¢, = 1 and x4y = A,;. The main results of is that, under the assumption of local
conformal invariance, exact parabolic form of the dimensions A, holds:

Ay =bg(1—q), (3.1)

with constant b left undetermined.

In 2D CFT, where the points are specified by complex coordinates z, the two- and three-point
functions factorize into holomorphc and antiholomorphic factors (with possibly different holomorphic
and antiholomorphic dimensions h and h):

<¢1 (Zl, 21)¢2(22, 22)>CFT ~ Zl_22h21_2h, if hl = h2 = h and Bl = iLQ = iL, (3.2)
(0121, 21) 222, 22)0 (23, ) ) ~ 2132 T g T g R g iR g mhe
(3.3)

The four-point CFT correlation functions in two dimensions can be written in terms of z;; = z; — z;
and the cross-ratio 17 = z12234/213224 as follows:

4 _ _ 4 4
_ _ h/3—h;—h; _h/3—h;—h; _ T 7
<¢>1(zl, Z1) ... alza, Z4)>CFT =11- iz TFm,m), h= hi, k=3 h. (34)

i<j i=1 i=1
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As in higher dimensions, the function F'(n,7) cannot be determined from conformal symmetry alone.

To prove the exact parabolicity , Bondesan et al. considered a certain 4-point correlation
function that satisfies the neutrality condition . In that work the neutrality condition was
achieved by considering n — 1 insertions of the operators O, plus one operator 7. describing a point
contact in the network model . This operator can be written as the integral over a continuum
of g values, and it always contributes the definite scaling dimension (or the fusion channel) necessary
to have the correct total “charge” ¢, = 1.

In the notations used here the relevant correlator is <(’)q1 (21, 21)Ogy (22, 22) Ogy (23, 23) O1 g, —go—gs (24, 24)>.

The operators O, are expected to have hy = Bq = A,/2, and the corresponding 4-point CFT correlator
is

4
= [T 12:;1%/% 229 F(n, 7), (3.5)

1<j

(Sar (21:21)baa (22, ) bas (23 ) D11 —qa—aa (24, 21) )

CFT
A — Aql —|— AqQ + Aq3 —|— Aq1+q2+q3. (36)

In the following lines the argument of Ref. is briefly summarized. The authors make two
essential assumptions: 1) correlation functions satisfying the neutrality condition exhibit at the
IQH transition point the local conformal invariance, with the corresponding CF'T operators ¢, being
Virasoro primaries; 2) the operators ¢, satisfy (the 2D variant of) the Abelian OPE :

¢Q1 (Zlv 21)¢Q2 (z2a 52) (&8 ’z12|Aql+q2_Aq1_Aq2 d)(11+tI2 (227 52) + . (3'7)

It is important that no other primaries enter the Abelian OPE and the ellipses stand for contributions
from Virasoro descendants.

The Abelian fusion immediately implies that there is only one conformal block in the correlator
(3.5), that is F\(n,7) = | f(n)|>. The holomorphic function f(1) is present in the holomorphic factor of

the correlator :

h/3—hg

4
G(Zb RN Z4) = <¢(I1 (Z1)¢Q2 (22)¢q3 (23)¢1*Q1*Q2*Q3 (24)>CFT = H zi] _hqj f(n)v (3-8)
1<J

h=hg + hg + hgy + Ngi+go4q5- (3.9)

There are three possible fusion channels in this correlator, where each of the charges ¢1, ¢2, and g3
fuses with the neutralizing charge 1 — g1 — g2 — gq3. These three channels lead to simple power-law
singularities (branch points) of the function f(n) at n = 1,0 and oco. For example, fusing ¢; with g¢o,
and g3 with 1 — g1 — g2 — g3 (so that |n| < 1) gives

hqy+qp—hqy —hgy _hqy+as—ha3—hqgy+aa+az —2hq +aq
G(Zl, ey 24) ~ 212 234 2:13 . (3.10)

On the other hand, the right-hand side of Eq. (3.8) where the distances between points are chosen
appropriately (|z12], |234] < |213] & |214] & |223| & |2024]) becomes

h/3—hq, —hqy h/3—hqs—h -
G(z1,...,24) ~ f(n) 212/ noe 234{ 987 aazas 2132h/3. (3.11)
Comparison of the two expressions gives that near n =0

f(n ~0) = pture="lay + On)]. (3.12)
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The other two fusion channels give the forms of the singularities near the other two branch points:
fln~1) = (1= leteBhy+ 01 —n)],  fn~oc)=(1/nluts=" o+ 0(1/n). (3.13)

The exponents characterizing the three branch points must be related. The argument is a simple
case of a more general one in Ref. . Indeed, compactify the complex plane and go around all
three branch points along a contour C. Then, on the one hand, the total phase change (monodromy)
of the function f(n) acquired along the contour C is the product of the phases characterizing each of
the branch points. On the other hand, the contour C can be deformed to a point by extending it to
infinity, which means that the total monodromy is trivial (one). This gives the relation

h—hg g — hgi4+qs — Ngotgs = M, (3.14)
where M > 0 is a non-negative integer. Then the holomorphic function f(n) becomes
fln) =ttt 31— p)heres=Blag 4 an+ -+ anm™). (3.15)
Choosing ¢ = g2 = g3 = 0, one can see that M = 0. This fixes the conformal block
F(n) = agnl*orto2 P31 — p)hartas =3, (3.16)
Moreover, the condition M = 0 gives a functional equation for the dimensions hy:
hgytartas = Parraz = Parras = Paatas 1 hay + hgy + gy =0, (3.17)
or, for the full dimensions A,
Agi+getqs — Dgitge — Dgitgs — Dgotqs + Dgy + D¢y + Ay, =0. (3.18)
This equation easily leads to the result . First, it immediately implies Ag = 0, as it should be.

Next, setting ¢1 = q and g2 = ¢3 = €, one gets
Agioc —20g4e — Do+ Ay +2A, = 0. (3.19)
Now one can expand up to second order in ¢ to get (A7 — Al)e? = 0. Thus A = Af = const, which

implies that the function A, is a quadratic polynomial. A general quadratic polynomial that vanishes
at ¢ = 0 and satisfies the symmetry property (1.69) is exactly of the form given in Eq. (3.1).

3.2.2 Generalizations
Now one can generalize the arguments of Ref. summarized in Sec. in two directions.

3.2.2.1 Other symmetry classes

First, the arguments are not specific to the IQH critical point but rather apply also to 2D critical points
of ATs in other symmetry classes. The assumptions are the same: (1) local conformal invariance of
correlation functions satisfying the neutrality condition, and (2) Abelian fusion. Under these assump-
tions, the arguments can be directly extended to all five symmetry classes (A, Al, AIl, CI, and C)
identified in Refs. that exhibit the symmetry relation , with ¢, = 1 for Wigner-Dyson
classes, g, = 2 for class CI, and ¢, = 3 for class C. The result is the exact parabolicity,

zq = bq(g« — q) (3.20)

for the simple MF spectra. (Here the term “simple” is used in the sense of opposite to “generalized”.)
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3.2.2.2 Generalized mulifractality

Secondly, one can obtain a generalization of this parabolic form for all gradientless scaling operators
O, considered in [87], i.e., to generalized MF spectrum, see Sec. As was pointed out in
Sec there is a general operator O_,, = O(_, _,, ) With vanishing scaling dimension. Further,
as is discussed in Sec. the correlation functions satisfying ), A\; = —pp have scaling consistent
with conformal invariance. Now assume, as before, that the local conformal invariance holds for these
correlation functions and that O are Virasoro primaries that satisfy the 2D version of the Abelian OPE
(1.76)). Then the arguments of Ref. presented in Sec. can be straightforwardly generalized to
give the following equation for the dimensions x:

(1})\_’_)\/4_/\// — $>\+)\/ — (1})\+)\// — ,I)\/+)\N —|— .T,\ + ZEA/ —|— ZL’)\N = 0 (321)

[This equation is a counterpart of Eq. (3.18).] Denote by e; = (0,...,1,...,0) (unit in the i-th place)
the standard basis in the weight space, and choose X = €’e; and A’ = €”e;:

:E)\—i—e’ei-l—e”ej — Tr+ee; — x)\+e”ej - xe’ei—l—e”e‘j +x)\+ Lele, + xe”ej =0. (322)
Then one can expand this to second order in € and €”’, denoting 9; = 9/0¢;:
p ) g q

1 1
/ 2 12 " 2 "2
x>\+€/€i =) -+ 81'1;)\6 —+ §8z THE x)\+€//ej =) —+ 8]'33)\6 + 58] TNE

1 1
Thpeetele; = TN+ Oiw\e + 0jxre’ + 58?:13/\6’2 + 5832$>\6”2 + 0,0z \e €. (3.23)

Substituting these expansions into Eq. (3.22) gives 9;0;x\ = 9;0;z0 = const, which implies that ) is
a quadratic function of ¢;. Thus, it is also a quadratic function of the shifted ¢; = ¢; + ¢;/2. But in
these variables z) must be even due to the first type of the Weyl group actions (1.71), which restricts
it to

zy =Y biG; + B. (3.24)
i
The other type of Weyl group actions (1.72), which requires invariance of z) with respect to the
interchange ¢; <+ ¢; for any pair i, j, forces all coefficients b; to be equal: b; = —b. Finally, the constant
B is found from the requirement zo = 0, which gives B =Y, ¢?/4, and
ax=—=bY_ qi(qgi + i) = =b(A A+ pp). (3.25)
i

Thus, the generalized dimensions are proportional to the value of the quadratic Casimir operator in
the representation labeled by the highest weight A. Now choosing A = ¢e;, one can see that the
constant b is the same as in the simple MF spectrum (3.20). The generlized MF spectrum is
thus parametrized by a single constant b. For the result the term “generalized parabolicity” will
be used.

3.2.2.3 Generalized parabolicity of generalized MF spectra as a hallmark of local conformal
invariance at 2D ATs

Now two conditions under which the generalized parabolicity of generalized MF spectra of 2D systems
has been derived are discussed. Recall again that these are (1) local conformal invariance and (2)
Abelian fusion.
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3 Generalized multifractality in Spin Quantum Hall systems

First the second condition is discussed: the Abelian fusion of operators Q. In Ref. , the operators
O, were explicitly constructed for class A by two approaches (Iwasawa decomposition and highest-
weight vectors), and the results do satisfy the Abelian fusion requirement. Furthermore, the methods
of Ref. can be extended to other symmetry classes. This will be done in the present paper for class
C. Specifically, the Abelian fusion of the scaling operators Oy follows from their derivation as highest-
weight vectors under the action of a Lie algebra, see Ref. . Furthermore, it is a consequence of
the form of these operators as “plane waves” on the target space of the sigma model constructed by
means of Iwasawa decomposition in Sec. These results thus provide an explicit verification of the
Abelian-fusion condition.

The situation with the assumption of the conformal invariance is much more delicate, as was already
mentioned at the end of Sec. It is not known a priori whether it holds (in the narrow sense
explained above) at 2D critical points such as IQH or spin quantum Hall transitions. Therefore, the
generalized parabolicity of spectra of generalized MF dimensions in fact serves as a hallmark for the
local conformal invariance. By constructing explicitly eigenfunction correlations that correspond to
O, operators and by determining the corresponding scaling dimensions numerically, one can thus test
conformal invariance. This will be done below for the spin quantum Hall transition.

3.2.3 Beyond 2D: Non-parabolic MF spectra

While this paper focusses on 2D systems, the following comment on MF spectra beyond 2D is instruc-
tive at this point. The assumption of local conformal invariance (involving the infinite-dimensional
Virasoro algebra) was crucial for the above derivation of exact parabolicity of MF spectra (both sim-
ple and generalized). This assumption may or may not hold at a 2D AT critical point. However, it
definitely does not hold beyond 2D. Therefore, the derivation is certainly not applicable to systems of
other spatial dimensionality. Indeed, it is well known, both analytically and numerically, that the MF
spectra are in general not parabolic.

On the analytical side, the MF dimensions have been calculated by perturbative e-expansion of the
o models in 2+ ¢ dimensions . All these results give parabolic spectra in the leading term but
exhibit deviations from exact parabolicity in higher orders in €. In full consistency with the analytical
predictions, numerical evaluation of MF spectra at ATs in systems of spatial dimensionality d = 3, 4,
and 5 demonstrate significant deviations from parabolicity that grow with increasing d.
Furthermore, the limit d > 1 can be addressed by using the results for the ATs on the Bethe lattice
that show the MF acquires its strongest form in this limit [@], with the spectrum

Ag~d(1/2—|q—1/2)). (3.26)

This spectrum is piecewise linear rather than parabolic. Numerical results indeed approach this be-
havior with increasing d . A similar evolution of the MF spectrum, from a nearly-parabolic
spectrum (but still with some deviations) towards a piecewise-linear spectrum, is also found (both
analytically and numerically) for the model of power-law random banded matrices @

In Ref. , it was claimed that exact parabolicity holds for all ATs in the standard Wigner-
Dyson classes in any dimension. Clearly, this statement is incorrect since it is in contradiction with the
whole body of analytical and numerical results that were just reviewed. For the benefit of the reader,
the crucial flaw in the argumentation of Ref. is pointed out. The author of Ref. obtained
the relation from an ad-hoc assumption that all three-point MF correlation functions are just
products of simple power-law factors, see Eq. (9) in Ref. . This assumption is in general incorrect.
In reality, the three-point functions reduce to different products of power-law factors in limiting cases
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3.3 Iwasawa decomposition

that correspond to different hierarchical relations among distances between the points, as follows from
general RG arguments presented in Section see, in particular Eq. . A similar assumption
of Ref. for all multi-point MF correlation function [Eq. (19) there| is flawed for the same reason.
Only in the presence of local conformal invariance in 2D systems, much stronger constraints emerge
that allow one to prove the parabolicity.

3.3 lwasawa decomposition

In this section the construction based on the Iwasawa decomposition is performed. For a bosonic
NLSM manifold Mp = G/K, this yields a family of pure scaling operators (as defined in Sec.
that satisfy abelian fusion (1.76). The outline of the basic steps in this approach follows. In Sec.
a formal construction of the Iwasawa decomposition for the Lie algebra g into the compact €, an
abelian part a and a nilpotent n is given. Sec. explains how this can be used to obtain a general
parametrization of N-radial eigenfunctions to G/K-invariant differential operators. In Sec. the
Iwasawa decomposition is performed for g = s0*(4n) (class C bosonic). Sec. obtains the N-radial
eigenfunctions in Mp = SO*(4n)/U(2n).

3.3.1 Mathematical definition

One needs to:
1. begin with the (real) Cartan decomposition of the (real) Lie algebra g of Mp
g=tdy, (3.27)
which is defined by the commutation relations:

[t ¢ C ¢, [t p] C b, [p,p] C L. (3.28)
2. choose a maximal Abelian subspace a C p.

3. consider the adjoint action [H,.] of elements H € a on g. The eigenvectors E, of this action
satisfy

[H, Ea] = o(H)Eq (3.29)

and are called restricted root vectors, and the eigenvalues « are called restricted roots. The
dimension m, of the restricted root space

go = span {E, } (3.30)

is called the multiplicity of the restricted root «, it holds m, > 1. Restricted roots are linear
functions on a, and lie in the space a* dual to a. In the present context both a and a* have
dimension n. Basis elements in the space a*, specified later, will be denoted in this section by e;
(t=1,...,n). Notice that these basis vectors were called e; in Sections and

4. A system of positive restricted roots is defined by choosing some hyperplane through the origin
of a* which divides a* in two halves, and then defining one of these halves as positive. The Weyl
vector p is defined as the half-sum of positive restricted roots accounting for their multiplicities:

p= Z MO = Z Ci€;. (3.31)
i=1

a>0

83
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5. The components ¢; of the Weyl vector will be found later, see Eq. (3.67). Positive restricted
roots generate the nilpotent Lie algebra

n=> ga (3.32)

a>0
6. The Iwasawa decomposition
g=tdadn (3.33)
can be thought of as real form of the complex root-space decomposition. One has

n=pdnNe). (3.34)

of the real Lie algebra g = so*(4n) into a maximal compact subalgebra ¢ = u(2n) and the complemen-
tary subspace p.

3.3.2 N-radial eigenfunctions

The power of above Eq. (3.33)) can be seen from exponentiating. This gives the Iwasawa decomposition
in global form:

G = NAK, (3.35)

which allows one to represent any element g € GG in the form g = nak, with n € N = " nilpotent,
a € A = e® diagonal, and k € K = e* compact. This factorization is unique once the system of positive
restricted roots is fixed, and provides a very useful parametrization of the target space G/K. An
element a € A is fully specified by n real numbers e;(In a), which play the role of radial coordinates on
G /K. For simplicity, these radial coordinates will simply by denoted by e;. Thus e; may now have two
different meanings: either its original meaning as a basis element in a*, or the new one as an N-radial
function e;(Ina) on G/K. It should be clear from the context which of the two meanings is being used.

Using the radial coordinates, the joint N-radial eigenfunctions of the Laplace-Casimir operators on
G/K take a very simple exponential form

pu(Q) = elermine), (3.36)
where a is the a-factor in the Iwasawa decomposition of ¢ in Q = gAg™!, and
n
i=1
is a weight vector in a*. Also use the notation
¢ = —(pi +ci)/2 (3.38)
will be used, in which the exponential functions (3.36) become
n
Pu = P(q1,q2,,qn) — EXP ( —2 ZQi6i>' (3.39)

i=1
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To construct the exponential N-radial eigenfunctions explicitly as combinations of matrix elements
of @, one can use the key fact that there exists a choice of basis in which elements of a and a € A
are diagonal matrices, while elements of n are strictly upper triangular, and elements n € N are
upper triangular with units on the diagonal. This has immediate consequences for the matrix QA:
since elements of K commute with A, the Iwasawa decomposition ¢ = nak leads to QA = na’?An~'A,
which is a product of an upper triangular, a diagonal, and a lower triangular matrices. In this form
the principal minors of the AA block of QA are simply products of diagonal elements of a?, which
are exponentials of the radial coordinates z; on G/K. These minors are basic N-radial spherical
functions on G/K which can be raised to arbitrary powers and multiplied to produce the most general
exponential functions . A great advantage of this construction is that is directly gives the general
positive scaling operators that can be raised to arbitrary powers and satisfy the Abelian fusion rules.

In the following details of the Iwasawa construction for the class C NLSM bosonic manifold SO*(4n)/U(2n)
are presented.

3.3.3 Definitions and notations for the symmetric space G/K = SO*(4n)/U(2n)

The basic vector space that is worked with here is
C"=C’eC*eC", (3.40)

where the factors in the tensor product are the retarded-advanced (RA), spin, and replica spaces, in
this order. A standard notation for the matrix units will be used: E;; is the matrix with 1 in the i-th
row and j-th column, all other entries being zero. One can write this in terms of the matrix elements:
(Eij)ki = 6ir051. The range of indices in this definition is the dimension of the space in which Ej;
act, and in various sections below it can be 2 for the RA space, n for the replica space, or 2n for the

product of the spin and replica spaces. The products and commutators of matrix units are easy to
find:

EijEx = 0 Eq, [Eij, En] = 0By — 0y Ey;. (3.41)

One can introduce an additional notation for special matrices related to the tensor product structure
(3.40):

YNij =000 @ Iy (3.42)

Here o; are the usual 2 x 2 Pauli matrices, and the indices ¢ and j are allowed to take the value 0,
which corresponds to the identity matrix og = Is. For example Xog = Iy, and 339 = A, the usual A
matrix from the sigma model. The notations are different from the ones used in Sections
and The two sets are related by

T, — Ei07 El = EOi’ Tizj‘ == 22] (343)
Next, the following group involutions are defined:
Oi(9) = Sin(g )" o, (3.44)

These preserve multiplication of matrices, and can be applied not only to group elements g, but to
any matrices, including the @ fields of the sigma model. Note that the involution ©; is closely related
(but not identical) with the “bar” operation defined in Eq. (3.141) in Sec.
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3 Generalized multifractality in Spin Quantum Hall systems

The definition [198] of the group SO*(4n) as the subgroup of the pseudo-unitary group SU(2n,2n)
that preserves the symmetric bilinear from with the matrix 19 is used next. In this definition the
elements g € SO*(4n) satisfy

9" %309 = 30, 9" %109 = S1o. (3.45)
These conditions can be rewriten using the involutions (3.44):
©3(9) =g", ©1(9) = g. (3.46)

The sigma model field (3.111) Q = gAg~!, where g € SO*(4n), inherits certain symmetry properties
from the constraints (3.46). Applying the involutions ©3 and ©7 to @ and using O3(A) = A, and
©1(A) = —A, one gets

03(Q) = Q" 01(Q) = -Q. (3.47)

Since Q? = I4,, these constraints can be also written in the form
$30Q" 30 = Q% 210Q7 10 = Q. (3.48)

Notice that the second constraint here is different from the one obtained in Sec. in Eq. (3.114).
Rather, it is the one that appears for the transformed matrix @ in Eq. , see the relevant
discussion and the transformation relating the two choices for @) in Sec.

Writing @) as a block matrix in the RA space

Qrr QRra
= , 3.49
@ (QAR Qaa (3.49)
one obtains constraints on the blocks:
Qhr = Qrr Q4 = Qaa, Qhy = —Quanr, (3.50)
Qhr = —Qan, Qha = —Qra. Q% k= —Qar. (3.51)

The anti-symmetry of the off-diagonal blocks Qra and @ ar will be important in what follows.

3.3.4 Cartan decomposition and generators of SO*(4n)/U(2n)

The group SO*(4n) is connected, so all its elements can be written as g = e, where Z are elements
of the Lie algebra so*(4n). These satisfy the infinitesimal versions of Eqgs. (3.45):

Z1500 4+ 2502 = 0, ZTS0 + 210Z = 0, (3.52)
In terms of the Lie algebra involutions 6; related to the group involutions (3.44)
0:(2) = —Li0Z" i, (3.53)
constraints on Z can be written as

05(2) = Z*, 0,(2) = Z. (3.54)
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If one writes the Lie algebra elements Z as block-matrices in the RA space, the constraints (3.52)
imply

A B
_ T T _
7 = (—B* *> , Al = —A, B B. (3.55)

The Cartan involution that determines the Cartan decomposition so*(4n) = ¢ @ p into even and odd
subspaces is #». It acts on generators Z as

A -B
02(Z) = Y9021 %90 = ( B A*> . (3.56)

This gives one a very explicit description of the Cartan decomposition:

LGRS N S

As expected, the subalgebra ¢ = u(2n), the Lie algebra of K = U(2n), the maximal compact subgroup
in G = SO*(4n).
Now one can separate the real and imaginary parts in Eq. (3.57):

po ) (A Tid 0 Al = -4 B 0 Bi+iB,\ BT =-B;
- 0 Al —iAy )’ Ag = Ay o P= —B1 +1By 0 ’ Bg = —By ’
(3.58)

These forms allow one to write the generators of the two subsets in terms of tensors in the space (3.40).
For elements in ¢, the first factor should be diagonal, so it is either I5 or ios. For the first choice (I2),
the other two tensor factors should produce a real anti-symmetric matrix, which can be done choosing
one of the factors to be a symmetric matrix, and the other an anti-symmetric matrix. Likewise, for
the second choice (io3) one needs the other two factors to produce a real symmetric matrix, so the
factors can be either simultaneously symmetric or anti-symmetric. Introducing a short-hand notation
for the symmetric and anti-symmetric combinations of matrix units in the replica space

1

Ef = Ey + Eji, i <, n(”;) total, (3.59)
1

E;; = Ey; — Eji, i< g, ”(”2) total, (3.60)

one gets the following eight groups of generators:

X%QEO'()@J()@E»_ X%1500®01®E-_

K ij>
X¥ =ios @00 B, X} =iocs@o1 @B}

150 g 177

02 _ . 03 _ -
XiP=o00@ina @ Ef, X =00®030 E,
X%-2Ei03®i02®Ei;, X%?’EZ'O'3®U3®E;]_-.

(3.61)

The total number of generators here is 4n? = (2n)?, the dimension of £ = u(2n), as it should be.
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Similarly, for the elements in p, the first factor should be either iy or io9, and for either of these
choices the remaining two factors should give a real anti-symmetric matrix. This gives the following
eight groups of generators:

Y~1~0 :i01®ag®ET Y11 =101 ® 01 ®E Y;}Q :i01®i02®E:;, Y13 101 ®03®E

Y20 202®00®E Y21—102®01®E Yi?:iag®iag®E;;, Y23 202@03®E

(3.62)

The total number of these generators is 4n? — 2n = 2n(2n — 1), which is the dimension of the space p.

3.3.5 lwasawa decomposition for SO*(4n)/U(2n)

Choose the following set of Hermitian matrices as the maximal Abelian subspace a C p:
a= span{Hk =009 ®i02 ® B, = Yoo /2, k=1,... ,n} . (3.63)

A generic element H € ais H = Y ;_; hpyH. The basis in the dual space a* is defined as elements
e; such that e;(H) = h;. These elements will later play the role of the radial coordinates on the coset
SO*(4n)/U(2n).

To find restricted roots and restricted root vectors, one needs to find the commutators of H with

the generators (3.61) and (3.62). One needs both sets since the commutation relations (3.28) imply
that

[a,€] C p, [a,p] C &, (3.64)

so the eigenvectors of the adjoint action of a can only be linear combinations of generators from both
sets.

Straightforward computations show that the system of restricted roots consists of roots of normal
length +x; £ z; (¢ # j) with multiplicity 4, and long roots +2z; with multiplicity 1. This is the
root system (), in the usual Cartan notation. The set of positive restricted roots can be chosen as
(multiplicities shown in brackets)

Q5 = €; — €y, 1< j (4), Bij =e; + €5, 1< ] (4), Yi = 2¢e; (1) (365)

The Weyl vector (the half-sum of positive restricted roots accounting for their multiplicities) is
n
p=@An—-3)x1+dn—Tas+ ...+ bxp_1+ ), = Z cjxj, cj=4n+1—4j. (3.66)

In the replica limit n — 0 the components of the Weyl vector become
c; =1—4j. (3.67)

The positive restricted root vectors corresponding to the «, 3, and ~ roots are

EQN =xP+v?,  EQ=x7-v EBQ=Xx}-vP EY=xF+v), (369
Eé) X01 +Y33, E(2]) _ ng)3 le, [(3) X?O YZ}Q’ Eé) X32 +Y$0, (3.69)
By =X —Yit. (3.70)

As was mentioned above, these vectors generate the nilpotent subalgebra n, and one gets the resulting

Iwasawa decomposition (3.33).
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3.3.6 Real scaling operators as N-radial functions

In this section I perform a unitary transformation of basis in the space designed to bring the
generators of a into a diagonal form. There are infinitely many such transformations, and the one
chosen has an additional useful property that the resulting positive restricted root vectors are also
upper-triangular in the RA space. This is achieved with the help of the unitary matrix

1 .
U = E(UO QR F11+01 Q@ Fig—09® Foy —io3® EQQ) ® I, (3.71)

where the 2 x 2 matrix units F;; in the spin space are used. While this is not a single tensor product
in the RA and spin spaces, conjugation with this matrix,

T(A) =UAU, (3.72)
keeps such single products in the basis of a:
T(Hg) = 03 ® 00 ® Egg, (3.73)
in the the saddle point

T(A) = —S1o, (3.74)

TES@? o0 ® 00 @ E; +03®00®E =2E11 @00 ® Eij — 2Ey» ® 00 ® Eji,
T(EY) =ios ® 01 ® B} +i00 ® 01 @ Bj; = 2iF1; ® 01 ® Ejj — 2iEy» ® 01 @ Ej;,
T EJIE = —ioy) ® 02 ® B} —i03 ® 09 ® Ej; = —2iF11 ® 09 ® Eyj + 2iF» ® 09 © Eji,
)
]

O’3®0’3®E +ZO’0®U3®E —2iE11®03®Eij+2iE22®03®E]Z,

Zj’

E/(Bi) :—02®0'1®E —|-20'1®0'1®E —22E12®01®E”,

= —i01 ® 02 ® B} + 09 ® ioy ® Eff = —2iE1y ® 02 @ Ef,

=—02®03®E +ZU1®03®E —2@E12®03®EZ-;

) =
) =
)
) =
E(l)) 01® 00 ® Ej; +i0y ® 00 @ B =2E13® 00 @ By
)
)
)
) = —2i01 ® 09 @ Eyj + 202 Qics @ Ey = —4iF19 ® 09 @ Ej;. (3.75)

As claimed, the structure in the RA space is upper triangular: in the first factor one has either F1;
and E22 or E12.

One can visualize the restricted root vectors for n = 3 as a schematic matrix diagram by indicating
the matrix positions where various generators have non-zero entries. For brevity one can write v; = E,,,

al = E((f,gl, s = Egk)l with indices suppressed since they can be inferred from the matrix grid
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(uncolored cells have zero entries):

1 014 023 30D | 33)
9 Y2
3 Bl B3 V3
O 1, PR 5 509
Z2 V2
(23) (14)
T(E) = 3 /i - % |0 (3.76)
1
—
(14 2y | a®
—
/(23) (14 g

This matrix can be made upper triangular by an additional permutation 7 of the basis vectors that

can be described explicitly as follows: for ¢ € 1,...,n, one has
m(i)=2i—1, w(n+i)=2i, 72n+i)=4n+2-2i, wBn+i)=4n+1-2i. (3.77)
This permutation re-sorts the diagonal entries of the matrix as follows:
Ty eve s Ty Ty eeey Ty —Llyevey —Tpy —T1yery—Tn  —> T1,T1, -« Tyy Ty —Tny — Ty - v ) — L1, —T1-
(3.78)

The permutation matrix Py that corresponds to 7 has the matrix elements (Pr);; = Or(i),j» and can
be used to permute rows and columns of a matrix M as follows:

(PeM)ij = My 4, (MP; Y, = M; (3.79)

77.‘.(-7) :

Then one can see that the conjugation of the matrix (3.76) by P makes it fully upper-triangular.
Using the notation

M = P,T(M)P; ", (3.80)
for transformed matrices, one has
I1 71
1 71
) 72
L2 V2
L3 s
E= 78 10 (3.81)
—3
—z3
— 2o
— 9
1
1
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In the final basis the elements of a are diagonal matrices, while elements of n are strictly upper
triangular.

One can exploit consequences of the Iwasawa decomposition of G and the transformation T for the
sigma model field Q). First of all, in the original basis where A = X3¢ one can write ¢ = nak with
n€N,a€ A, and k € K, and then

Q = QA = nakAk o nTTA = na*An"1A. (3.82)

Here kAk™1 = A is used, and aAa™! = a?A, which is a special case of the first condition in Eq. (3.45)
for a Hermitian matrix a € G. Now one can perform the transformation 7', Eq. (3.72), as well as the
permutation Pr. Using the notation (3.80), one gets

Q = aa’AntA. (3.83)
Using Egs. (3.74) and (3.77), one can compute the matrix
A= PP = —01 ® 00 @ T, (3.84)

where 7, is the n x n matrix with units on the “anti-diagonal”, that is, (Z,,)ij = i nt1—;j-
As should be clear from the previous discussion, the matrices 7 and 7~ are upper-triangular with
units on the diagonals, while a is diagonal:
a = diag(e™,e™ ... e ye e T e ), (3.85)

Conjugation by A converts 7! into A7 1A which is lower-triangular with units on the diagonal. This
results in the following structure of the AA block of the matrix Q:

1 x * e~ 2n 0 .. 0 0 10 00
0 1 ... % 0 e2 .. 0 0 x 1 ... 00
Qaa=|[i t . i1 : P : Dol e (3:806)
00 1 * 0 0 ...oeTm 0 * o1
0 0 0 1 0 0 0 e~ 271 * o.ox 1

Determinants of the lower-right 2m x 2m submatrices of Q44 give the basic positive N-radial eigen-
functions

dom = H e i = exp < - 42 xl> (3.87)
i=1

i=1
One can form the most general N-radial eigenfunctions as products

Claran) = de1*QQ)/2dZ(1Q2*Q3)/2 N 'dgzz__llgqn)/ngz/{ (3.88)
where one may take the ¢; to be arbitrary complex numbers. It is easy to see that the product
is the same as the exponential eigenfunction , while the basic function doy, is @, ) With m
twos in the subscript.

Notice that the doubling of the diagonal entries e~ 2% for each i in Eq. compelled me to
take determinants of sub-matrices of even size and raise the resulting functions to powers written as
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(¢; — qi+1)/2. This is very similar to the appearance of minors of even size in the highest weight
vector construction in Ref. [105]. Those minors were of an anti-symmetric matrix, and thus were
squares of Pfaffians. In the Iwasawa formalism it is also possible to obtain directly the “Pfaffian”
solutions ¢y ;). Pfaffians can be defined only for anti-symmetric matrices, so one needs to look at
transformation properties of various matrices under transposition. For group elements g this property
is given in the second equation in . One can use this equation to derive the following consequence:

T(9)" = (US10U") ' T(g) " (US10UT). (3.89)

A simple computation shows that UX10U? = ¥19. Thus the rotated matrix T'(g) satisfies the same
second equation in (3.45)):

T(g)~" =%10T(9)" S10. (3.90)
One can now look at
T(QA) =T(9)T(M)T(9) ' T(A) = T(9)L125107(9)" T10512 = T(9)S02T(9)" o2, (3.91)

which means that T(QA)Xg2 is anti-symmetric. Now one can employ the Iwasawa decomposition
T(g)=Tn)T ( )T (k) and drop the last factor, since in T'(QA) the group element g enters only in the
product gAg—', and k commutes with A:

T(QMN) Y02 = T(n)T(a)Zo2[T(n)T(a)]”. (3.92)

Next, everything is restricted to the AA block using the upper triangular structure of 7'(n) and the
diagonal nature of T'(a) in the RA space, see Eq. (3.76). In this block g2 44 = 02 @ I,, and one has
T(QM) aa(o2 @ I,) = T(n) aaT(a) aa(o2 @ I,)[T(n) 4aT(a) aa]". (3.93)

One can use the property of the Pfaffians Pf(MAM?T) = det(M) Pf A, where A is anti-symmetric and
M arbitrary, to obtain

PE[T(QA) a4 (02 ® )] = det|T(n) aa| det|T(a) aa| P (02 ® L). (3.94)

Since the determinant is basis-independent, one has

n

det[T(n)aa| = detffian] = 1, det|[T(a)aa] = detfaaa) = [T 7. (3.95)
=1

Finally, one gets the Pfaffian N-radial functions

A oo ® I,
Pn = $(1,1,...) = €xp ( - 22:&) = (gf(i‘:%( Ii)® )] (3.96)

This can be done for arbitrary number of replicas n, so one gets all basic Pfaffians this way, and the
most general N-radial functions

Plargn) = P18 oy Tl (3.97)

One should stress again the achievement of this section: the general N-radial eigenfunctions in Eqgs.
(3.88) and (3.97) are parametrized by arbitrary complex numbers qi, ..., ¢, and satisfy the Abelian
fusion. It was the combination of these two properties together with the local 2D conformal invariance

that allows one to derive the generalized parabolicity (3.25) in Section [3.2.2.2
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3.4 Sigma model

In this section, the derivation of the class-C nonlinear sigma model is sketched following Ref. [105].
While doing this, notations and conventions employed throughout the following sections are introduced.
Starting from the non-interacting Bogoliubov-de Gennes (BdG) Hamiltonian, one can formulate a
bosonic (24-0)D action Sy. Then one can employ the replica trick to average over disorder.
Following the conventional procedure of Hubbard-Stratonovich decoupling and gradient expansion [103
described in Sec. one arrives at the sigma model action, Eq. . The sigma-
model field @ lives on the symmetric space G/K = SO*(4n)/U(2n). The derivation largely follows
similar lines as Refs. [204H206]. For the connection to the wave function statistics in Sections
the coupling between the @ field of the sigma model and the bosonic field variables ¢ of the
action Sy is of crucial importance.
Systems in class C possess particle-hole and spin rotation symmetry:

n.H ' m, = —H, o;Ho; = H. (3.98)

Here 7, is the first Pauli matrix in the BAG space, and o; are Pauli matrices in the spin space. When
written in the basis ¢ = (¢1, v, 1/)1, wD, the Hamiltonian has the following 4 x 4 matrix form:

1 2 A
5 (D —eA)* — A
Hpac = (2 ( _A*) p L prenrs u) , (3.99)

2m
Here the matrix structure in the BdG space is shown exphcltly (as indicated by the subscrlpt 71') each
entry is a 2 x 2 matrix in the spin space. The matrix Ais antisymmetric AT = —A and ayAay =A
due to spin symmetry. This implies that A= Aoy, with a complex number A. The kinetic term
h = ——( —eA)? + 1 is the same for each spin species. Note that p changes sign upon transposition.
As usual for BAG Hamiltonians with preserved spin, Eq. decouples into two blocks. One thus
gets a 2 x 2 matrix Hamiltonian for ¢ = (¢4, @DI)J:

H: %( —GA) ) A
A —%(p—eA)QJru .

Here and from now on, ¢ is the combined particle-hole and spin space. In general, one may have an

additional matrix structure due to orbital degrees of freedom, in which case A is a symmetric complex

matrix AT = A. Here, one does not have additional orbital indices, so that A is a complex number.
In this basis, spin SU(2) and particle-hole symmetry combine into

(3.100)

H=—-0,H"0,. (3.101)

This particle-hole symmetry squares to minus one, which is the defining property of class C. The
network model that is studied numerically below is described by a scattering matrix corresponding to
a Hamiltonian of this kind.

One can employ a time independent (2 + 0)D replicated action to study the statistics
of wavefunctions of H. The action S is defined in such a way that the functional integral over the
corresponding fields goes with the weight e~°. In order to represent products of retarded and advanced
Green’s functions, one can double the space by introducing the additional 2 x 2 advanced-retarded
structure labeled by 7. Further n replicas are introduced, which allows one to compute products of
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m Greens functions (with m < n) at energies @ = diag(wi,...,wm,...,w,). To conveniently include
finite w; into the action, one can double the space once more by including the additional 2 x 2 space 3.
This takes care of assigning each w; a particle-hole partner —w;. The (complex) bosonic field ¢ has a
replica index (1,...,n), a particle-hole index ¥ and a spin index o. One can write the action in terms
of a bivector

¢ = (¢,ioy¥19") (3.102)

that additionally lives in advanced-retarded 7 space:

. . H + %3 + 0 0 ®
— _ T T
SO — l/d"" <¢ ¢ lO'yzl)T ( 0 H + @23 _ ZO>T <+20y21¢*>7

— / dr [¢TH¢ + ¢lio,Syioy H ioyShioy¢* + ¢1083¢ + ¢l io,S10Y3 100, 0"
+i0pt e — ¢0¢T¢ay2121iay¢*}
= — / dr [2¢T Ho + 2610550 + 2i06! gb} . (3.103)

The doubling represented by the additional Pauli space ¥ will be useful below to represent correlations
of wavefunctions of multiple eigenstates. The full bosonic bispinor ¢ satisfies the symmetry relation:

iT1210y¢* = ¢ (3.104)

Up to now, I have considered a clean system, H = Hy. Now, one can include disorder V', so that
the full Hamiltonian reads H = Hy + V. The matrix V can be assumed as white-noise distributed
matrix that contains all types of randomness (not involving the momentum p) respecting the class-C
symmetry : spatial fluctuations of complex order parameter A (which couple to matrices o, and
oy) and of chemical potential ;1 (that couples to 0,), i.e., V = S22, wioy. For simplicity, the disorder in
all components is assumed to have the same amplitude v\, so that (vvj) = 2Xd; ;. This assumption
is immaterial for the conclusions and results of this work, since they are only based on symmetries.

Disorder averages over this ensemble have the form of Gaussian integrals over the matrices V. These
integrals are fully determined by the second moment :

/ du(V)te(AV)tr(BV) = A te(AB — Aio,BTicy). (3.105)

To convince ourselves that Eq. holds, it is convenient to expand the matrices A and B in terms
of Pauli matrices in the o space: A = 323 a;0; and B = Y25 bjoy. Using tr(AB) = Y°3_, a;b;, it is
straightforward to see that both sides are equal to 2\ Zf’zl a;b;.

The matrices A, B are chosen to be the combinations }_, v, ; ¢a,a,2,r(r)¢i/,2,a;(r)v where a is the
replica index. Then one can use Eq. to average over the disorder. As usual, the averaging
results in the emergence of a quartic term in the action:

S =M [dr 3 Goan (I8l ()0 (1)L 1), (3.106)

ab,77’ 00, XY/

Following the conventional route, this “interaction” can be decoupled by means of a Hubbard-Stratonovich
transformation involving integration over a matrix field ). This field couples to the fields ¢ in the
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following way:

/ dr Y Pl Q%P (3.107)

ab,o, X% 7!

With the matrix structure in the retarded-advanced space (for which one can use the indices R and
A) written explicitly, this has the form

t / f 1P ’ RR ’ RA /
/dT Z tr, ( ¢a,2,a¢b,2 Neg ¢a7270(¢ Zay)b,—z Neg ) (QE‘%E b QE%E b) . (3108)

(i0y¢)a,—2,a¢b,2’,a <i0y¢)a,—2,a(¢Tiay)b,72’,o QEa,E’b Ya,X'b

Here Eq. was used and taken into account that the matrix 31 acts on the index ¥ via ¥ — —3.
Note that the matrix @ does not carry o indices and that this coupling explicitly respects the spin (o)
conservation.

Upon the Hubbard-Stratonovich decoupling, one gets the action:

S[¢, Q] = / dr | > bl (Hodardrr + Q¥ xndoo + Da + 1073 ) Brrer + A~ 1r Q2| . (3.109)

!
ab,o,0', T

The next step is to integrate over the ¢ fields. Since the action is quadratic in ¢, this integration yields
an inverse determinant, and one finally gets the action that only depends on Q:

S[Q) = trlog(Ho + Q + Sg@ + i073) + A~ /dr tr Q2. (3.110)
This action has a manifold of saddle points
Q=ghg™', A=, (3.111)

which form the target space of the nonlinear sigma model, @ € G /K. For the present case of class C,
this target space is G/K = SO*(4n)/U(2n). This form of the target space can be understood already
from the symmetry of the action (3.103)): transformation of ¢ that respect the symmetry constraint of
¢ and leave the main term (involving H ) invariant, determine the group G, while the term proportional
to ¢0 breaks this symmetry down to K.

Allowing for slow spatial fluctuations of Q = gAg™
the usual nonlinear sigma-model action 200

I around the saddle point A = 73, one obtains

slQ) = -2 / dr tr [Do(9Q)” + 4i (Saio + i073) Q] (3.112)
Here pp and Dy are the bare (ultraviolet) values of the density of states and diffusion constant, respec-
tively, so that o¢9 = pgDy is the bare spin conductivity.

The sigma-model field @ is a 4n x 4n matrix in the advanced-retarded x particle-hole (equivalently,
spin) X replica space [see also Eq. below]. It satisfies two constraints. The first one is Eq. .
In addition, g inherits the symmetry , yielding

%19 S =g L (3.113)
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For the @ field, this implies

n21QTYm = —Q. (3.114)

Constraints (3.111) and (3.113)) [or, equivalently, (3.111)) and (3.114)] determine the sigma-model target
space G/K = SO*(4n)/U(2n).

In the following/preceding sections dealing with the Iwasawa decomposition on G/K in Sec.
and renormalization group (RG) of generic operators composed of @) in Sec. a slightly different
parametrization of G/K related by a unitary basis rotation is used. Specifically, the two parametriza-
tions of G/K are related by a rotation in ¥ space:

Q=Us'QUs, (3.115)
where
Us, = diag([zn, Y1® In)T . (3116)

Since Us; commutes with 73, the condition (3.111) holds also for Q without any modifications. At the
same time, the condition (3.114]) becomes

NS UL QTUEY T = —Uy ' QUs, (3.117)

which, by using U§7'121U§1 =711 ® Iy, simplifies to

nQ'n =-Q. (3.118)

With all indices written explicitly, this implies
AA NAA AR NAR RA ARA RR YRR
Qa,b = Qa,b? Qa,b = Qa,fbﬂ Qa,b = Qfa,bv Qa,b = Q, ,—b* (3119)

Here I have introduced a convention (to be used below) that the structure in the X space is represented
by the sign + of the the replicas a, b, i.e., positive replica indices a = 1,...,n correspond to the upper
component in the ¥ space, and the negative indices —a to the lower component.

In the sequel, sometimes the tilde is omitted, i.e. Q for Q is written to simplify notations. This will
be explicitly pointed out in the corresponding sections when this will be done.

Before closing this section, two interrelated comments are appropriate.

1. Up to now, the manifold G/K = SO*(4n)/U(2n) is considered, with n being a positive integer. As
is well known, the averaging over a quenched disorder requires either introducing supersymmetry
or the replica trick (n — 0). The supersymmetric formalism was used in Ref. where the
classification of composite operators was developed. At the same time, as is clear from Ref. ,
the most convenient way to build the composite operators is to use the boson-boson sector of
the supersymmetric sigma-model. In this sense, the supersymmetry approach to this problem
becomes very similar to using the replica trick for the bosonic fields. In other words, considering
the bosonic theory only is fully sufficient for these purposes. Most of the analysis can be performed
for the theory with a positive integer n. It will be pointed out below where the replica limit n — 0
is essential (which could be equivalently replaced by making the theory supersymmetric).
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2. In general, the sigma-model (3.112) (when written in the supersymmetric form, i.e., also with
a compact sector) may contain also a topological term. In particular, this term plays a crucial
role for the emergence of the critical point of the SQH transition. However, in this work, the
sigma-model will be only used for determining the composite operators and for translating them
to the language of wave-function correlators. This analysis is based entirely on the symmetry of
the sigma model, for which the presence or absence of the topological term is fully irrelevant.
The scaling of the corresponding correlation functions at the critical point of the SQH transition
will be after this determined numerically.

3.5 RG

In this section, one more approach—the field-theoretic RG—is employed in order to determine the pure-
scaling operators in class C. The approach is based on the invariance property of the RG transformation
that works on functions (composite operators) O[Q] on the symmetric space G/K. Importantly, this
invariance holds to any order of RG. In view of this, eigenfunctions of one-loop RG are the pure-
scaling operators, cf. previous works for class A and class Al . A few general word on
renormalization group analysis can be found in Sec. [1.1.3]

One can use the one-loop RG to determine the class-C eigenoperators Pf [@] that are polynomials in
Q. These operators correspond to Young diagrams A = (q1, g2, - . . , ¢») with integers qi, . . ., gy, satisfying
@1 > q2 > ...qy, > 0. Clearly, in each order |A\| = ¢ + g2 + ... + ¢, of the polynomial, there is a finite
number of such Young diagrams. For example, for |A| = 2 there are two Young diagrams, (2) and (1,1);
for |A\| = 3 there are three of them, (3), (2,1), and (1,1,1), and so on. Further, RG preserves the order
|A| of the polynomial. Thus, for each |A|, the action of RG reduces to a matrix in the corresponding
subspace. Diagonalization of this matrix yields pure-scaling operators PS[Q]. These operators are
particularly convenient for mapping onto wave-function observables performed in Sec. (To avoid
confusion, remember that the operators 739 [Q] do not satisfy the Abelian fusion, at variance with the
N-radial operators constructed in Sec. by means of the Iwasawa decomposition.)

While the main focus is on the class C, for which G/K = SO*(4n)/U(2n), it is instructive to also
briefly review the RG analysis for class A, for which G/K = U(n,n)/U(n) x U(n). This allows one
to point out important differences in eigenoperators between classes C and A. Furthermore, relations
between the eigenoperators of both classes are established, which will be useful in Sec. for the
numerical evaluation of scaling exponents of the SQH transition.

In Sec. the RG procedure is introduced and used to determine eigenoperators with the lowest
non-trivial degree of polynomial, |A| = 2. In Sec. this analysis is extended to eigenoperators of
higher degree, |A| > 2; they are explicitly determined for |A\| = 3 and || = 4.

Whereas the goal in this section is to determine pure-scaling operators by RG means, also the
eigenvalues of the one-loop RG are calculated. Specifically, after having inspected examples of not too
large |A| in Secs. 3.5.2 and [3.5.3] in Sec. a general statement that the one-loop RG operator is
proportional to Laplace-Beltrami operator on G/K is proven. This implies that eigenvalues of one-loop
RG satisfy generalized parabolicity.

3.5.1 Renormalization procedure

The RG procedure is implemented in the standard way by splitting the matrix g that defines the sigma-
model field Q = gAg~! in the slow (subscript “s”) and fast (subscript “f”) components, g = gsgs-
(This approach is also known as background field method; e.g., recent papers [207] [208] and references
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therein.) The matrix g is antiunitary, g~' = 739773, and the same condition holds for g, and gy. The
fast field

1
gf:e—":1—x+§252+... (3.120)

is expanded in X. The matrix X does not contain the “gauge” (group K) degrees of freedom, i.e., it
anticommutes with A = 73:

X = (;T %() (3.121)
One thus has '
Q=gAg™!
= 9597097 g5
= Qs +29sAX g, + 29, AX% g + L (3.122)

where Qs = gsAg;!. For the one-loop analysis, it is sufficient to keep terms up to the order X2.
To obtain the Gaussian fast-mode action Sy, one can expand the sigma-model action (3.112) to
lowest (quadratic) order in the fast fields X

SelX] = % /ddx [tr (VX)% + h2tr 2\.’2}
= 10y / d’a [tr (VXT)(VX) + k2 XTX] . (3.123)

Here the infrared cutoff h? that regularizes the divergence in spatial dimensionality d < 2 has been
included. In d = 2 dimensions, the one-loop integrals are logarithmic with respect to the ratio of the
ultraviolet and infrared cutoffs; in the bare theory, the ultraviolet regularization is usually provided
by the lattice spacing. One can also consider the theory in d = 2 + € dimensions, with ¢ > 0,
189]. The analysis that is performed here to determine the eigenoperators of RG is based solely on
symmetry, so that it is equally applicable in any spatial dimensionality. As one can see below, the loop
integral will enter as a constant Iy, whose value will be immaterial for the analysis.

Let 00 be defined as the one loop renormalization contribution of an operator O(Q) with respect to
this fast action. It is obtained by expanding O up to second order in X,

0[x] =09 + oW [x] + %O(Q)[X, X)+..., (3.124)

where O a n-linear form in X, and then performing the Gaussian averaging (...) with respect to X
with the action (3.123). One thus has

50 — ;/DX 02)[x, x] e Ss1¥ = %@(2) X, X)) (3.125)

Every term in the RG flow §O thus originates from a single contraction of two fast fields and is
proportional to the fast-field propagator. Since the composite operators that are considered are local,
this propagator is taken at coinciding spatial points and thus involves the loop integral

1 d2+ep
Iy=— | ——. 3.126
I~ oo p? + h? ( )
At one loop level, every term in dO is thus proportional to Iy by construction. In order to determine
the eigenoperators, one does not need the value of I, since it will simply stay as an overall prefactor

in matrices that one will have to diagonalize.

98



3.5 RG

3.5.2 RG for operators quadratic in Q.

I consider first the operators that are quadratic with respect to . The corresponding Young diagrams
A are characterized by |A| = 2. Obviously, there are two such Young diagrams: (2) and (1,1). To
derive the RG equations, one needs to look at the renormalization of the operators tr(AQBQ) and
tr(AQ)tr(BQ) with generic matrices A and B. Using the expansion (3.122), one gets

tr(AQBQ) = tr(Ag.Qrg; ' BgsQrg; ")

~ tr(AQsBQs) + 4tr(gs_1AgsAng_1BgSAX)
+ 2tr(AgAX 2  BQ,) + 2t1(AQ, By AX g, ),

= tr(AQsBQs) + dtr(AXBX) + 2tr(BAX?) + 2tr(ABX?) ;

tr(AQ)tr(BQ) = tr(AgsQygs ' )tr(BgsQrg; ')

=~ tr(AQ,)tr(BQs) + 4tr(g; ' Ags AX)tr(g; ' BgAX)
+ 2tr(Ags AX2g; tr(BQs) + 2tr(AQs)tr(BgsAX?g; ")

= tr(AQ,)tr(BQy) + 4tr(AX)tr(BX) + 2tr(AX?)tr(BQ,) + 2tr(BX?)tr(AQ,),

(3.127)

where only terms of zeroth and second order in X are retained and
A=g;'AgN,  B=g;'Bg.A. (3.128)

To calculate §[tr(AQ)tr(BQ)] and dtr(AQBQ), one should average according to Eq. (3.125) the
terms of second order in X in Eq. (3.127). This involves the following averages (with 1,2 being the
indices in the RA space):

(tr(AX)tr(BX)) = <(tr(A12XT) +tr(An X)) (tr(BroXT) + tr(Bng))>
1 0 1 >0 It >0 1 0
= Al B (X1,X0s ) + Al B (X1aXos ) + A B (XaXs) + AR B (XasXo,),
(3.129)
<tI‘(AXBX)> = <tI‘(A12XTB12XT + AQQXTBHX) + tr(AllXBQQXT + A21X321X)>
= Aty (X015 ) + Al Bl (X0,X0) + A B (XasXly) + AR BE (XasXos),
(3.130)

where «, 3, 7, and J are replica indices and the convention of summation over repeated indices is used.
Further, replacing B in Eq. (3.130) by the unit matrix, one obtains

(tr(AX2)) = A% <ijxﬁg> + A% <Xaﬁxg5> . (3.131)

The analysis up to now was general and thus was applicable to both classes A and C. To proceed
further, one should specify the fast-mode propagators, which are different for classes A and C.
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3.5.2.1 Class A

In class A, the manifold is G/K = U(n,n)/U(n) x U(n) and the only condition on ¢ is pseudo-
unitarity, g~! = 3¢’ 5. The field X in Eq. (3.121) is correspondingly a generic complex matrix with
the propagator

(X!, X05) = I;0as0sy |

(XapXys) = (X XI5 =0. (3.132)
Using Eq. (3.132) for the propagator in Eqs.(3.129) and (3.130]), one gets
(tr(AX)tr(BX)) = Iy tr(AvaBoy + Aoy Buo) = Iy tr (AP_BPy + AP, BP")
1 .
= §If tr(AB — AABA); (3.133)
(tT(AXBX» = If (tI‘/IHtI'B22 + tl“AQQtTBH)

- Iy |ox (APy) e (BP-) o (AP-) s (BPy)

_ %If A teB — te(AA) tr(BA)],  (3.134)
where the Py = % are projectors on the advanced and retarded sectors. Substituting here now
Eq. for A and B, one finds

(tr(AX)tr(BX)) = %I #tr(QsAQsB — AB) ; (3.135)
(tr(AX BA)) = %Jf [6r(QuA) tr(Q.B) — trA trB] (3.136)

Below I will focus on the choice of matrices A and B satisfying (in the replica limit n — 0) trA = trB =
tr(AB) = 0, so that the )s-independent terms in the r.h.s. of Egs. , can be discarded. It
is important to note, however, that these terms play only a minor role also for more generic matrices A
and B: they only lead to an admixture of constant (Q-independent) terms to eigenoperators, without
affecting either the quadratic-in-() structure of eigenoperators or the corresponding eigenvalues.

Equation (3.131) yields, with the class-A propagator (3.132),
(tr(AX?)) = Ipn (trAy; + trdg) = I[;ntrA. (3.137)

Since one is interested in the replica limit n — 0, the terms of the type (tr(...X?)) thus do not give any

contribution. Using Eqgs. (3.135) and (3.136) for the remaining averages in Eq. (3.127)), one obtains the

following RG flow (that is conveniently presented in the matrix form) for the operators tr(AQ)tr(BQ)
and tr(AQBQ):

tr(AQ)tr(BQ)\ 0 -1 tr(AQ)tr(BQ)
0 ( tr(AQBQ) > = (=2Iy)- ( 1 0 ) ' < tr(AQBQ) ) ' (3.138)
—_———
=:Mé4
Consequently the eigenoperators are (the superscript “A” refers to class A)
Piayap = 11(AQ)tr(BQ) + tr(AQBQ),

Pl 1yap = tr(AQ)tr(BQ) — tr(AQBQ) , (3.139)
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with eigenvalues 217 > 0 and —2/¢ < 0, respectively. The first of them (increasing under RG) belongs
to the representation (equivalently, Young diagram) A = (2) and the second one (decreasing under
RG) to A = (1,1). It is important to emphasize that the eigenvalues do not depend on the choice of
the matrices A and B: the operators Pé) with any A and B belong to the same representation (2),

and the operators Pé 1) with any A and B belong to the representation (1,1).
One important choice of the matrices A and B is A = B = A, which yields the operators

Pi3y = tr(AQ)tr(AQ) + tr(AQAQ),
Pl = tr(AQ)tr(AQ) — tr(AQAQ) . (3.140)

The special feature of this choice is that the operators (3.140) are K-invariant: they are invariant with
respect to rotations Q — UQU ™! with U € K, since all such U commute with A.

3.5.2.2 Class C

Now the above analysis is extended to the class C. There is then an additional symmetry operation,
0=n10"r, (3.141)
that constrains g:
g=g "' (3.142)

This means X = —X. Since A = —A, this corresponds to @ being odd with respect to the operation

(3.141),
Q=-0Q, (3.143)

see Eq. (3.118). Note that @ in this section is the same as Q introduced in the end of Sec. see
Eq. (3.115).

Combining Eq. with X = —X, one finds that X is an antisymmetric complex matrix, X =
—XT. Therefore, expectation values with the Gaussian action yield the following propagator:

(XlﬁX'ﬁ) = If(5a5‘sﬁv - 5047555) )
(XapXqs) = (X],xT5) =0, (3.144)

It is important to recall, that, as discussed in the end of Sec. the particle-hole index ¥ is included
in the replica index, so that one has 2n replicas.

Substituting Eq. (3.144) into Eqgs. (3.129), (3.130), one finds for the fast-field correlation functions
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that emerge in the RG analysis (3.127)), with two factors of X originating from different @ fields:
(tr(AX)tr(BX)) = Iy [tr(A1Bar) - tr(Ap BY) + tr(An Bia) — tr(A1BY)|

= % tr(AP_BP,) — tr(AP, BP_) + tr(AP, BP_) — tr(AP_BP})
_ % i—tr(/lABA) +tr(AB) — tr(AB) + tr(AABA)] :
(ir(Ax B)) = 3 [ir(Ann)tr(Bur) — (A BE) + tr(An)ix(Ban) — r(Ani B)]
. % :tr(AP_)tr(BP+) —tr(AP_BP_) + tr(AP,)tx(BP.) — tr(AP+BP+)}
_ %f tr(A)tr(B) — tr(AN)t(BA) — tr(AB) — tr(AABA)] . (3.145)

Substituting now Eq. (3.128) for A and B, one obtains
~ ~ I _ _
(tr(AX)tr(BX)) = ?f |[—tr(AB) + t1(AQ,BQ) + tr(AB) — r(AQ,BQs)|
o I _ _
(tr(AXBX)) = ?f [tr(AQq)tr(BQs) — tr(A)tx(B) + tr(AB) + tr(AQ.BQs)| (3.146)
In addition, Eq. (3.127) contain terms of the type (3.131), with both factors of X originating from
the same @ field, i.e., entering in the form of X2. Substituting Eq. (3.144) into Eq.(3.131), one gets
(tr(AX?) = I;(—1+2n)trA = —Iptr A. (3.147)

In the last equality sign, the replica limit n — 0 has been taken. At variance with the class A [see
Eq. (3.137)], such contributions remain non-zero in the replica limit in class C. In particular, such a
term is responsible for renormalization of operators of first order in @ [e.g., tr(AQ)] in class C:

Str(AQ) = 2(tr(gsAgy "AX?)) = —21; tr(AQ). (3.148)

This operator belongs to the representation (1) and determines the scaling of the average LDOS.
The corresponding eigenvalue is —2/¢ < 0, which means that the average LDOS is suppressed within
one-loop RG.

I return to the RG for operators that are quadratic in Q. Substituting Eqs. (3.146) and (3.147) into

Eq. (3.127), one obtains the RG equations

St (AQ)tr(BQ)) = 21 [_tr(AB) T tr(AQBQ) — (~tr(AB) + tr(AQBQ)) — 2tr(AQ)tr(BQ)} ,

5tr(AQBQ) = 21 {tr(AQ)tr(BQ) — tr(A)tx(B) + (tr(AB) + tr(AQBQ)) — Ztr(AQBQ)} .
(3.149)

In full analogy with the class A [see comment after Eq. (3.136])], one can drop constant contributions
(those that do not contain (). Furthermore, one can assume that, like the matrix @, the matrices A
to B are odd |'| with respect to the symmetry operation (3.141)):

A=-4, B=-B. (3.150)

1t is straightforward to check that choosing A and B to be even, A = A and B = B, does not bring anything new.
Specifically, the operator tr(AQ)tr(BQ) is then zero, and the operator tr(AQBQ) renormalizes to itself with the
eigenvalue —2I; and thus belongs to the same representation (2) as the operator Pg) from Eq. (3.155)).
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3.5 RG

Two choices of A and B will be particularly important for us. The first one is A = B = A, which
yields gauge-invariant operators [i.e., operators invariant with respect to the group K = U(2n)]. The
second choice is A = E,,A and B = EyA, with E,, and Ep, being projectors on two distinct replica
indices a and b. This choice of A and B will be useful for establishing connections with wavefunction
correlators in Sec. In both cases, A and B are odd, i.e., satisfy Eq. . The RG equations

(3.149) then reduce to

tr(AQ)tr(BQ)\ _ 2 -2\ (tr(AQ)tr(BQ)
5( tr(AQBQ) >—(—2.7f)-<_1 3)( r(AQBO) ) (3.151)
=:M>

To determine pure-scaling operators, one writes an operator O as a linear combination
O = c(q,tr(AQ)tr(BQ) + co)tr(AQBQ). (3.152)
Equation (3.151) then is translated into the RG flow of the coefficients c(; 1) and ¢(9):

) _(_orn. [ 2 ). [(can
(o) cam (3 ) .
—_——

—AT
,Mz

Note that My from Eq. (3.151) acts transposed on the vector of coefficients. (It is necessary to
emphasize this since, at variance with class A, the matrix My is not symmetric for class C.) The
eigenvectors of MJ yield the operators

P&y = tr(AQ)tr(BQ) + tr(AQBQ),

PG 1yap = tr(AQ)tr(BQ) — 2tr(AQBQ) , (3.154)
which are eigenoperators of the RG flow with eigenvalues —21y and —81, respectively. The superscript
“C” serves to distinguish them from class-A eigenoperators (3.139)). Importantly, the coefficients in
Eq. (3.154) do not depend on the choice of matrices A and B. In particular, for A = B = A one finds
the K-invariant pure-scaling operators to be

PGy = tr(AQ)tr(AQ) + tr(AQAQ),
PE 1y = tr(AQ)tr(AQ) — 2tr(AQAQ) . (3.155)

For another important choice mentioned above, A = FE,,A and B = EyA with two different replicas a
and b, one gets the pure-scaling operators

Pjap = tr(AQaa)tr(AQu) + tr(AQubAQsa),
Pg,l)ab = tr(AQaa)tr(Abe) - QtT(AQabAQba) ) (3'156)
where Qua, Qup, Qub, and Qp, are projections of () on the corresponding replica subspaces.

From the Weyl-symmetry relations, Sec. [1.2.1.1] one knows that the eigenoperators belonging to
the representations (1) and (2) should scale in the same way under RG. These results are in full
agreement with this symmetry constraint: the operators Pg) 4p from the representation (2) have the
same eigenvalue —2I; as the operator representing the average LDOS, i.e., representation (1), see
Eq. (3.148). The operator Pg 1)AB that has the eigenvalue —81; (i.e., is “more irrelevant” in the

RG sense) belongs to the representation (1,1). As it is discussed below, the ratio 4 between the two
eigenvalues is a manifestation of the exact generalized parabolicity that is a property of one-loop RG.
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3 Generalized multifractality in Spin Quantum Hall systems

3.5.2.3 Gauge-invariant operators by K-averaging

In Sec.|3.5.2.2, the quadratic-in-Q) pure scaling operators (3.154)) have been determined. Two important
choices of the matrices A and B were discussed. One of them was to take A = B = A, which yields
K-invariant eigenoperators (3.155) that are linear combinations of the operators

0(2) = tr(AQAQ), 0(171) = tr(AQ)tr(AQ) . (3.157)

The other choice was A = E ;A and B = Ep A, which leads to the eigenoperators (3.156), which are
linear combinations of

Of) = tr(AQabAQba) . Off 1y = tr(AQua) tr(AQs) (3.158)

with the same coefficients. While the operators are not K-invariant, one can make K-invariant
operators out of them by performing the averaging over the group K. This yields an alternative
way to K-invariant pure-scaling operators. The result should be the same as K-invariant operators
determined above. In this subsection it is shown explicitly that this is indeed the case, which
constitutes a non-trivial consistency check of this analysis.

Let O[Q] be a composite operator. One can construct out of it an operator <O[Q]>K by averaging

over the group K = U(2n):
(0Ql), = /K du(O[U~1QU. (3.159)

The operator is K-invariant, i.e., it is invariant under transformations Q — V~'QV with
V € K, as immediately follows from the invariance of the Haar measure du(U) on K = U(2n).

The elements of K commute with A and thus have the block-diagonal form in the retarded-advanced
(1) space, U = diag(Uy,Us)-. In order to perform the K-averaging of the operators (3.158), one thus
has to evaluate the following averages

<tT(AQabAQba)>K = <(U1_1Q11Ul)ab(Ul_lQllUl)ba + (U3 Q22U2) (U " Q22U2)1a
— (U1 ' Q12U2) (U3 ' Q21U1 )pa — (U2_1Q21U1)ab(Ul_lQ12U2)ba>K :
(3.160)
<tr(AQaa)tr(Abe)>K = <(U1_1Q11U1)“a(U1_1Q11U1)bb + (U3 Q22U2)aa(Us ' Q22Us)ip
—(U7 Q1101 aa(Uy *Qa2Us )i, — (U2_1Q22U2)aa(Ul_lQllUl)bb>K . (3.161)

Here the indices 11, 12, 21, and 22 correspond to retarded-advanced space, while a and b are two given
distinct replica indices. For class A, U; and Us are independent, and K = U(n) x U(n). In class C,
with the sigma-model field satisfying the additional symmetry constraint (3.118), one has U; = UJ,

and K = U(2n). To evaluate the averages in Egs. (3.160)), (3.161), one need averages of products of
matrix elements of matrices U and U* over the unitary group U(2n). The required averages are as

follows [209] (see also Appendix of Ref. [158]):

<U;an,8>U(2n) = ‘/16ab5a67 (3162)
<U;anBU:'yUd5>U(2n) = Vl,l <5ab6a550d5'y6 + 6ad5a560b57,8> + Vs (5cb5a,85ad5'y§ + 5&1;504650(1576) )
(3.163)
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3.5 RG

where V) are the Weingarten functions [210],

1 1 B 1

T (3.164)

First use Eq. ( ) to evaluate the averages in the second line of Eq. ( (denote Uy = Uy = U):

< U Q" U )aa(Uy Q22U2)bb>U(2 )

< ] Uﬁa U*) 1 22 (U*) b>U(2n)

< oUsa Z,AUC,p> Uiz )51),;507%/5%@&13@32
— (Vo (BB + GaabiBudra) + Va (BssbaadnsByo + Basbopbabine) ) e85 QEb QL
=Vi1 (040056 QE4 007 Q228 + 01,000 0130an QL5 Q2 )

+ Va (5036 @h 00y Q2285 + 0a30anOusOraOp0o O 0r b Qh5Q2 )

gt (@) e (0%) + v (01 (0
~tia (o(@)) v (@) .

Further, one can calculate in the same way the terms in the second line of Eq. (3.160):

(U7 Q™2U2) (U3 Q"' Ut
(Vi QuU U @),
=(

U, Uy U*}\Uap> Uen )(5bp(5(,755y(5)\b@a5@,2y}$

U(2n)

= (Vl,l (5au5aa5uz75)\p + 50405ap5Vu5/\a> + VZ <5uu5aa6a06)\p + 5au6ap51105)\a)) 5bp50'y(551/5)\bQ(1;¢2ﬁ »ZYL

—Vl 1 <5bp pruﬁdﬂu l/wQ»W + 5ba5ab5a7 5,6’, )
+ Va (Bp8pb0ar Q5 Q2 051 + 01,0005 abQong)

—Viqtr (Q12Q21> + Vatr (Qu <Q21>T>
= (Vi1 - a) tr (Q12Q*)

_ (VL1 _ \/2) [tr (]14nx4n) ~tr ((Q“)z)] : (3.166)
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Finally, there is a term of the following type both in Eq. (3.160) and Eq. (3.161):
(U7 QMU ) ab(UF ' Q1T e

—111 —111
= <U(J,O( QBUBbUC'Y Q’YMUiu‘vd>U(2n)

* * 11 H11

U(2n)

Vl,l (601[3’6(1175"(#50(1 + 6au5ad5'y,3(scb> + ‘/2 (5765ab5au(scd + 50465ad6’y,u60b):| 58 ’2Yi

=Vi1 [(60rQ™) 20 0ca + t1(QQ™)daades| + Va [11(Q1 Q)b + (trQ™) 260400t

= —Vl,l <tI’Q11)2 + VQtI' ((Qll)z)‘| 5ab(50d +

Vl,ltl" ((Q11)2) + V2 (trQll)ﬂ 5ad(scb . (3.167)

In the above transformations, the symmetry property of () was used,

Qll QIQ _ Q — _@ — - %-‘2 - ,{2 (3168)
Q21 Q22 —Qle —Qripl ’
as well as the constraints

1111 12921 HllH12 1222
1=0Q%= <g21811 i 822821 822822 i gz1g1z> ) 0=TrQ = TrQ" + TrQ**. (3.169)

Substituting Egs. (3.165), (3.166), and (3.167) into Eqs. and (3.161)), one obtains

(r(AQua) u(AQm)) = 2Vh (trQ@")" + 20t <(Q“)2> , (3.170)

(tr(AQuAQm)) = Vo (@) + 2V = Va)er ((Q1)7) = (Vir +12) tr (ancan)

(3.171)

)

In the replica limit n — 0, the last term in Eq. (3.171) vanishes, and one obtains

0w 2V 2V O
(1,1) _ 1,1 2 (Y 3.172
< ( O ) > ( 2 Ma-1e) \Op ) o
U(2n)

=:K>

where notations for basis operators introduced in Egs. (3.157) and (3.158]) were used.
Equation (3.172) is a central result of this subsection. Here its implications are discussed. Consider
a K-invariant operator O that is quadratic in ). One can expand it in the basis O(y 1), O(g) or,

alternatively, in the basis (O?lb 1))U(2n), <O?§))U(2n):

O = ca,n01) + 202 = 1.1 (OF 1)) un) + ¢2) (O u(zn) - (3.173)

According to Eq. (3.172), the corresponding vectors of coefficients are related by the matrix Kg :

/
can) — g7 (“an) (3.174)
C(2) 2
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It is known from Sec. |3.5.2.2 that, in order for the operator O to be an invariant operator, the vector
(0(171),c(2))T should be an eigenvector of the matrix MJ defined in Eq. (3.153). Furthermore, the
operation of U(2n) averaging commutes with RG, so that the RG flow of the coefficients c’(1 1) c’(2) is

described by the same equation (3.153). Therefore, for O to be an invariant operator, (C/(1,1)v c’(z))T

should also be an eigenvector of MJ . In view of Eq. , both conditions are compatible if and
only if the matrix K7 has the same eigenvectors as MJ . In other words, K7 should commute with
M, or, equivalently, K5 should commute with M. To demonstrate that this is indeed the case, the
matrix Ko is represented in the form

Ko =2(Vi1 + Va) <1 1) V- (_21 _32> : (3.175)

=M,

which obviously commutes with Ma.

This analysis thus shows that the eigenoperators can be also obtained as eigenvectors of the matrix
KQT . Explicit verification of the fact that Ms and K5 commute serves as a non-trivial check of the
calculation.

3.5.3 Generalization to operators of higher degree, ¢ = |\| > 2

Her the RG analysis is extended to determine the polynomial pure-scaling operators of higher degree,
q=|A > 2.
Begin with considering the basis of K-invariant operators

l
Ogs,a = [] tr ((AQ)*) . (3.176)
i=1

where (q1,...,q) are partitions of ¢, i.e., g1 + ¢+ ... +qg=qand ¢ > g2 > ... > q > 0. This is an
extension of the basis (3.157) to arbitrary integer ¢ > 2. As I am going to discuss, the RG does not
mix operators of different degree ¢ = |A|. Within given ¢ it acts according to

J : =M, : : (3.177)

I will derive the rules for calculating the matrix M for classes A and C for any ¢ below, and will present
it explicitly for ¢ = 3 and 4.
Any invariant operator of degree g can be expanded in terms of the basis operators,

0= Z Cq1ya) Vi) (3.178)
(‘hw-ﬂ]l)

where the sum goes over the partitions of g. The RG evolution of the coefficients is determined by the
matrix M7:

L =M : (3.179)
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Thus, determining eigenvectors of the matrix M(]T , one finds invariant pure-scaling operators of degree
q.
In order to derive the RG rules, it is useful to inspect an example. Consider the operator tr (AQBQ) tr (CQ).
Splitting @ in slow and fast modes and expanding in fast fields according to Eq. (3.122), and keeping
only the terms of zeroth and second order in X', one gets

tr (AQBQ) tr (CQ) = tr (AQ,BQ,) tr (CQs)

1 otr (AgSAXQgngQS) tr (CQs) + 2tr (AQSBgSAXQggl) tr (CQs) + 2tr (AQ,BQs) tr (chAX2g;1)
+ dtr (AgSAng_lBgSAng_l) tr (CQs) + 4tr (AgSAng_lBQS) tr ((JgSAngl)

o+ dtr (AQngsAxggl) tr (CgsAng_1> : (3.180)

Averaging now over the fast fields X, one finds contributions of three types. In the contributions of the
first type, both factors X originate from the same @, thus entering as X?. In the contribution of the
second type, two factors of X' come from two different ()s under the same trace. Finally, in the terms of
third type, two X's originate from different (Js under different traces. One has already encountered all
three types of contributions [see Eq. ] when developing the RG for ¢ = 2 operators in Sec.
By using this, one can generalize the results obtained there, Egs. and , to the RG rules
valid for any ¢. I do it now separately for classes A and C.

3.5.3.1 Class A

I first derive general RG rules in class A. The contributions d4(...) originating from two X" factors
coming from two distinct traces fuse these two traces into a single one, see the first line of Eq. (3.138)

54 {tr ((AQ)%) tr ((AQ)%‘)} = 2I7g;q; - tr ((AQ)M) . (3.181)

The prefactor g;q; accounts for ¢; places where the fast field X' can occur in (AQ)% and ¢; places where
another & can occur in (AQ)%. For every of these (identical) ¢;q; terms, one can use the first line of
Eq. with A = (AQs)%'A and B = (AQ,)%'A, which yields the r.h.s. of Eq. (3.181). If the
operator is a product of a larger number of traces, each pair of them will produce such a contribution.

Further, the contributions d4(...) originating from two X factors coming from the same trace cut
this trace into two pieces in all possible ways, see the second line of Eq. :

qi—1
5,tr ((AQ)") = 21 3 ;- tr (AQ)%) tr (AQ)% %)
q;=1
qi—1
= gy tr((AQ)Y) tr (AQ)"%). (3.182)

g;=1

Indeed, the two fast fields can come from @ matrices in arbitrary positions k& and k + g¢j, where
1 <k < k+ ¢ < q. For each such contribution, one can use the second line of (3.138) with
A= (AQ)% A and B = (AQ)% % ~'A. Note that contributions originating from the X? factors
(i.e. with both X fields coming from the same () vanish in the class A due to the replica limit, see
Eq. and the comment after it. If the operator is a product of several traces, then each of them
will produce a contribution d5(...) according to Eq. (3.182).
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3.5 RG

Applying these rules, one can find the matrix M;‘ determining the renormalization of operators of
degree q, Eq. (3.177). For ¢ = 3 and 4 one gets:

- 01 0
(MzA)TZ(ZIf)<1 0>’ (MHT = (21;)| 3 0 3 |,
02 0
01000
6 02 3 0
(MHT=@I;)[ 0 1.0 0 2 (3.183)
0400 4
00430

For convenience, I have also included here the ¢ = 2 result, Eq. (3.138). The transposed matrices

(M;‘)T are listed in Eq. (3.183)) since, according to Eq. (3.179), eigenvectors of (M;‘)T determine
the eigenoperators of RG, i.e., pure-scaling operators. The results for the K-invariant pure scaling

operators of class A read

Pin) (1 -1\ (tr(AQ)tr(AQ)
Pé) o\l 1 tr(AQAQ) )’
N———

EPQA
Ph1 1 -3 2 [tr(AQ)tr(AQ)tr(AQ)
Py | =1 0 -1 tr(AQ)tr(AQAQ) |,
P 1 2 tr(AQAQAQ)
EP3A
Ph1) 1 6 3 8 —6\ [tr(AQ)tr(AQ)tr(AQ)tr(AQ)
Pla1) 1 -2 —10 2 tr(AQ)tr(AQ)tr(AQAQ)
Phay |=|1 0 3 4 0 tr(AQAQ)tr(AQAQ) : (3.184)
77(},,1) 1 =2 1 0 -2 tr(AQAQAQ)tr(AQ)
pé) 1 6 3 8 6 tr(AQAQAQAQ)

EPf
One can fix the freedom in the overall prefactor in each of the eigenoperators by choosing the coefficient
in front of Oy 1, 1) to be unity. As proven below in Sec. eigenvalues m?* ) of the one-loop

(q17~~-7Q7’L
RG matrix (M(f)T are proportional to quadratic Casimir invariants,

Migy.og) = — 1 D_a5(=¢5 = 45), (3.185)
j

where 03-4 =1—2j, see Sec.|1.2.1.1, This serves as an additional control of numerical calculations and

allows one to unambiguously associate Young diagrams with the eigenvectors of M[f .

3.5.3.2 Class C

Now I perform the analysis for class C. For ¢ = 2, the RG rules are given by Eq. (3.151). In order to
generalize them to operators with higher ¢, it is useful to trace the origin of various terms in Eq. (3.151)
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by inspecting the derivation, Eqgs. (3.146)—(3.149). The upper right element —2 of the matrix M in
Eq. (3.151)) originates from two fast fields X coming from different traces. It is analogous to class A

but contains an additional factor of two. One thus has
54 {tr ((AQ)™) tr ((AQ)%)} = 4pqig; - tr ((AQ)" ). (3.186)

The lower left element 1 of the matrix Ms in Eq. , as well as the contribution —1 to the lower
right element, originate from two fast fields X coming from the same trace but different @ fields.
Finally, the remaining contribution —2 to the lower right element originates from two fast fields X
coming from the same @ matrix. This leads to

qi—1

5, (tr (AQ)™ ) =217 > qjtr (AQ)Y ) tr (AQ)" ™) — Iygi(gs — Vtr (AQ)™) — 21 g tr ((AQ)™)
q;=1
¢;i—1
= Irg Yy tr ((AQ)% ) tr (AQ)" ™) — Iyqi(ai + 1) tr (AQ)*) . (3.187)
g;=1

In the first line of Eq. (3.187)), the first two terms come from a contraction of two X fields originating
from different Q fields, and the last term from the contraction within the X2 factor originating from
a single @ field.

Using these rules, one can determine the matrices M, that govern the renormalization of operators
of degree ¢ in class C according to Eq. (3.177). The results for ¢ = 3 and 4 read (the ¢ = 2 result
found above is also included for completeness):

- 3 -1 0
MQT:(—2If)< 5 3>, M{ =(=2I;)| =6 4 -3 |,

0 -2 6 0 -2|. (3.188)
0 -8 0 7 -4
0

These are class-C counterparts of class-A results given by Eq. (3.183)). It is adequate to recall that the
matrices MqT control the renormalization of coefficients c(q, 4,...), see Eq. (3.179). Calculating their
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eigenvectors, one finds the eigenoperators:

Py _ (1 -2\ (0(AQ)tr(AQ)
73(02) 1 1 tr(AQAQ) |’
N—_———

EPQC
PGy 1 —6 8\ [tr(AQ)tr(AQ)tr(AQ)
Poy | =[1 -1 -2 tr(AQAQ)tr(AQ) |,
73(03) 1 3 2 tr(AQAQAQ)
\—,—/
EP3C
Pgél,l,l) 1 —12 12 =32 48\ [tr(AQ)tr(AQ)tr(AQ)tr(AQ)
Piigy 1 -5 -2 -4 -8 tr(AQ)tr(AQ)tr(AQAQ)
Poay |=|1 -2 7 8 -2 tr(AQAQ)tr(AQ)tr(AQ) | . (3.189)
73(03 1 11 =2 2 4 tr(AQAQAQ)tr(AQ)
pg) 1 6 3 -8 —6 tr(AQAQAQAQ)
EP4C
In analogy with class A, the eigenvalues m,, ..y of the class-C one-loop RG matrix (Mq)T are
proportional to quadratic Casimir invariants,
Mgy gy = 15 D 45(=¢§ —ay), (3.190)
J

where c? = 1—4y, see Sec. |1.2.1.1, This statement (which I have verified numerically up to the order
¢ = 15) will be proven in full generality in Sec.[3.5.4]

3.5.3.3 Invariant operators in class C by U(2n) averaging for ¢ > 2.

As was demonstrated in Sec. and alternative way to obtain the K-invariant operators is to
perform the K = U(2n) averaging of fixed-replica operators (replica indices ay, ..., a,). This yields an
alternative basis in the space of K-invariant operators. Any K-invariant operator can be expanded
in the one and the other basis, and the corresponding coefficients are related by the matrix K ;F , see

Egs. (3.172), (3.173), and (3.174) for ¢ = 2, which are directly extended to arbitrary ¢:

?111%1) Oun,.1) C(1,1,...,1) C,(1,1,...,1)
O ™" ) " uem O) €(q) (a)

where

O=cu1.1001..1)+ - +cO0u) = a1, 100" uen + (O " u@n - (3.192)
For ¢ = 3, one finds

1 0 0 0 0
KI'=1o0 0 [Vain+| 3 =3 3 |Ven+| 0 1 =3 |V, (3.193)
0 1 0 2
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where, as before, V) are Weingarten functions. As was explained in Sec. [3.5.2.3] the consistency
requires that K, g commutes with the RG matrix MqT . Indeed, a straightforward check shows that all

the matrices in front of the Weingarten coefficients V3 in Eq. (3.193)) commute with M], Eq. (3.188).
An analogous calculation for ¢ = 4 yields

10000 0 3 0 0
01000 6 —3 1 3 0
Ki=[00100 |Vyiun+|0 1 -1 0 1 |Vou
00010 0 4 0 -3 2
00001 0 0 4 3 -3
00 3 0 0 00 0 3 0
1 1 1 3
0 3 5 0 3 0 2 0 — 1
3 -2 17 0 -3 |Veyt|[ 0 0 0 5 =1 Vg
o0 0 3 -1 8 -2 4 3§ -2
3 5
0o 2 -1 -3 =2 0 4 -4 -3 4
o0 o0 o0 1%
oo 1 3 -3
+10 1 —3 =3 2 | V. (3.194)
0 2 -2 -3 2
5 5
6 -3 5 3 -3

Again, it was verified that the matrices multiplying the Weingarten coefficients V) in Eq. (3.194)
commute with M], Eq. (3.188). This is an explicit demonstration of the fact that eigenoperators can
also be obtained as eigenvectors of K;F, see Sec. 3.5.2.3

3.5.4 Generalized parabolicity of one-loop RG eigenvalues

In Ref. , it was shown that the one-loop 3 function characterizing the RG flow of the coupling
constant in non-linear sigma models over Riemannian manifolds M is given by a purely geometrical
property of the manifold—the Ricci curvature. Here I prove that the one-loop RG scaling dimensions
describing the flow of gradientless operators f(Q) in sigma models over symmetric spaces G/K are
given (up to an overall constant) by Casimir invariants or, equivalently, by eigenvalues of the Laplace-
Beltrami operator on G/K [that acts on functions f(Q)]. A consequence of this result is the exact
generalized parabolicity of one-loop RG scaling dimensions.

Consider an arbitrary function (“composite operator”) f(Q), which is a map G/K — C. I begin the
proof by noticing that the one-loop RG operator D acting on an function f(Q) can be written in the
form

= 5 fantx ) Hae At ), (3.195)

=0
where Sf[X] is the action and the integration runs over the tangent space p to the manifold
G/K, see Eq. . The second derivative in ¢ extracts two fast fields X in all possible ways from all @
fields in (@), and the Gaussian integral over the manifold G/K then yields the one-loop contractions.
One can choose a basis {XZ} in p satisfying the symmetry constraints of the class-C sigma-model,
X, T — X, and T3 X, P [A natural choice of this basis was given in Eq. (3.62).] Then X =Y, y;X;,
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with real and independent coefficients y;. Further one can demand orthonormality with respect to the
trace tr (Xi?{j) = 0;j. The fast-mode action (3.123) then is diagonal in y;,

T

Syltwidl = =50 2 (VoiVui + hyiyi) - (3.196)

Using for brevity e!*1*0 = e ¥ Oe!?| one can rewrite Eq. (3.195) as

1 d? " 1y —S[{us
Df(Q) = 2wldﬂ({yi})f(gs(etziyz WiN)grt) - e Srtud (3.197)
t=0
I rewrite the second derivative via

d2 tZ yiad x, -1 v !

T lgs(e" Mg =)y XX F(Q), (3.198)
t=0  ij
where /{’i’ is the derivative in the direction X = gsX;g; ! on the manifold G/K:

¥ _ tad s

XL f(Q) = 0uf (gs(e"* i M) gy im0 = Bif (e ¥ Q)li=o. (3.199)

It is easy to see that {X/} has a meaning of the basis in the tangent space to sigma-model manifold at
the point Q.

Substituting Eq. (3.198) into Eq. (3.197), one obtains

DAQ) =Y (%%1(Q)- /,, du({y}) yiy; e 51 (3.200)

ij

The gaussian integral here is exactly the one-loop integral defined by Eq. (3.126)),

/pd,u({yl}) yiy; e S = 1,55, (3.201)
so that
D=1;Y X&) (3.202)

Thus, the one-loop RG operator is proportional to the Laplacian ), )3{ /{/{ . Therefore, the RG eigenval-
ues are proportional to the quadratic Casimir invariants. It follows that the spectrum of one-loop RG
eigenvalues satisfies the generalized parabolicity, as has been already stated (and numerically verified)
for classes A and C, Egs. (3.185) and (3.190). As the above proof is very general, I believe that it is
applicable to all ten symmetry classes.

It is crucial to emphasize that the generalized parabolicity of the one-loop RG is violated by higher-
loop contributions. In general, the generalized multifractal spectra are not parabolic, see also the
discussion in Sec. [3.2.3
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3 Generalized multifractality in Spin Quantum Hall systems

3.6 Wavefunction combinations with one spin component

In this section, I derive eigenfunction correlators that correspond to pure-scaling sigma-model operators
determined in Sec.[3.5] Let me emphasize, that this “translation” to the wave-function language is not
unique: there are many wave-function observables that correspond to the same sigma-model composite
operator, i.e., belong to the same representation and scale in the same way. In the present section,
the focus is on correlation functions that involve only one spin component of wave functions (say, spin
up). In Sec. the necessary steps are performed: (i) express correlators of wave functions v,
in terms of retarded and advanced Greens functions; (ii) find linear combinations S, of the bosonic
action variables ¢, that map one-to-one (in the sense of correlation functions) to 1,; (iii) determine
the @Q-field combinations that remain after integrating out S and connect them to operators whose
RG flow has been derived above. Finally, (iv) one has to take into account connections between the
different parametrizations Q and Q of the sigma-model manifold. Overall, one finds that the single-
spin wave-function combinations translate into ()-field operators in class C in the same manner as in
the class-A sigma-model.

Having derived pure-scaling eigenstate correlation functions (Sec. , one can determine the
scaling exponents numerically by simulating the appropriate network model. While this perfectly
works at the conventional quantum-Hall transition, it turns out that there is a major computational
difficulty for implementing this with a high accuracy at the SQH transition. The point is that, apart
from the simplest case of the representations (g) corresponding to the conventional multifractality,
the eigenstate correlations for class C obtained in this way have an indefinite sign for an individual
disorder realization and exhibit very strong fluctuations. As a result, one has to perform averaging over
a very large number of disorder realizations in order to reach a reasonable accuracy for the exponents.
This is done for the (1,1) exponent in Sec. [3.6.3. At the same time, for exponents corresponding
to Young diagrams with ¢ > 2 [such as (2,1), (1,1,1), (3,1), (2,1,1), (2,2), etc] this would require
truly outstanding numerical efforts, which go beyond this work. In view of this, I develop two further
alternative approaches to determine numerically these exponents.

One of these approaches is presented in Sec. The focus there is on Young-symmetrized wave
function combinations |¥y|? of 1y that are manifestly positive and show pure scaling of representation
A in class-A systems . This makes them very suitable for numerical averaging. In class C, these
combinations [except for LDOS moments A = (¢)] do not map to pure-scaling operators of the sigma-
model. One thus could naively think that studying numerically these correlators does not bring any
useful information about the class-C scaling. Luckily, the situation turns out to be much more favorable.
Using these results for the coefficients of pure scaling operators PAA in class A and 73)?
in class C as obtained in Sec. [3.5.3, in Sec. mixing matrices relating the two are derived.
Remarkably, these matrices have many zero entries, implying that one is able to access numerically
some subleading exponents of class C by investigating the scaling of eigenoperators of class A.

In Sec. numerical results for the exponents accessible within this framework are presented.
Since the finite-size effects and the need for ensemble averaging proliferate with increasing ¢, the
numerics is restricted here to ¢ < 4. The key results are the scaling exponents collected in Table
Crucially, one finds that the generalized parabolicity is violated strongly: the exponents deviate up
to 50% from the values that they would take for a spectrum satisfying the generalized parabolicity.
For comparison, the results of the class-A network-model numerics are presented in Table There,
deviations from parabolicity are much weaker (of the order of several percent).

A second approach for obtaining class-C generalized MF exponents from sign-definite correlation
functions is developed in Sec. below. The idea is to explore correlation functions that involve both
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3.6 Wavefunction combinations with one spin component

spin projections on the same site. As is shown there, correlation functions involving the total density

|| = W@ + W)E turn out to be very useful in this connection.

3.6.1 Translation dictionary

In this subsection, I am going to derive a “dictionary” to translate correlations of wave functions
into those of bosonic field variables ¢ of the replicated action and further to the sigma-model (Q-field)
language. Linear combinations S of the bosonic variables ¢ are chosen, such that the translation of S
to 1 is one-to-one. One then restrict the wave-function combination to a singe spin component (e.g.,
spin up). Mapping the single-spin expressions to @-field correlation functions and averaging over a
certain subgroup Uy of the gauge group K = U(2n), one obtains sigma-model composite operators as
studied in Sec.

3.6.1.1 From wave functions to Green’s functions

One can introduce retarded and advanced Green’s function:

1

GEA(e,r1, 1) = (rq| ————
) =l

Ir9). (3.203)

The hat indicates the matrix structure representing the two-by-two combined spin and particle-hole
space of the Hamiltonian . To extract eigenstate correlations, one uses a connection between
the eigenstates 1o () (where o is the spin index) and the Green’s functions in a given disorder
configuration

Gflo'z (67 Tl, TQ) - Gflo'g (67 Tl? TQ) = 27TZ Z 5(6 - wa)¢z,al (Tl)waﬁé (TQ) * (3204)

Q

Here w, are exact eigenenergies in that disorder configuration. This implies the correspondence
103]

1
27iv(e)

(G o (erisme) = Ghoyerir)) = W0, (M)as(ra)| (3.205)

aRZ€E

in averages (...) over disorder configurations V. Here v(e) is the average density of states This cor-
respondence is extended to eigenstate composite objects of higher order and allows one to relate the
corresponding averages to averaged products of Green’s functions .

The components of the Green’s function are not independent. In view of the particle-hole symmetry
of the Hamiltonian, the Green’s functions satisfy

A

inGR(G, Tl,Tg)in = GA(—G,TQ,Tl)T. (3206)

When written explicitly in terms of the components, this reads

—Gﬁ(ﬂh,m) Gf(ﬁﬂ‘l,m) _ G’%(—GJ’Q,H) GQT(_@TQJ'I)

3.207
Gﬁ(ﬁﬂ’l,m) —GTT(G, T1,72) Gﬁ(—@rz, 7’1) GTT(—G, T2,71) ( )

One can see that the symmetry operation connects the retarded Green’s function at positive energy
to the advanced one at negative energy and opposite spin components.
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3 Generalized multifractality in Spin Quantum Hall systems

3.6.1.2 From Green'’s functions to averages over bosonic vector fields

In order to express composite objects built out of Green’s functions in terms of field-theoretic averages,
it is useful to introduce the following linear combinations of the bosonic integration variables ¢:

ST,a = QZST,a + ie'e ¢I,—a )
Sia=¢La— i€} _,, (3.208)
with arbitrary phases a,. These fields have the useful property of only having “particle-conserving”

contractions with respect to the Gaussian action Syo[¢*, ¢; V], Eq. (3.103), defined for the Hamiltonian
H = Hy+ V in a given disorder configuration V:

i(S7 a(r1)S1.a(r2)) soi66:v] = G P (was 1,72) + G (—was 2, 71)

= Gf (wasr1,72) — G (wasT1,72),
i<SI,a(r1)ST,a(T2)>So[¢*,¢;V] = GfT(wa,Tl, ) — GfT(—wa; T9,71)

= G (wa;r1,7m2) — Gl (waiT1,7m2). (3.209)

Other non-zero contractions can be obtained by complex conjugation and the particle-hole operation.
Combining this with Eq. (3.205)), one get

—1

50[¢*7¢;V]>V - 21v(€) <w;,¢(7’1)¢a,¢(7'2)>

)

<<Sf,a<n>s¢,a<r2>> ,

<<SI’“(T1)ST’“(T2)>so[¢*,¢;v]>V = 27r_1/1(e) <¢Z,¢(T1)¢a,T(T2)>V

This shows a one-to-one correspondence between ¢ and S (since the interest is only in scaling, the
prefactor is omitted):

(3.210)

WaRE

¢Z,01(T1)¢a,02(r2) > 5;17a(rl)502,a(r2)- (3211)

The correspondence is understood in the sense of averages that are explicitly shown in Eq. (3.210).
This correspondence is straightforwardly extended to higher-order products by using the fact that the
action Sp[¢*, ¢; V] is Gaussian and diagonal in replicas. As an example,

Voo (1) Va0 (12) V5 05 (13) V04 (r4) ¢ S5, 4(11)502,a(12) S5, 4(r3) Soy p(ra) - (3.212)
Note that the wave-function indices «, 3,7, ... are translated into the replica indices a,b,c,.... For
this reason, below the replica indices a, b, ¢, ... will be also used as eigenfunction labels.

3.6.1.3 From bosonic vector fields to the sigma-model field

The next step is to find the dictionary that translates the vector fields S of the replica field theory into
the matrix field @ of the sigma-model. Upon the Hubbard-Stratonovich transformation, one obtains
the theory with the action S[¢, ¢*, Q], see Eq. . Intergrating over the fields ¢, ¢*, one translates
any composite object O[@, ¢*] into its sigma-model counterpart (O[¢, #*])s(¢,¢+,0) expressed in terms
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3.6 Wavefunction combinations with one spin component

of the field @. For the objects that are bilinear in S fields (or, equivalently in ¢ fields), one has

(ST a(r1)Sp(r1)) spper.q) = ie QA _, — i Qi + QEf + elmmica Bt (3.213)

— _ —maQ Zeme + Q zab man? = ab’ (3'214)
(S5 4(r1)S1 (1)) s16,6%,0] = “"“QAR + zem”Q, b+ QRR +elvTiea R

= —ie ’O‘“Qg‘f — 26””@57? + Qﬁf el ’O‘“QAA = Qab, (3.215)
(S1,a(r1)Syp(r1)) s16,6%.0) = 0, (3.216)
(ST a(r1) S (1)) sipom.q) = @p tae ™75 + Qg — i QT + i~ QpT,

= _Qay,befiaafiab + Q(Iféb _ Zeimef’IEb _ zaanléb =0 211)7 (3.217)
S1.a(r1)S+ (1)) s16.0%.01 = QAR +Q]_%A eldation _ jORR giaa 4 jORR gia

‘L’ T’ [¢7¢ 7Q] b b,a a,b b,a

= QAf, — QI eietion — QR et — iQéf,bem” Qi (3.218)

(ST.a(r1)S1p(r1)) s16,6%,q] = O (3.219)

The right-hand sides can be straightforwardly read off from the coupling (3.107) of ) and ¢ fields in
the action S[¢, ¢*; Q). One has introduced here the short-hand notations Qgg with p,p’ =0, 1.

Translating composite objects of higher order in .S, §* fields amounts to using Wick’s theorem, since
the action S[¢, ¢*, Q] is Gaussian with respect to ¢, ¢* fields. However, since this action is not diagonal
in replicas (due to the coupling to the @ field), many terms arise. A drastic simplification occurs if
one assumes (which is fully sufficient for the purposes of calculating scaling exponents) that all r; are
far apart from each other in comparison to the microscopic scale a controlling the decay of averaged
single-particle Green’s function, |r; — 7| > a. Then one only has to retain contractions that are
diagonal in spatial coordinates. In the special case of the network model that is used for numerical
simulations in this paper, the condition r; # r; is sufficient since all contractions between different
spatial points are identically equal to zero. With only one spin component, further simplifications occur.
First, one only needs the contraction rule (3.214)). Second, by averaging over the phases ag, ap,. ..,
i.e., over the diagonal subgroup Uy = U(1)?" of the gauge group U(2n), one ends up in the space
of sigma-model composite operators spanned by products of traces of the type tr (E,,AQEwAQ .. .),
where E,, is the projector on replica a as defined above. As the simplest example, this is shown for
composite operators that are of fourth order in S, S* fields and thus map on sigma-model composite
operators that are quadratic in @ fields (i.e., ¢ = 2 operators). There are two such independent
composite operators (the spin index is skipped, which is the same for all S fields), S, (71)|?|Ss(72)|?
and S} (r1)Sp(r2)Sy(r1)Sk(r2); they will be called the Hartree and Fock terms, respectively, for obvious
reason. For the Hartree term one gets, according to Eq. ,

(00 oy /27r /27r daadab _je—iaa Q;‘,ﬁ‘ zaaQ RR _ ﬁf)
x (=ie “’“’@a‘%R e Qi + Qff @z:%z:‘)
= ( f,f - QZ%) (Qb b Qb,b ) =tr (EazzAQ> tr (EbbAQ) = O‘(lll”l) . (3.220)
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Similarly, one has for the Fock term:

27 27 dOé dOé o o
@t = [ [ G (i@l — i Ql 1 QIF - Qi)
% (—ze zabe%CIL% o Zezaa Qfgl + Qlﬁf o eiaa—iab QAA)
= QEFQIT + Qi Qi — QAR QR - QEQLE = tr (FahQEWAQ) = O . (3.221)
Thus, after the U, averaging, one has obtained the operators O?lb 1 and OE’QI’) as defined in Eq. (3.158)).

This is straightforwardly generalized to ¢ > 2 composite operators, and one obtains a mapping of
the composite operators of S fields to the sigma-model operators of the type

045 = tr (Bayan AQ -+ Eara AQ) tr (Bapy 100, AQ+ Bayy 0, AQ) - . (3.222)

Recalling the direct correspondence between the S fields and eigenstates ¢, one thus gets a correspon-
dence between eigenstate observables and sigma-model composite operators:

0(1 ) |9 (r1) P lis(r2)
O — ba(r)es(r)y (ra)da(ra),
OS50y = 1Walr)P1en(r2)Plve(rs) |,
05y — Ya(r)vs(r) s (ra)a(ra) e (rs)
Oy +— ¥u(r)n(r) g (ra)ve(ra) i (ra)a(rs) ,
Oy = [Palry) Pl (ro) P[e(rs)*|va(ra)
OB 1y «— Var)e(r)ws (ra)da(ra)[te(rs) P [¢a(ra)?
O?é’%fﬁ > Ya(r1)Yp(r) vy (r2)va(re) vz (13)a(rs) g (ra)e(ra) ,
O?é’i‘ﬁ — P (r) ey (r) vy (re)ve(r2) v (r3) v (rs) [vha(ra) I
Ol < s (r) s (r) gy (ra) e(r2) s (rs) a(rs) i (ra)tba(ra) - (3.223)

The spin index for wave functions is suppressed here (and in the rest of Sec. [3.6) since it is the same for
all of them (e.g., all wave functions have spin up). The symmetrized version of the operators O?;]a‘i

over the symmetric group Sy is denoted by Of{al )aq}

S{ai...a }

O(z,],l ) ! q! Z; tr (Ea(m)a (a1) AQ E (al)AQ) tr (Ea(ai+1)a(ai+1)AQ - Ea(ai+j)0(ai+j)AQ) .
0EDg

(3.224)

(For ¢ = 2 the symmetrization is redundant: O?lb’l) = Oa{?f b and O‘(lb) = Oé{)ab}.) The symmetrized

operators OZ{J(.I‘I.:')'%} obey the same RG equations of Sec. (3.5.3.2| as the K-invariant operators. Thus,

pure-scaling operators are constructed from them according to Eq. (3.189)). At the same time, was just
shown, the operators Of{a.l_.) aa} correspond to eigenstate observables (3.223)) (with S,-symmetrization
over energies corresponding to symmetrization over replica indices). Therefore, by using Eq. (3.189),

one also obtains the pure-scaling combinations of eigenstates. This is done in Sec.
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3.6 Wavefunction combinations with one spin component

There is the following technical subtlety in the above derivation. The choice of the sigma-model
manifold that was used in the derivation of the sigma-model in Sec. is slightly different from that
used in Sec. F for derivation of RG equations. The connection was explained in detail in the
end of Sec. where the former parametrization was denoted @ and the latter Q, see Eq. for
explicit relation between them. In the present section (Sec. the ) parametrization is used, since it
is most conveneint for the mapping of eigenstate observables to the sigma-model composite operators.
At the same time, at the last step, fact that composite operators renormalize according to RG
equations derived in Sec. is used. To demonstrate this fully rigorously, one should reexpress
Eq. in terms of the Q-field and verify that these operators satisfy the conditions for validity of

the RG equations of Sec.[3.5.2.2. This is done in B.2]

3.6.2 Generalized multifractality: Pure-scaling eigenstate observables

Now on is in a position to write down the pure-scaling observables in terms of eigenfunctions. First this
is demonstrated for the case of ¢ = 2. Then there are two eigenstates (labeled by a and b corresponding
to replica indices in the field theory) and two spatial point 71 and ry. Two basis combinations are the
Hartree (H) and Fock (F') terms, as given by Eq. (with symmetrization over indices a, b)

Of 1y +— %(|¢a(rl)|2|¢b(r2)|2+|¢b(rl)|2‘wa(r2)|2) = H,
Ofgy %(wz(n)wbm)w;;(m)wa(m) + 05 (1) ()5 (ra) (1) ) = F. (3.225)

Using Eq. (3.156) [the same matrix of coefficients appears also in Eqs. (3.154) and (3.155)), and is
denoted PQC in Eq.(3.189)], one can write down the ¢ = 2 pure-scaling observables as combinations of

these two basis combinations:

7?8) — H+F,
Piy «— H—2F. (3.226)

The operator 738) is a representative of the conventional multifractality and can be realized also with
a single eigenfunction, as |1, (r)|*. On the other hand, the subleading operator 778’1) goes beyond the
conventional multifractality and is a representative of the generalized multifractalty. In the same way,
pure-scaling operators for ¢ > 2 can be obtained.

By using the class-C network model it is verified numerically, that 7301 1y is realized by H — 2F and
determined in this way the corresponding scaling exponent, see Sec. There is, however, the
following computational difficulty in determining the exponents of subleading operators in this way.
For an individual realization of disorder, the quantity H — 2F has an indefinite sign, and its typical
magnitude is of the same order as H and F. Only after the averaging one obtains (H — 2F") that is
strongly suppressed with respect to (H) and (F'). This should be contrasted to the case of class A:
the operator Pé,l) corresponds to H — F' which can be written as an absolute value squared, is thus
strictly positive and small for any realization of disorder. In view of this, the numerical evaluation of the
scaling exponent 738’1) by calculating the average (H — 2F") requires much larger computational efforts
than the analogous calculation (of the average (H — F')) in class A. For this reason, this approach
is numerically implemented in the present work only for the (1,1) operator but not for subleading
operators with ¢ > 2 for which still more extensive computational efforts are needed. Two alternative
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3 Generalized multifractality in Spin Quantum Hall systems

approaches that are used to determine some of subleading exponents with higher ¢ are described below
(in this section and in Sec. 3.7).

The first of these alternative approaches is based on expressing the sigma-model scaling operators
77)? in terms of a linear combination of the class-A scaling operators Pﬁ. According to the analysis of
Ref. , the wave-function observable |¥|?, with ¥ obtained by a combination of symmetrization and
antisymmetrization of the product of eigenstate amplitudes according to a Young diagram A (“Young
symmetrization”), maps onto 735\4 in the sigma-model language. Thus, expanding 73§ over 73)‘?,, one
simultaneously obtains an expansion of the pure-scaling eigenstate observable of class C corresponding
to the diagram A over the pure-scaling eigenstate observables |Wy/|? of class A. The idea is to invert
this expansion and to determine numerically the scaling of |¥,|?, i.e., of 733\4, in a system of class C.
Since |W,|? is strictly positive, this can be done quite efficiently. This scaling will be determined by
the most relevant (in the RG sense) operator 77/6 out of those that contribute to 733\4. This allows one
to determine some (although not all) of the subleading scaling expionents in class C.

The construction of |¥y|? corresponding to a Young diagram \ is briefly sketched; see Appendix A
of Ref. for a detailed exposition. Consider a Young diagram A = (q1, g2, ...) with |[A| = ¢, as well
as ¢ distinct eigenfunctions 11, ...,%, and ¢ points r1,...,rs. One can put the indices of ¢ and r in
two Young tableaux of shape A (i.e., with the first row having the length g1, the second row the length
g2, and so on). As an illustration, consider the following example for A = (3,2,1):

T, = [V2[Paltd T, = |Fo|ra[rs] (3.227)
1|5 ri|rs
s3] 4]

One associates with the pair of these two tableaus the corresponding (unsymmetrized) product W3 9 1)(T3, T7-)
of wave function amplitudes:

V32,1)(Ty, Tr) = ¥1(r1)t2(r6)s(ra)a(ra)Ps(rs)ve(rs).

The next step is to introduce the operator ay of symmetrization within the rows of a Young tableau
and the operator by of antisymmetrization within the columns. The Young symmetrizers are defined
as ¢y = byay and ¢y = ayby. The Young-symmetrized combinations are given by

\IJ)\(C)\Tw,Tr) = \Il)\(Tw,é)\Tr) (3.228)
and
\I/)\(Td,, C)\Tr) = \I/)\(é)\Td,, TT) . (3.229)

As shown in Ref. , the squared absolute values of these Young-symmetrized products of eigenfunc-
tions map, in the case of class A, to the pure-scaling sigma-model operator 733\4.

Absolute values squared of Young-symmetrized eigenstate combinations (which are pure-scaling
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observables for class A) are listed for the first few Young diagrams:

Wl = Shbalra)(ra) + v(r)a(ra)
Wl = 5 alr)en(ra) — () a(r)
Wl = Shbalrabn(r2)¥ie(rs) + Yu(ri)iba(rae(rs) + velra)a(ra)u(rs),
+ (1) Pe(r2)a(r3) + Ye(r)Pa(ra)s(rs) + a(r1)e(ra)n(rs)]?,
W] = il%(ﬁ)%(rzwc(m) — Pe(r)Pn(r2)Pa(r3) + Yo (r1)Pa(r2)e(r3) — e(r1)va(r2)n(r3)]?,
(3.230)

Since linear combinations of these expressions will be discussed, it is important to comment on their
normalization. The symbol Y () denotes the number of terms in ¥y produced by the Young sym-
metrization. Up to order ¢ = 4, the values of Y()\) are given in the following table:

A YO A YN
L1y 2 | (@111 24
(2) 2 | (2,1,1) 12
(1,1,1) 6 (2,2) 16
(2,1) 4 (3,1) 12
(3) 6 (4) 24

Writing down |¥y,|? as a sum of monomials, one gets exactly Y ()\) terms of modulus-squared type.
The prefactor of |¥,|? in Eq. is chosen to be equal to Y (A\)~!, so that the total prefactor of
these terms is unity. This has the consequence that |¥,|? maps precisely to Pj\4 given by Eq. .
(Recall that all entries in the first column of matrices in Eq. have been fixed to be equal to
unity. )

The next step is to establish a connection between the class-A eigenoperators 73>‘f1 and class-C eigen-

operators Pf. Using Eq. (3.184) for 773\4 and Eq. (3.189) for Pg, one finds

A
P (1 é) Pi
Pl L33 (Paa
73(20,1) =10 1 —3 7)(%41) )
77(3) 0 O 1 77(3)

C A
7D(lélel) 1 -2 —& Z -1 P(kl,l 1)
P o 1 -2 _—4 1 P

(%1,1) 9 9 9 (241,1)

(?81) 0 0 0 0 15 (iil)
P Pl
Replacing the sigma-model operators 73/‘\4, on the right-hand side of these equations by |Wy/|?, wave-

function combinations that scale like Pf are obtained. For example, for A = (1,1), one gets P

(1’1) —
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[ () 12— %\\I'(Ll) |2. This is, of course, exactly the H —2F expression from Eq. (3.226]) (up to an overall
factor). The corresponding numerical results for 738’1) are shown below in Sec. (see Fig. . As
has been already explained, this type of numerics suffers from very strong fluctuations, which become
even stronger with increasing |A| = ¢. One therefore has to choose a different route for ¢ = 3,4.

Inverting the matrices in Eq. (3.231), one finds

ot

|
sl=
(an}

P

T15 1 L,1)
Pen =10 & —a1|| Py |-
Pl 0 0 : P&
PéAl,l,l) 3= —11%1 —14% O1 0 Pgél,l,l)
el I B R N | R
P(jg) =10 0 W% -m oW Pgag) . (3.232)
S I IR T A
Pa) 8 P

Naively, one could expect that, in class C, all 733\4 will be dominated by the most relevant operator 738).
This is not the case, however, due to zero entries at the upper right corner of the matrix. Equations
thus lead to non-trivial predictions amenable to numerical investigations. Specifically, when
computing the ¢ = 3 eigenstate combinations |¥|? corresponding to P)f‘ in a system of class C, one

should see that Pé) and P(‘g 1) exhibit both the leading (3) scaling (with the exponent x) equal to zero

due to Weyl symmetry), while Pé 1,1) has the leading contribution from the representation (2,1). By

Weyl symmetry, the scaling exponent z of (2,1) should be identical to the exponent of (1,1) obtained

for ¢ = 2. For ¢ = 4, there should be three operators—Pé), Pé 1) and Pé 2)—showing the leading (4)

scaling, the operator 77(‘;1,1) should be dominated by representation (3,1), and the operator 77&17171)
by the representation (2, 2).

In Sec. these predictions are verified and used for determining the scaling exponents by nu-
merical simulations on the network model.

3.6.3 Numerical computations

In this subsection, I present results of numerical evaluation of generalized multifractal exponents by
using the Chalker-Coddington network models [U(1) model for class A and its SU(2) generalization for
class C]. For class C, two approaches outlined in Sec. are used: the direct evaluation of a class-C
pure scaling operator and the path going through strictly positive Young-symmetrized wave-function
combinations |¥,|2. These numerics fully confirms all existing analytical predictions, including those
based on Weyl symmetry as well as those resulting from relations between class-A and class-C scaling
observables derived in Sec. Obtained numerical results for the exponents at the SQH transition
are summarized in Table Remarkably, one finds strong deviations from generalized parabolicity
for the subleading exponents [(1,1), (2,1), (3,1), (2,2)]. In Sec. these results will be corroborated
by an alternative approach (based on obervables involving both spin projections), where also further
subleading exponents will be determined numerically.

While the main focus in this work is on class C, all exponents for Young diagrams with ¢ < 4 for the
conventional (class-A) IQH transition are also determined numerically, see Table[3.1/below. At variance
with the SQH transition, one finds here only weak deviations from the generalized parabolicity.
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3.6 Wavefunction combinations with one spin component

3.6.3.1 The Chalker-Coddington network models

An intuitive picture of quantum Hall criticality is imagining the electrons to drift along equipotential
lines of the disorder potential. Near saddle points of the potential, tunneling between distinct lines
is allowed. The Chalker-Coddington network model adds further simplification to this picture:
the random geometry derived from extremal points of the potential landscape is replaced by a square
network, with electrons acquiring a random U(1) phase when traveling along a link. The SU(2) version
of the Chalker-Coddington network model describes spin quantum hall criticality . The network
models have been to be very useful for numerical investigation of localization transitions in 2D systems
of various symmetry classes, see the reviews @ and Sec.

Multifractality of eigenstates of the network scattering matrix U is analyzed numerically using the
conventional sparse-matrix techniques . For each realization of disorder, four eigenstates
with lowest positive energies are determined. (When speaking about the energy in the context of
the network model, one actually means the quasienergy e corresponding to the eigenvalue e of the
network evolution operator U.) The systems studied are of linear size L = 128...1024, and the
ensemble averaging is performed over at least 10° configurations. For each realization of disorder,
there also is an average over L? positions of the “center of mass” of the set of involved spatial points
Tri.

3.6.3.2 Scaling considerations

To investigate the scaling of an operator with ¢ < 4, I consider eigenstate combinations defined on ¢
lowest-energy eigenstates and at ¢ distinct points r1,..., 74, see Sec. W The exponents of interest
control the power-law scaling of the corresponding observables with L, see general discussion of scaling
in Sec. [1.2.2 To improve the statistics, the scaling with the distance r is also considered. All the
distances |r; — ;| between the involved ¢ points are kept to be of the same order: for ¢ = 4 the points
form a square, and for ¢ = 3 a triangle with approximately equal side lengths. When investigating
a combination O[] of order ¢ that is dominated by a pure-scaling operator P one has (see

Sec.

A
2 |Ti _ Tj’ (q1,92,---)
L0 (r1,r2,...) ~ <> , A(qhqg,...) = T(g1,q0,.) — 9w (3.233)

(117(127"')7

L

where z, = (1) is the scaling dimension of the operator () that controls the scaling of the density
of states. In class A (and all other Wigner-Dyson classes) the density of states is not critical, i.e.,

z(1) = 0. For the SQH transition, 338) = % is known exactly from mapping to percolation. The slope

of the log-log plot of L240[+)] versus r/L thus yields the exponent Algi )

As discussed in Sec. if the theory satisfies local conformal invariance, the generalized MF spec-
trum would obey generalized parabolicity. (The second assumption is the abelian fusion that has been
shown explicitly.) For the IQH and SQH transitions, the generalized parabolicity would imply the
following form of the dimensions ) of scaling operators:

q1,92;-.-
IQH: &P =b [cn(l —q1) + 23— q) +a3(5—gq3) + .. } : (3.234)
1
C, par
SQH:  wl, )y =3 [q1(3 — @) + q2(7— q2) + q3(11 — g3) + .. } : (3.235)

For the SQH transition, the exact values of the exponents x(cl') = x(%) = i imply that, if the generalized
parabolicity (3.235) holds, the prefactor should be exactly 1/8. For the IQH transition, none of the
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3 Generalized multifractality in Spin Quantum Hall systems

exponents is rigorously known analytically, which leaves a freedom in the prefactor b. It was conjectured
in a recent paper that the IQH critical point is described by a certain model of WZNW type,
which would give strict generalized parabolicity with b = %. As already pointed out in Sec.
high-precision numerical studies reveal small but clear deviations from parabolicity of the standard
MF spectrum z(,), both for the IQH and the SQH transitions. For the IQH transition,
if one looks for the best parabolic approximation to the spectrum (), one finds b in the range 0.26 -

0.27, depending on the range of ¢ where the fit is performed.

q)

3.6.3.3 Numerical results

In Fig. umerical results for the scaling of L24|¥,|? with /L are shown, where ¥, are Young-
symmetrized eigenstate combinations as defined in Sec. For class C, the spin projection is fixed,
1 = 14, for all combinations considered here. In both the class A and the class C, these combinations
map to the operators Pj\“ [Q] of the sigma-model.

In the case of IQH transition (class A), P{[Q] are pure-scaling operators. The corresponding results
for L?4|W,|? are shown in the left panels of Fig. for the operators with ¢ = 2 (top), ¢ = 3 (middle),
and ¢ = 4 (bottom). The numerical results provide an excellent confirmation of the prediction that
L?%| W, |? exhibit scaling corresponding to the representation \: one can observe nice fans representing
distinct scaling exponents. The fitted slopes are shown by full lines; the corresponding values of
numerically determined exponents Af’num are collected in Table For those IQH exponents that
have been found numerically previously, the results are in full agreement with previous data. In
particular, the value Aé’)n "~ —0.54 is in excellent agreement with previous values |I| which
are in the range between —0.54 and —0.55 with error bars within £0.01. (In Refs. [52] and [53)],
the values of Aé}’)num/q(l — q) were shown only up to ¢ = 1.5 and ¢ = 1.75, respectively, so that a

small extrapolation to ¢ = 2 is needed.) For A = (1,1) one finds Aé’ﬁ‘;m ~ 0.57, which is slightly

below the value A(Al’T)lm ~ 0.62 4 0.05 of Ref. [158] but agrees within the error bars given there. The

exponents corresponding to A = (2, 1) and (2,2) represent a very useful test for the numerics, since they
are exactly zero by virtue of the Weyl symmetry. Thus, their obtained numerical values provide an
estimate for numerical errors associated with finite-size effects and finite statistics. For A = (2,1) one

gets Aé’?‘;m ~ 0.01, indicating an excellent accuracy of the numerics, +0.01, for ¢ < 3. For \ = (2,2)

one gets a somewhat larger deviation from the exact value, A(AZ’Eum ~ 0.04, which is not surprising,
since errors increase with increasing ¢. One can see, however, that the numerics remains very good
also for g = 4.

When compared to the conjecture of Ref. (exact generalized parabolicity with b = 1/4), the
results for the IQH transition are fully consistent with those of Refs. 53]: the exponents deviate
from the spectrum proposed in Ref. by ~ 10%. At the same time, the numerical values of the
exponents are rather close to those that would follow from generalized parabolicity with b =~ 0.27.
Deviations from parabolicity were observed in Refs. where the MF spectrum A ;) was studied
with a high accuracy for fractional ¢ in the range from ¢ = —0.5 to ¢ = 1.75. This is favorable for
detecting relatively small deviations, since the numerical accuracy is especially high in this range of
q. In principle, this analysis can be extended also to generalized MF exponents with continuously
changing ¢. Since the main focus in this paper is on generalized multifractality at SQH transition,
further studies of the IQH transition are left to later work.

In the right panels of Fig. the results of numerical simulations for a network model of class
C are shown. In the top panel, the scaling of eigenfunction combinations corresponding to class-C
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3.6 Wavefunction combinations with one spin component

Class A — P4, with |A|=2

Wy | 2L
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Figure 3.1: Figure taken from Ref. \\ Numerical determination of generalized parabolicity

at IQH (top) and SQH (bottom) transitions, for ¢ = 2 (left), ¢ = 3 (middle), and
q = 4 (right) eigenstate observables. Data result from simulations on class-A (top)
and class-C (bottom) network models, with averaging over 10° realizations of disor-
der. Top panels show Young-symmetrized eigenstate combinations L?7|Wy|?, which
correspond to pure-scaling operators 73/‘\4[62] of class A, collapsed as functions of r/L.
Full lines are fits to the data; the corresponding exponents AY"™ are given in Ta-
ble Dashed lines correspond to the generalized parabolic spectrum with
b = 1/4, as would follow from the WZNW model proposed in Ref. [50]; the corre-

sponding values are given in Table as Aiara’ =14 For each A, data points for one
fixed value of r of order unity are highlighted as bold dots, in order to visualize the
L-dependence at a fixed r. Bottom left panel shows the class-C pure-scaling observ-
ables with ¢ = 2. The bottom middle and right panels display the scaling of
Young-symmetrized combinations L29|W,|? (which correspond to P{[Q]) with ¢ = 3
and 4 in a class-C network model. They allow to access the class-C exponents for the
representations (3), (2,1), (4), (3,1), and (2,2). The extracted exponents AY"™ (full
lines) are collected in Table The dashed lines in the bottom panels correspond
to generalized parabolicity ; the corresponding exponents Ag’\ara are also listed
in Table A strong violation of the generalized parabolicity at the SQH transition
is evident.
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3 Generalized multifractality in Spin Quantum Hall systems

eigenoperators, H + F ~ 77(% and H — 2F ~ 738 1) is shown, see Eq. (3.226) and the first line of

Eq. . For the subleading operator P871), one can observe stronger fluctuations and deviations
from scaling at large L. As explained above, they are related to the fact that the corresponding
eigenstate combination H — 2F is sign-indefinite, and, as a result, the averaging becomes insufficient
for large L. Since these difficulties become more severe with increasing ¢, for ¢ = 3 (middle panel)
and ¢ = 4 (bottom panel) the alternative approach outlined in Sec. is used. Specifically, the r/L
dependence of strictly positive Young-symmetrized combinations L?|Wy|? are plotted. According to
Eq. (3.232)), this allows one to access the exponents corresponding to representations (3) and (2,1) for
g =3 as well (4), (3,1), and (2,2) for ¢ = 4, see the discussion below Eq. (3.232).

The data shown in Fig. fully confirm the analytical predictions. The combinations |‘~If(3)|2 and
\\11(2,1)|2 for ¢ = 3, as well as ]\IJ(4)|2, |‘~I/(3,1)\2, and \\11(272)|2 for ¢ = 4 indeed show the leading scaling.
At the same time, the combinations [ ; 1 12, W11 |2 and W11 |2 exhibit the subleading scaling,
yielding the exponents A(C2,1)v A&l), and A(C2’,2)7 respectively.

The values of the class-C exponents are shown in Table Recall that the eigenfunction exponents
Af are related to the field-theory exponents x? via Ag = xf — qxg), with :L‘g) = 1/4 for the SQH
transition. One can see that the numerical data very well respect all analytically known exact values
and relations (from the mapping to percolation and from Weyl symmetry). These include m(CQ) =1/4,

cC _ C _ ..C fotl : C C :
Ty = 0, and Ty = T Some deviation between the numerically found T 1) and Taq) I8 due to a

somewhat larger error in J:(Cl 1) related to strong fluctuations of the H — 2F' combination, as explained

above. In Sec. an alternative (and more accurate) numerical calculation of 1’8 1) will be presented,

which perfectly fulfils the identity xg’l) = 958,1)'

The central observation from the obtained values of the exponents is a very strong violation of
generalized parabolicity by the subleading exponents [representations (1,1), (2,1), (3,1), and (2,2)].
This will be fully confirmed and reinforced in Sec. where these and further exponents will be
obtained by a complementary approach. The deviations of numerical values AY"" from the values Ag’\am
that would follow from generalized parabolicity (also shown in the table) are very big—of the order
of Aiara. These deviations are more than an order of magnitude larger than numerical uncertainties
(that can be estimated from the accuracy with which analytically known exponents and Weyl-symmetry
relations are reproduced). This strong violation of generalized parabolicity in class C represents one of
central results of this paper. As was explained in Sec. it has a very fundamental implication:
a violation of local conformal invariance at the SQH transition.

3.7 Modulus square wavefunction combinations

In Sec. two approaches to the numerical determination of the exponents characterizing the gener-
alized multifractality in class C were developed. First, exact pure-scaling operators (obtained earlier
by RG) were translated to eigenstate expressions. The difficulty with direct application of this ap-
proach is that the corresponding subleading eigenstate combinations are sign-indefinite and fluctuate
very strongly. It thus used it directly only for the (1,1) operator that has the form H — 2F directly,
see upper right panel of Fig. Even in this case of the simplest subleading observable, fluctuations
are very strong and require very extensive numerical efforts (in Sec. Lp 30L¢cco are accessible and
the H — 2F cancellation works out beautifully). In view of this, it is intuitive to use a complemen-
tary approach for determining other exponents based on studying strictly-positive Young-symmetrized
combinations corresponding to pure-scaling operators of class A. However, this way does not allow

126



3.7 Modulus square wavefunction combinations

rep. by Arium Aiara, b=1/4

1
g=2| (2) —0.54 1
1

(1,1) 057 L

= 3
g=3| (3  —166 3
3

(1,1,1) 161 3

q=4 (4) —3.12 -3
(371) —1.10 -1

(2,2)  0.04 0

(27171) 1.10 1

Table 3.1: Table taken from Ref. [105]. Scaling exponents of generalized multifractality at
the IQH transition (class A) for eigenstate observables from representations A =
(q1,q2,...) with g =q1 + 2 + ... = 2, 3, and 4. The exponents A}"™ are determined
numerically as shown in the left column of Fig. For comparison, the exponents
A};ara’ =14 are presented, corresponding to the generalized parabolicity with
b = 1/4, as would result from the WZNW theory conjectured in Ref. . The values
A1) = A2y = 0 highlighted by boldface are exact (enforced by Weyl symmetry;

independent of presence or absence of generalized parabolicity).
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3 Generalized multifractality in Spin Quantum Hall systems

rep. A Ay Aium’w}‘ Aiara
1
g=2| (@2 -025 -025 | -1
1
1,1) 079 074 1
_ 3
¢=3| (3 -075 —075 | -3
1
(21) 050  0.49 1
3
11,1 — 1.17 3
3
g=4| (@@ -15 -15 | 3
1
31)  —001 —002 | -i
1
(2,2) 091  0.86 1
5
(2)171) o o 4
(171a1)1) T T 3

Table 3.2: Table taken from Ref. || Scaling exponents of generalized multifractality at the

SQH transition (class C) for eigenstate observables with ¢ = |A| < 4. The expo-
nents Ay shown in the table are related to the field-theoretical exponents x) via
Ay = x\ —qr(y) with () = 1/4. The exponents A"™ are determined numerically by
using eigenstate combinations with a single spin projection, see right panels of Fig.
The exponents Aium’w are obtained by a complementary numerical approach using
observables involving the total density || (spin up and spin down), Fig. The sym-
bol “—” means that the exponent was not determined by the corresponding approach.
The agreement between both sets of numerical exponents is very good. Some deviation
between two numerical values of the (1,1) exponent is attributed mainly to the error
in the value A?f‘ln) because of strong fluctuations of the corresponding sign-indefinite
combination H —2F. The Weyl symmetry implies exact relations A(g 1y = Ay 1) —1/4
and A(g1,1) = A(1,1,1)—1/4; the first of them is nicely fulfilled by the numerically found
exponents. The last column displays the exponents AY** corresponding to the general-
ized parabolic spectrum, Eq. . The values A gy = —1/4 and A3y = —3/4 shown
in boldface are exact and thus independent of the status of generalized parabolicity.
Strong deviations from the generalized parabolicity are clearly seen in all subleading

exponents that have been determined numerically.
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3.7 Modulus square wavefunction combinations

one to access exponents that are on the more RG-irrelevant side of the spectrum, including (1,1). In
this section, a third approach is developed that, on one hand, deals with strictly positive observables
and, on the other hand, allows one to determine numerically the (1,1) exponent and various other
subleading exponents not accessible by the class-A-to-class-C approach of Sec. The central idea of

the approach developed in this section is to exploit observables built out of || = y/|¢+|? + |4, |> and
thus involving both spin projections at each of the relevant spatial points r;. Below a physical motiva-
tion of this approach is given and justified by establishing a connection with sigma-model pure-scaling
operators obtained by the Iwasawa decomposition, and demonstrate numerically its efficiency. For
those exponents that are determined numerically by two approaches (i.e., both here and in Sec. ,
one finds a very good agreement.

3.7.1 Physical motivation

In class C, the wave function 1 = (34,7,) is an intrinsically two-component object: there is the
combined spin and particle-hole space. In Sec. , only one spin component (say, 11) was used to
construct pure-scaling observables. Here I will use the total density

9] = /1912 + [y 2, (3.236)

where both components at the same spatial point enter simultaneously. [Everywhere below in Sec.
the notation || has the meaning defined by Eq. (3.236).] To demonstrate why this is useful, first
consider in detail observables that are of fourth order with respect to wave functions (which corresponds
to ¢ = 2 in this classification). There are two distinct representations (2) and (1,1), and one can
construct operators in each of them as linear combinations of Hartree (H) and Fock (F) terms (3.225).
In class A the pure-scaling observables are (here 1 abbreviates the two wave functions involved)

Cly[¥) = HIW] + Fly], Cl vl = Hlg] - Fly], (3.237)

whereas in class C the pure-scaling combinations involving only 4 are

Clyly] = Hyw] + Flay], Cq yy[wr] = Hwy] — 2F [yy]. (3.238)

The only difference here is in the coefficient 2 in the subleading operator: H — 2F in class C instead
of H — F in class A. This seemingly small difference, is, however, connected in a profound way with
properties of critical eigenstates.

Introduce the ratio R characterizing the local similarity of the two eigenstates involved:

_ a(ra)a(r1)
P1(r)a(ra)

Note that the U(1) freedom in the definition of the eigenfunctions does not affect R. It is easy to see
that the ratio of the Fock and Hartree terms is expressed through R as follows:

R (3.239)

Fl] R+ R*
Aol = 11 RE (3.240)

Clearly, the ratio F'//H satisfies —1 < F//H < 1 and reaches its maximum value unity only for R = 1.
Thus, the class-A subleading observable H — F' satisfies H — F > 0 and is equal zero only for R = 1.
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3 Generalized multifractality in Spin Quantum Hall systems

Further, the average value (H — F') is suppressed by a power of L in comparison with (H + F'). It follows
that the ratio F'/H should be nearly unity, and thus R should be parametrically close to unity, in any
disorder realization in class A. This is very well seen in Fig. which shows how the distribution of
R at the IQH transition point evolves with increasing L. The distribution tends, in the limit L — oo,
to a delta-function at R = 1.

The situation in class C is very different. Here (H[¢1])yv = 2(F[¢4])y in the limit L — oo. Since
the value 1/2 is located in the middle of allowed values of F'/H, the ratio (F)/(H) = 1/2 does not by
itself tell anything about the values of F//H in individual realizations of disorder. As shown in Fig.
the distribution of the ratio R built out of ¢4 remains broad (with width of order unity) in the
large-L limit. Consequently, the distribution of F//H is broad as well. This is exactly the property
that was already emphasized several times: while H[1)4] —2F[¢4] is parametrically small after disorder
averaging, it is of the same order as H[)4] + F[¢1] in a typical disorder realization.

One thus faces the following observation: while two adjacent-in-energy critical eigenstates are nearly
identical locally in class A (R = 1), this does not hold for class C. At the same time, it is natural
to expect that some form of a strong local similarity of eigenstates is a general property of Anderson
transitions. A qualitative difference between classes A and C is the existence of the spin degree of
freedom in class C. These considerations suggest to look at local correlations between total densities
of two eigenstates. The corresponding ratio S (which is real and positive) is defined as:

o lr0a)l [9a(r)]
() [a(r2)]

with || being defined by Eq. (3.236). The distribution of S at the SQH critical point is shown in the
bottom panel of Fig. Remarkably, one can see the same behavior as for the distribution of R in class
A: evolution, in the large- L limit, towards the delta-distribution at S = 1. Thus, total densities |¢)1| and
|12| are indeed strongly correlated locally. Broad fluctuations of the ratio R (characterizing one spin
component) are therefore related to relative rotations in the spin space between two eigenfunctions.
Since S in class C behaves in the same way as R in class A, it is natural to build Hartree and Fock
combinations from total densities. In full analogy with Eq. ,
Fllvll __25 (3.242)
Hllpl]  1+52
In the large-L limit, one has S — 1, and the difference H[|¢||— F[|¢|] yields the subleading combination
(1,1). This was exactly the goal: to determine the combination that is expected to scale as (1,1) and
is strictly positive in any realization of disorder.
Below it is demonstrated numerically that this approach indeed works very well, can be extended to
other subleading combinations, and is supported by an analytical derivation connecting |1)| observables
with the sigma-model operators.

(3.241)

3.7.2 Young-symmetrized combinations of |¢)|: Relation to the sigma model

2
As motivated above, the squared Young-symmetrized combinations are considered. They read

L5 {W ﬂ
analogous to (3.230) but constructed on absolute values |¢| of eigenstates that involve both spin pro-
jections, Eq. (3.236). For the lowest subleading operator (1,1), this combination is

2 2
Wi 1] = (el Ratra)l - Wt ) (3.243)
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Figure 3.2: Figure taken from Ref. [105]. Distributions of the real part Re R (left) and the
imaginary part Im R (right) of the ratio R, Eq. (3.239), characterizing the “local
similarity” of two eigenstates at the IQH transition (class A). Different colors corre-
spond to different system sizes, varying from from L = 96 (blue) to L = 1024 (red).
The peak at R = 1 becomes sharper with increasing L, implying that R — 1 at
L — oo with probability unity. This visualizes the suppression of the pure-scaling
subleading combination H — F' with respect to H + F' for any realization of disorder.

In order to rigorously prove analytically that this combination yields the (1,1) scaling, one should
map it onto a sigma-model composite operator. While this is in principle possible, the mapping is
technically cumbersome in view of the square involved in the definition of |¢)|. One can thus restrict
to showing how this derivation works in a closely related but technically simpler case.

Consider the Young-symmetrized expression built on [¢)| and corresponding to the Young diagram
(3,1):

2
= (1ara) Phin(r2) ? — () Phbu(r2)[?)

= (a(r))” () )"+ (1)) (1ea(r2)?)”
= 20¢a(ry) P[0 (1) [P [¢a (r2) P4 (r2) - (3.244)

"11(3,1) [WJ!}

Note that it can be written as

o []| = i [101] o [i]|

2 2
= ([alr) ()] = [ (rO)] [a(ra)]) ™ (a(r)] [o(r2)| + [ ()] [a(r2)])
(3.245)
2
ie., it can be intuitively viewed as a result of fusion of (3.243) with '\11(2) {\1/1\] that has the leading

scaling corresponding to representation (2). By construction, the combination (3.244) is manifestly
positive and free of square roots. One can thus translate it to the sigma-model language by using the
rules derived above.
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Figure 3.3: Figure taken from Ref. || Top: Distributions of the real part Re R (left) and the

imaginary part Im R (right) of the ratio R, Eq. (3.239), at the SQH transition (class
C). The ratio R is built in this case out of eigenfunctions components with fixed spin
projection (all spins up). Different colors correspond to different system sizes, varying
from from L = 96 (blue) to L = 1024 (red). It is seen that the distribution remains
broad (with width of order unity) at L — oco. This illustrates that, while H — 2F is
a subleading combination in average, it is typically of the same order as the leading
combination H + F. Bottom: Distribution of the ratio S, Eq. (3.241), characterizing
local similarity of total densities (spin up and down) of two eigenstates. The peak at
S = 1 becomes sharper with increasing L, in close similarity to the behavior of the
distribution of R in class A, Fig. This implies that the combination H[|¢|]—F[|¢]]
does not contain the leading operator [Young diagram (2)] and scales according to
the subleading one [Young diagram (1,1)], see top left panel of Fig. .
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3.7 Modulus square wavefunction combinations

First, the translation to vector field variables S is performed by using Eq. (3.210):

<‘\p(3,1) [1]] 2>V N <<c(3,1)[5]>SO>V, where

Ol = (15:00)” (19Pr2))" + (19520)” (154 (r2))” = 20SuP 0[Sl ()] So P (72) S (r2).
(3.246)

Here |S|? = |S4|? + |S)|*>. One can further translate this to the sigma-model language as outlined in
Sec. [3.6.1.3| Discarding contractions of S variables at different points, one finds:

2
(CanNsivora = 20(15:12) Do @ (155P) Vsioora = 208215210001 (1Sa 155 s16.6 -
(3.247)

Using Egs. (3.213)—(3.219), one can translate the building block for generic combinations containing
|92 at distinct sites 7;:

(Sa ‘ |Sb‘ > S[¢,0*,Q] = Z (<’Saa‘2><|sbo’|2> + (SioSbo’) (Sbor Sac) + <S;aS;a/><SbU’SW>>

oo’

= 4Q0a Q) + 290 Qg + 290, D - (3.248)
This is valid also for equal replica indices, a = b, in which case the last term vanishes. Substituting
Eq. (3.248) into Eq. (3.247), one obtains
2 2
(ClanSDsioer@ = 72 (0 ) — 8 (203098 + Q%200 + Q% QlY)
=8 (50000 + Q%M + Q% Q0 QN Qs — QN Oll - QBQl) . (3.249)
This contains the operator
PGy = 00 — QY — 9% ol (3.250)

as a factor. It follows from the construction based on the Iwasawa decomposition in Sec. 3.3|that 738 1)
in this form is exactly the (1,1) composite operator that satisfies Abelian fusion. Indeed, according to
Eq. (3.96), a complete family of eigenoperators satisfying Abelian fusion is generated by Pfaffians of

the matrices
L \AA Q! Q0
((T(QA)) 22> = _(QOO>T o0 (3.251)

Here the subscript m indicates a projection to first m replicas (out of their total number of n). On
the left-hand side, T is the conjugation defined by Eq. , which is applied to Q matrix satisfying
Eq. . Since the matrix is restricted to the advanced-advanced block and the first m replicas, its
size is 2m x 2m. The right-hand side is obtained by computing the action of T" explicitly and choosing
appropriate phases g, in Eqs.f, where Q% is introduced. The Pfaffian of the 2m x 2m
matrix is a scaling operator in the representation (1,...,1),,. For m = 2 one thus finds that

P ((1@m)"'52) ~-oo + ool + atiol (3.952)
2
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3 Generalized multifractality in Spin Quantum Hall systems

is a pure scaling operator in representation (1,1) that satisfies Abelian fusion. This is exactly what
was stated below Eq. (3.250).

The other factor in Eq. is a linear combination of operators belonging to the representations
(2) and (1,1). In view of the Abelian rules, fusion of the (1,1) operator, Eq. (3.250), and the dominant

W31 [W”

2
is

contribution (2) from the other factor yields (3,1). Therefore, the leading behavior of

indeed governed by an operator from the representation (3,1).

3.7.3 Numerical results
2
are presented, where

L5 [WJ\]

Uy {WH are Young-symmetrized combinations of ||, on the class-C network model. For ¢ = 2 and

In Fig. the results of the numerical study of the /L dependence of

g = 3, one obtains the scaling of all the corresponding class-C operators: (2) and (1,1) for ¢ = 2 as
well as (3), (2,1), and (1,1,1) for ¢ = 3. For ¢ = 4 one can only get the scaling of (4), (3,1) and (2,2) in
this way. At the same time, one cannot get access to (2,1,1) and (1,1,1,1) scaling, as the corresponding

2
‘\I/ A Uwﬂ numerically shows the admixture of the more relevant contribution (2,2). An interesting
question is how to improve the construction to get access to all generalized-multifractality exponents
via strictly positive observables; I do not have an answer to this question at the present stage.
The exponents Aium’“bl obtained in this way are presented in Table |3.2| and are in a very good
agreement with exponents AY"™ obtained from single-spin observables, Fig. For A = (1,1), the

accuracy of A?f rlﬂ) ¥l is somewhat higher than that of A?frln) since fluctuations are not so strong because

I deal here with a strictly positive observable. The analytically known exponents A,y and A are
perfectly reproduced. Further, the Weyl-symmetry relation Ay = A1) — 1/4 is also excellently
fulfilled.

In the bottom right panel of Fig. the numerical data for W, /s 4/9)[|)|] obtained out of two

eigenstates as (\11(171)[|1/)|])q/2 = (H[|¥|] — F[|%]))%? is shown. Since W ylY]] is a strictly positive

observable corresponding to the representation (1,1), one expects that (\11(171)“1/)]])‘1/ 2 should exhibit
the scaling of (¢/2,q/2). All numerical tests perfectly confirm this. First, the value of the exponent

A(2,9) obtained in this way is in excellent agreement with A?; r;)’ ¥l — 0.86 found by using four eigen-

states. Second, the Weyl symmetry requires that (43 /) is invariant with respect to the symmetry
transformation ¢ — 10 —¢. While I was able to perform the numerics controllably up to ¢ = 5 only (for

larger ¢ a still larger number of disorder realizations is needed), it is sufficient to see that the behavior

of :c?;g;%') is fully consistent with the required maximum at ¢ = 5. In fact, x?;/r;q%) turns out to

be approximated rather well by a parabola i?;;; /2 = bq(10 — ¢)/2 (which clearly satisfies the Weyl
symmetry) with b = 2/13 = 0.154. For comparison, in the same panel also the conventional (leading)

multifractal spectrum anu)m, "I obtained from the scaling of (H[[Y|] + F[|¥|])¥/? is shown. The Weyl
symmetry for this spectrum is ¢ — 3 — ¢ and is again perfectly fulfilled. In the figure one can further
par:

see the parabolic approximation x(q)a = bq(3 — q). While it appears to describe the data rather well,
the parabolicity was found to be only approximate in Refs. . Deviations from parabolicity in
T(q) are seen more clearly if one plots the ratio x(4)/q(3 — ¢); it is not necessary to study them here
since they were explored recently in great detail and with very high accuracy in Ref. .

As was already emphasized above, the numerical results for generalized-miltifractality scaling expo-
nents collected in Table demonstrate a strong vioaltion of generalized parabolicity. The exponents
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3.7 Modulus square wavefunction combinations
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Figure 3.4: Figure taken from Ref. . Generalized multifractality at the SQH transition
(class C) studied via Young-symmetrized eigenstate combinations built out of the
total density |¢|(r), Eq. (3.236), for observables of order ¢ = 2 (top left), ¢ = 3 (top
right), and ¢ = 4 (bottom left). Full lines are fits to the data; the corresponding
exponents Aium’w are given in Table and are fully consistent with exponents
AX"™ obtained from single-spin observables, Fig. The dashed lines correspond
to generalized parabolicity ; the corresponding exponents Agara are also listed
in Table A strong violation of the generalized parabolicity at the SQH transition
is evident. Bottom right: Scaling dimensions (4 and x4/ 4/2) extracted from eigen-
state combinations |H 4 F|%/2 and | H — F|%/2, respectively, formed with |t|. The Weyl
symmetry dictates that x(,) is symmetric around ¢ = 3/2, and z(4/2 4/2) is symmetric

para para

around g = 5. Solid lines are parabolas Ty = bq(3—q) and :Z‘(q/2 o2 = bq(10—q)/2

with b = 1/8 and b= 2/13 = 0.154. They serve as guides to the eye, illustrating that
the numerical data fulfil the Weyl symmetry very well. Note that the parabolicity
of x(4) [and, most likely, of z(4/9 /2y as well] is only approximate. Deviations from
parabolicity in z(, at relatively small ¢ were explored systematically in Refs. |
; they are seen much better if one plots x(4)/q(3 — ¢). The fact that b [chosen
to optimize the fit to z(4/2,4 /2)] is substantially different from b is a manifestation of
strong violation of generalized parabolicity.
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3 Generalized multifractality in Spin Quantum Hall systems

corresponding to representations (1,1), (2,1) , (3,1) and (2,2) strongly deviate from their “parabolic
values”. Another manifestation of this fact is a substantial difference of the prefactors b and b in the
parabolic fits in the bottom right panel of Fig. Indeed, the generalized parabolicity would imply
not only that these parabolic fits are exact but also that b = b.

The agreement between different numerical approaches and the fulfilment of all exact analytical re-
sults (values of exponents and Weyl-symmetry relations) should make one confident that the numerical
results for the exponents are accurate. Thus, the strong violation of generalized parabolicity at the
SQH transition observed in the numerics is indeed the genuine property of the SQH critical point and
not a finite-size effect. In combinations with the results Sec. this means that the local conformal
invariance must be violated in the field theory describing the SQH critical point. Indeed, the Abelian
fusion was implicitly demonstrated In Sec. Thus, as was emphasized in Sec. [3.2.2.3] violation of
generalized parabolicity of the generalized-multifractality spectrum of a 2D system implies violation
of local conformal invariance.

3.8 Percolation mapping

Certain observables in the SU(2) version of the Chalker-Coddington network model at criticality can
be mapped to probabilities of the classical percolation problem. The SU(2) average turns the quantum
mechanical coherent sum over all amplitudes into a sum over self-avoiding walks (SAW) with uniform
weight. This mapping exists for products of ¢ = 1,2,3 Green’s functions. The scaling dimension of
LDOS moments x (1), Z(2), Z(3) can be computed this way. Products of Green’s functions with finite level
broadening ~ also involve products of distinct wave functions that do not behave as pure LDOS powers
but show subleading multifractality. Since the mapping to percolation is exact (up to approximations
used in the evaluations of probabilities), one should therefore have access to T(1,1), T(2,1)s L(1,1,1) as well.
In this section, I search for these subleading generalized multifractal exponents, which serves as an
independent verification of the results in this chapter so far.

For this purpose, first the notation for the correlation functions and classical percolation probabili-
ties is introduced in Sec. Then in Sec. the mapping to percolation in the SAW picture from
Ref. is applied. Subsequently, the analytical properties of the classical percolation probabilities
are reviewed and the consequences for the correlation functions are discussed in Sec. [3.8.3] Numerical
simulations of classical percolation are performed (Sec. in order to verify these analytical cal-
culations. The key result of this section is the relation of the multifractal scaling dimension in SQH
systems and scaling dimensions of hull operators in classical percolation.

3.8.1 Notation

For the purposes here, a description of the network model in terms of the “Floquet” operator U (time
evolution over one discrete timestep) is appropriate. Due to the unitarity of U, the eigenvalues lie on
the unit circle in the complex plane.

Ut = e (3.253)

Anomalous particle hole symmetry gives the quasienergy ¢; a partner —e;. The wave function ;4 (€)
lives on the links e and carries a spin index a.
One can define the “Floquet” Green’s function as

G(€,e;2) = (|(1 — 2U) 7 He). (3.254)
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3.8 Percolation mapping

Since the evolution operator U is unitary, its poles lie in the unit circle. For z < 1 the von Neumann
series for this expression converges.
The defining class C symmetry acts like

[G(e, e z_l)yr =1-G(e,e;2%), (3.255)
' T . / T
{G(e, e ,z)} = —(io9) [G(e, e ;z)] (iog) (3.256)

on the Green’s function. Here the Pauli matrix oo acts in spin space. Since it connects the expressions
for 271 and z*, one can use this to extend the series to all |z| # 1.

Here the correlation functions of 2¢ wave functions v;,1); are studied for ¢ = 1,2,3. As an example
the case ¢ = 2 is discussed in more detail in the following. It is convenient to introduce Hartree D(y 1)
and Fock Do) term with the following spin structure:

Dy)(€s e; €1, €2) <Z Pia(e)Vjale)ip(e)a(e)d(er — €)d(e2 — 6j)>7 (3.257)
ijas

D(Ll)(e €; 61762 <Z ”(/Jm ‘ WJJB’ 5(61 — 61)(5(62 — 6j)> . (3258)
ijas

on links e, ¢’ in the network model. Spin indices are denoted by «a, 8. These expressions are analogous
to Hartree and Fock terms introduced in Sec.
One can express D9), D(11) in terms of the Green’s function (3.254). The results contain traces over
the spin space:
D(Q)(e’, e, €)= (2m) 72 <Tr {GR(e, e/;er) — GA(e’, e; eiel)} {GR(e, e;el?) — GA(e’, €; €i62)}> )
(3.259)
D¢ eser, e2) = (2m) <ﬂ (Gl (e, e5e™) = GA(e e Tr [GR(e! /5 e'?) — GA( ') > :
(3.260)

—0 are continued analytically to the imaginary axis:

The energy arguments ¢! = z = eV, 2 =w =¢
Dy (€', e37,0) = (2m) 2 <Tr {G’(e, eiz) —G(e,e; z_l)} {G(e, esw) — G(e,e; w_l)} > , (3.261)
Day(€,e7,0) = (2m)~2 <Tr {G(e, e;z) —Gle, e z_l)] Tr {G(e', esw) — G(e, e';w_l)}> . (3.262)

The calculation is drastically simplified by choosing v = § (for generic v # § the percolation mapping
from Ref. no longer applies):

’ ’ 1 1
(27)*D) (€', €57, 7) <Z Via(€)Wjale)hig(e)Pis(e )Im—ei+ivlm—q+i’y>’ (3.263)

ijof
(2m)*Di (€' e57,7) = ( D [iale)?[vj5(e) [ Im S —T (3.264)
. P, —€ +1y  —€ + 1y
One can define Dy (e, .. .;) for other Young diagrams A in an analogous fashion.
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3 Generalized multifractality in Spin Quantum Hall systems

3.8.1.1 Scaling of Dy, D1 1)

The energy denominator is symmetric under the exchange of i, j. There are two types of contributions
one from ¢ = j and one from ¢ # j that contains the subleading scaling:

2
(2m)* Dy (€', €37,7) <Z\wm (e)*[is (e (Im_1>

i b € + vy

1 1
+ 10 (&3 ? /I . I . 3
e

2
(27T)2D(171)(6/,€;77 <2Wm ||¢l,3 |2 <Im_1>

i,af3 € + vy
+ > [iale)Pls(e))PIm LI S Y (3.265)
it i —€+vy  —€ vy

The terms with only one eigenstate summation will give pure leading x(9) scaling, there is only one
wavefunction in the terms summed over. The terms with two eigenstate summations additionally
contain a subleading (1 1) contribution.

However, the terms with one eigenstate summation are suppressed in the thermodynamic limit
L — oo:

1 2
<§8W]m | W}zﬂ )| <m—Q—|—Z’7> >:L2/dey(€) (Im €—|—Z’7> <Z|7J)w¢ | W)zﬂ )| >

2 o
= aL—Q/dey(e) (Im—eii’y> (r/&,)R@

~ Lol pln T /52, (3.266)

here v(€) = vpe /T is the density of states, &, = ’y_% the correlation length, and <\¢ia(e)|2|¢i5(e’)|2>

€;~E

aL=*(r/€.)?® holds with a constant a.

The scaling of the correlation functions in the thermodynamic limit L — oo is therefore given by
A2y and subleading A(q ) power laws. The ratios in front of the coefficients of these power laws can
be inferred from RG analysis of the class-C NLSM in Sec. this is going to be discussed in more
detail below Eq. . All these consideration lead to the result

D€, €57,7) = ep() <Z% e)¥salelisle ’>w§5<e’>> = dp(1)? ((r/&)® = (r/&)R0),

€1,65~Y

D, 1)(6 €;7,7) = cp(y <Z thiale)]? [V > ~ p(y)? (2(r/§7)A(2) + (r/g,y)A(m)) 7

€5,€5~Y

(3.267)
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3.8 Percolation mapping

where ¢ and ¢ are constants. In the following it is convenient to switch to the variable z = e™7 < 1
for v > 0 to characterize the uniform broadening.
From Eq. (3.154) in Sec. , the combinations of D) which reveal subleading scaling are known:

Pq 1 =2\ (Dq1)(e €;2)
(LD (LD EH ) 3.268
(798) ) (1 1 ) (D(g)(e, e z) ( )
—_——
EPQC

At small r/&, 2D gy (€', €;7,7) = D1,1y(€', €57, ) holds, subtracting Dy 1)—2Do) reveals the subleading
A1) scaling.

3.8.2 Mapping to percolation

In Ref. [77], it is pointed out that the SU(2) average reduces the coherent quantum mechanical
sum over amplitudes appearing in traces over two or three Greens functions to a classical sum over
non-intersecting paths. The average over the quantum mechanical expectation value is reduced to a
probability of classical self-avoiding walks.

For ¢ =1, 2,3 Green’s functions the mapping obeys the following rules:

e The quantum mechanical average over traces of products of G(r;,r};v) — 1 is replaced by a sum
over paths from r; to 7. In the end, there only is a non-vanishing contribution, when each link
is traversed exactly 0 or 2 times by the paths.

e Paths of length 2N are weighted with a factor z2V.

e Each spin trace gives a factor —1. The negative sign originates from the SU(2) average, since
(U*)su(2) = cxl with ca = —3 < 0 and all other ¢ = 0 for k > 0.

The sum over all possible self-avoiding paths traversing these links can then be interpreted as classical
percolation partition sum. The full quantum mechanical problem is then re-expressed in terms of the
classical percolation probabilities introduced in Tab. These are probabilities to find loops (=self
avoiding closed paths) of given lengths N, N’,... running through certain links e — €’,... in a given
order. Sometimes it is useful to specify the path length N, between two links traversed. The following
identities between the probabilities introduced in Tab. are satisfied:

ZP(@,@’;N) = ZPl(e,e';N) = P(e,€’),
N N

P(e,e';N)+ ) P(e;N|e/; N') = P(e; N),
N/

> P(e;N) =1. (3.269)
N

The first one relates the probability P(e,e’) to find e, €’ in the same loop to the sum of P, Py over all
loop lengths N. The middle one states the probability P(e; N) to find a link e in a loop of length NV
is equal to the sum of finding e and a fixed ¢’ in the same loop and finding ¢’ in an arbitrary distinct
loop of length N’. The last one is normalization of the probability.

In the following, the mapping is applied to SU(2) symmetrized expressions with ¢ = 1,2,3 Green’s
functions or 2q = 2,4, 6 wavefunctions respectively. These will be labeled by Young diagrams A with
Al =q.
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3 Generalized multifractality in Spin Quantum Hall systems

Table 3.3: Probabilities involved in the mapping to classical percolation.

probability description
P(e; N) loop of length N running through link e
P(e,e’;N) loop of length N running through links e — ¢’
Py(e,€';N) loop running through links e — €', where N o = N
P(e; Nle'; N) loops of lengths N, N’ running through links e, ¢/
P(e,e',e";N) loop of length N running through links e — ¢/ — ¢”
Pi(e,é,e";N) loop running through links e — ¢’ — €”, where Noo» = N
P(e,e'; N|e"; N') loop of length N running through links ¢ — ¢’
and loop of length N’ running through link e”
Pi(e,e'; N|e"; N') loop of length N running through links e — €/,
where N, = N and loop of length N’ running through link e”
P(e; Nle'; N'le”; N) loops of lengths N, N’, N” running through links e, ¢/, e”

3.8.2.1 One Green’s function: ¢ =1
In this order, there is only one SU(2) symmetrized expression: Tr G(e, e; ) corresponding to the LDOS

(v(7,€)).

(1) For the average LDOS this means:

(27) Dy e52) = p() <Z |wa<e>|2> = (Tr(Gle,0:2)) — Te(Gle.e: 27 1)) ). (3.270)

The expectation values of the Green’s functions can be turned into sums over percolation probabilities:

(Tr(Gle,e;2))) =2 - i P(e; N)22N,
N=1

<Tr(G(e,e; zfl))> = i P(e; N)z2N, (3.271)
N=1

The only contribution comes from the loops containing link e traversed exactly twice. The second line
is obtained with Eq. and assuming 0 < z < 1 real. The spin trace over the identity gives the
constant term in the first line.

Putting everything together and using the normalization of the probability, this yields the percolation
expression for the LDOS

(2m)Dy(e32) =2 > Ple; N)(1 —2*N). (3.272)
N=1
This expression does not depend on the link e and reveals the well-known = = % scaling when one

evaluates the percolation sum on the RHS.

3.8.2.2 Two Green’s functions: ¢ = 2

In the case of two Green’s functions or four wavefunctions respectively, the two SU(2) invariant com-
binations are labeled with A = (2) and A = (1,1). These correspond to Fock and Hartree term.
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3.8 Percolation mapping

(2) First there are the Fock-like terms:

<Tr(G(e, e;2)G(€ e z))> =-2 Z P(e,e'; N)22V,
N=1
<Tr(G(e, e z)G(e',e;zil))> =-2 i Pi(e,e; N)22V. (3.273)
N=1

Since e, €’ are distinct, there is no contribution from the unit operator as above. There are two paths
contributing: one goes e — €/ — e — €’ picking up z™ee’ with the first G and ¢/ — e with the second
G picking up zN"Nee' or vice versa. The other cases can be obtained with Eq. (3.255).

Ref. uses an invariance argument that requires explicit averages over the link SU(2) groups:

(Tr(Gle, ¢'52)Gle, ¢';2))) = /

dp(Ue)dp(Ue) (T (UG e, ¢ 2)UnUSGle, €5 2)Un) ) . (3.274)
SU(2)

One then needs the following integral for the average over a link SU(2) appearing in above RHS:
/ d,u,(U)UagU,y(; = 015045(575 + Cz(ga(s(s,yg. (3.275)
SU(2)
By contracting different indices in this expression, the identities
/ dp(U)TrUTeU =1, / dp(U)TrU? = —1, / dp(U)TeUUT =0 (3.276)
SU(2) SU(2) SU(2)

follow and one can infer ¢; = % and ¢co = —% in Eq. (3.275).
Finally, one finds the desired identity

(Tr(Gle, ¢'52)Gle, ¢'s2)) ) = % (Te(Gle, €' 2)Gle, 3 2)) = Tr(Gle, /5 2)) Tr(Gle, €'52)) ) (3.277)

from the SU(2) integrals.
One has to express G(¢’,e,z7!) in terms of G(e, ¢/, z) using Eqgs. (3.255), (3.256):

T
G(e e,z Yy =1(,e) — {G(e’, e, z*)]T =1(c,e)+¢ [G(e, e, z*)} £ (3.278)
This implies (one can drop 1 since e, e’ are distinct)

<Tr [G(e, e, 2)G(€ e, z_l)}> = <Tr [G(e, ¢, 2)e[Gle, €, z)]T5]>

=— <Tr(G(e, ¢;2)G(e,€’;2)) — Tr(G(e, €'; 2)) Tr(G(e, €'; z))> = -2 <Tr(G(e, ¢';2)G(e, €; z))> .
(3.279)

In the second line it has been used that:

(Z'Ug)ij(iagﬁgl = 6z’j5kl — (5ﬂ(5kj. (3.280)
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Putting all contribution for this correlation function together, one obtains

(27T)2D()(66 2) 4ZP€6 N) 2N+22 Pi(e,e;N) + Py(€/,e; N))2>
N=1 N=1

=4 i |[P(e,e’; N) = Pi(e, /s N)| (1= 22Y). (3.281)
=1

The last line is obtained using Yy P(e,e¢’; N) = P(e,e’) = > 5 Pi(e,€¢’; N). Note that P; appears
symmetrized over its argument, this turns out to be the case also for higher correlation functions, where

it is convenient to use the convention that all probabilities are symmetrlzed over the link arguments
when they appear as P in the equations. For instance 2P (¢’,e; N) = Pi(e,e/; N) + Pi(¢/, e; N) here.

(1,1) In the Hartree-like case, due to the traces around each G, the unit operator can contribute
giving rise to cross terms. The result reads:

<Tr(G(e, e;2))Tr(G(e, ¢; z))> =4-2>" [P(e; N) + P(¢; N)} 22N
N=1
+ Z P_(e,e; N,N')22N+NY) ZP(@,@’;N)ZQN
N,N'=1 N
<Tr(G(e,e;z))Tr(G(e',e'; z~ > Z - Z P_(e,e'; N, N")22N+N")
N= N,N'=1
Z e,e'; N)z
N
(Tr(Gle,e; 2~ ) Te(G(e ¢'5271)) ) = Z P(e; N|e/; N) 22NN 5™ (e, ef; N2V, (3.282)
N,N'=1 N
One can use the identity
P(e;N) = P(e,e’; N)+ Y _P(e;N|e/, N') (3.283)

N/

to rewrite:

8

(27)*D1 1) (e, €52 —4ZPee N2 4 Z P(e; N|e/; N')22N 2N
N.N'=1

Mg

—4 3" [P(e; N) + P/ N)| 22V + 4

2
N

I
M

[P(e, ¢sN) + P_(e,¢; N)} (1— 22, (3.284)
1

where P_(e,e'; N) = P(e; M|e'; N) + P(e; Nle'; M) — P(e; N — Me'; M)) . (3.285)

iMﬁ

The auxiliary function P_(e, e’; N) introduced here is a linear combination of percolation probabilities,
it can assume negative values.
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3.8 Percolation mapping

3.8.2.3 Three Green’s functions: ¢ = 3

There are three SU(2) invariant correlation function in this order that can be labeled with Young
diagrams A = (3), (2,1) and (1,1,1):

Desy(e, e, e’s 2) = (2m) 72 <Tr ((Gle,e's2) = Gle,e';271) - (G(¢,€"52) = G €3 27h))
(G e 2) - G(e", z_l)))> ,
Doy (e, e, e’;2) = (2m) 7 <Tr ((G(e, ¢i2) — Gle, s 27 ) - (G(e,e; 2) — G(€ e 2_1)))
T ((G(e", €5 2) = Gle e zl)))> ,
Dy (e e, e’ z) = (2m) 73 <Tr ((Gle,es2) = Gle,e271)) - Tr (G €5 2) = G, ¢ 27Y)) )

- Tr ((G’(e", e’ 2) — G(e", " z_l)))> . (3.286)

(8) For the trace enclosing all three Green’s functions G one has to deal with:

<Tr(G(e,e';z)G(e',e”; z)G(e”,e;z))> =— Z {3P(e,e',e”;N) + P, € e; N)} 22N
N=1
<T1"(G(€,6/;Zﬁl)G(el,6//;2’71)G(6//,6; zil))> = Z {P(e, e,e’;N) + SP(GH,EI,G;N)} 22N
N=1
<Tr(G(e, e;2)G(e, " 2)G (e e z_l))> = -2 Z Py(e, € e N) 22N,
N=1
<Tr(G(e, e's2)G(e e 2 )G(e”,e,z))> = -2 Z Pi(e" e e; N) 22N,
N=1
<Tr(G(e, e 2 NG, " z)G(e”,e,z))> = -2 Z Pi(e € e; N2,
N=1
I AN/ | " _ - " 2N
<Tr(G(e,e,z )G(e' e 27 )G (e ,e,z))> =2 Pi(e" e, e; N)z*,
N=1
<Tr(G(e, ;2 NG (e, e 2)G (e e; z_l))> =2 Z Pi(e e e, N)22Y,
N=1
<Tr(G(e, ¢;2)G(e " 27 HG(e" e z_l))> =2 Z Pi(e e’ ey N)22N, (3.287)
N=1

For the first term with only zs there are four possible paths: in a loop connecting e, €/, ¢” go from e to
¢/ with one additional loop, then fo from ¢’ to €’ and from e’ to e. There are two other contributions
like this where the full loop starts at €’,e”. In the fourth contribution, a loop going from e,e”, e’
is involved. The second term traverses only the part of the loop connecting e, ¢, e’ twice, which is
why the probability Pj(e,€’,e”; N) for e,e’,e” in a loop of arbitrary length appears with N being
the distance from e to €¢”. The prefactor 2 is obtained as in the ¢ = 2 case. The definitions of the
probabilities appearing in this expression can be found in Tab.

143



3 Generalized multifractality in Spin Quantum Hall systems

This gives

[e.o]

(27r)3D(3)(6, e esz) = Z [—4]3(6, e, e’y N)—4P(e,e” €';N)
N=1
+ 6P (e, ,€"; N) + 6P (e, ", ¢s N)} 22N (3.288)

for the correlation function. Note that both P and P appear fully symmetrized in their arguments in
this expression. It is convenient to use the convention that all probabilities appearing as P should be
understood as symmetrized over the link arguments.

For z = 1, the expression simplifies to:

(277)3D(3)(6, e,e’;2) =4P(e, e €"), (3.289)

since Y. P(e,e/,e";N) = P(e,e',e") and 3. Py(e,e’,e’;N) = P(e,€,e"”). This implies the interesting
decomposition

(27m)°Dzy (e, €’ €";2) = (2m)°Dg) (e, €, €52 =1) + > [8]5(6, e,y N) —12P;(e, €, e"; N)} (1—22M).
N=1
(3.200)

The first term on the RHS does not scale with energy ~, but has nontrivial r=i scaling. This is related

to the multifractal scaling dimensions z(3y = 0 by Weyl symmetry and A = —%. As indicated in

above remark, the P, P, are defined as P, P; fully symmetrized over their arguments e, e/, ¢”.
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3.8 Percolation mapping

(2,1) In the second case, there are two spin traces:

<Tr(G(e, i 2)G(€,e;2))Tr(G(e", €"; z))> = [P(e, e,e';N)+ P(e, e e; N)} 22N
N=1

—I—QZPee Nle"; N")z2N 2N” 4ZP6€ N)2?
N=1

<Tr(G(eje’;z_1)G(e/,e; z_l))Tr(G(e”,e”;z))> = Z [P(e,e/,e”; N) + P(e, e, ¢; N)} 22N
N=1

o0
+2 ) Ple,e;Nle"; N") 2N 2N _ 43" P(e,€; NN,
N=1 N

<Tr(G(e,e';z)G(e’,e; z))Tr(G(e",e";z_l))> =—

NE

[P(e, e, e’ N)+ P(e, e, ¢; N)} 22N

N=1
0 "
_9 Z P(e, 6’; N|e”; N”)z2NZ2N ,
N=1
o0
<Tr(G(e,e';z_1)G(e’,e; 2N Tr(G(e”, " z_l))> =— Z [P(e,e',e";N) + P(e, ", ¢; N)} 22N

N=1

o
-9 Z P(e,6’;N|e”;N”)Z2NZ2NN,

N=1
o
<Tr e,e';2)G(€ e; z_l))Tr(G(e”,e";z))> =2 Z Pi(e,e'; N|e"; N") 22N 2N" — 4ZP1(6’, e'; N)22N
N=1
oo
<Tr (e,e/; 27 H)G(€,e; z))Tr(G(e",e";z))> =2 Z Pi(e,e/; N|e"; N")z2N 22N — 4ZP1(6, e'; N)z2N
N=1 N
<Tr e,e';2)G(€ e; z_l))Tr(G(e”,e”;z_l))> =-2 Z Pi(e,e'; N|e"; N")22N 2N
N=1
© "
<Tr e,e; 2 NG e z))Tr(G(e”,e";zil))> =-2 Z Pi(e, e/ N|e"; N")22N 2N", (3.291)
N=1

Here P(e,e’; Nle”; N") is the probability to find e, e’ in a loop of length N and €’ in a distinct loop of
length N”. The function Pj(e,e’; N|e”; N”) is similar, the length N..r = N of the path from e to €’ is
fixed in this case. The prefactor 2 is obtained as in the ¢ = 2 case. The definitions of the probabilities

appearing in this expression can be found in Tab.
This gives

213Dy (e, €, e 2) =4 P(e, e, e";N)+ P(e, e, e;N)| 22N
(2,1)

o)

oo
+8 > [P(e,e';N|e”;N”) - Pl(e,e';N|e";N")} 22N 2NT 8 > {P(e,e';N) - Pl(e,e’;N)} 22N

N,N"=1 N=1

(3.292)
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3 Generalized multifractality in Spin Quantum Hall systems

For z = 1, the expression simplifies to:
(27r)3D(271)(e, e,e;2=1)=8P(e, e, e"), (3.293)

since > (P( .sN)=Pi(...;N )) vanishes. One can again split the z = 1 part from the correlation
function

(27’[’)3’1)(2’1)(6,6/,6//; z) = (2n)3D (e e z=1)—4 Z [ (e,e,e”s N) + P(eje”,e/;N)} (1—22M)
N=1

[ee]

-8> Z(P(e,e';N—M|e”;M)—Pﬂe,e’;N—M\e”;M)) (1— 22

(e 9]

+38 Z [Ple,e/s N) = Pi(e, ¢'s N)| (1= 22N). (3.294)

(1,1,1) In the last case, each Green’s function is enclosed by a trace:

<Tr(G(e, e;2))Tr(G(e, €' 2)) Tr(G(e”, e z))> =23 22 Z {P(e; N)+ P(e/;N) + P(e"; N)] 22N
N
+2 Z {P(e; Nle'; N') + P(e; N|e"; N') + P(e; N|e”; N’)} 22N 2N
NN’
—1—22{ (e,e/; N)+ P(e',e"; N) + P(e,e; N)} - > P(e; N|e/s N'|e"y N")z2N 22N 2N
NN/N//
_ Z { e,¢'; N|e"; N') + P(e, e”’; N|e's N') + P(e',e”;N|e;N’)} 22N 2N

NN/
<Tr(G(e, e;2))Tr(G(e, €' 2))Tr(G(e”, e zfl))> =22 Z [P(e”; N)] 22N
N
-2 Z {P(e; Nle"; N") + P(e'; N|e”; N’)} 22N 2N
NN/
_22{ e,¢'; N)+ Ple,e”; N) + P(e,e”; N] Wy Z (e; N|e/; N'|e"; N") 22N 22N 2N"
NN/N//
—l—Z{ (e,e/; Nle"; N') + P(e,e”; N|e'; N') + P(e/,€"; Nle; N)} N 2N
NN
<Tr(G(e,e; NTr(G(e, €5 27 ))Tr(G(e", e z_l))> =2 Z P(c'; N|e"; N') 22N 2N’
NN/
—i—QZP e, e"; NN — Y Ple :N|e'; N'|e/; N™) 22N 2N 2N
NN/N//
_ Z { e,¢'; N|e"; N') + P(e, e”’; N|e's N') + P(e',e”;N|e;N’)} 22N 2N
NN
<Tr(G(e,e; zil))Tr(G(e’,e’;zfl))Tr(G(e”,e”;z*l))> = Z P(e; N|e'; N'|e”; N") 22N 22N 2N"
NN/N//
+ 3 [Ple,e; NIe"; N') + Ple,¢"; NIe/s N') + P(el, ¢ Nle; N') | 22V 22N (3.295)
NN/

As indicated in Tab. (3.3 here P(e; N) stands for the probability of a loop of length N running
through the link e. With P(e; N|e/; N') the probability of e, €’ being in distinct loops of length N, N' is
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3.8 Percolation mapping

meant, whereas P(e,e’; N) is the probability of e, ¢’ being in the same loop of length N. Additionally,
P(e; Nle'; N'le”; N") is needed where e, €', ¢’ are in distinct loops. Finally for P(e,e’; Nle”; N') the
links e, ¢’ are in a loop of length N and €” is in a distinct loop of length N’. This means

(27)*D1ayle € e’;2) =8 -8 {P(e; N)+ P(e/;N) + P(e"; N)} 22N
N

+38 z {P(e; Nle'; N') + P(e; Nle"; N') + P(e’;N|e”;N’)} 22N 2N
NN’

-8 Z P(e; N|e/; N'|e"; N") 22N 22N 2N”+82[ e e';N)—i—P(e’,e”;N)%—P(e,e";N)} 22N
NN/N//

—82 { (e,¢'; N|e"; N') + P_(e,e”; N|e'; N') + P_(e',e"; Nle; N)} 22N 2N (3.296)
NN’

With the identity

Z P(e; N|e'; N'e”; N™) + Z {P(e, e/s Nle"; N') + P(e,e”; N|e'; N') + P(e/,€"; Nle; N’)}
N/N// N/
+ P(e, e e"; N) + P(e,e”,¢'; N) = P(e; N) (3.297)

stating that a loop running through e of length N can either run through two other points ¢, ¢”, one
of them, or just through e, one can find:

3 /M, . D !oon
1 y © 9 - yC . .
(27)°D11,1)(e, €', €"51) = 16P(e, €', €”) (3.298)

Once more, one can split off the z = 1 contribution in the correlation function to obtain:
(271')3'2)(1’171)(6,6/,6//; z) = (27‘(’)37)(171’1)(6, e,e’1) + 82 [ e; N) + P(e/; N) + P(e” N)} (1—22M)
-8 Z

—82[ e,e'; N)+ P(e',e"; N) + P(e,€”; N)} (1—22M)+38 > P_(e;Lle/, M|e"; K)(1 — 22M)
N K+M+L=N

Z(P(e;N—M|e’;M)+P(e’;N—M|e";M)+P(6;N—M|6";M)> (1—22N)

+8>

N

> (Ple,e/s N = M|e"; M) + Ple, s N — Mle/; M) + P(e/, s N = Me; M))] (1—22N).
M
(3.299)

3.8.3 Percolation Analytics

In the following lines the connection of the multifractal exponents (1), z(,1) to the scaling dimensions

hun of hull operators [214] in classical percolation theory is motivated. For this purpose, the scaling
behav10r of the probablhtles P from Tab. needs to be derived.

In Ref.[214] the scaling dimensions of the n-hull operators are introduced as:

4n? —1 1 5 35
hull hull hull hull
gt = =2, il = 2 phull = 2 oyt =T (3.300)

W
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3 Generalized multifractality in Spin Quantum Hall systems

1wl

These are related to the probability P, ~ (p — pc)’“}n ' for n infinite clusters (their boundaries form
the loops of interest here) to touch at a point in a system detuned from the percolation threshold
pe- The P, can be related to the more complicated conditional probabilities from Tab. of interest
here. The argument goes as follows: replacing the correlation length introduced due to finite distance
from the percolation threshold &, ~ (p — p.)™" by the length scale {y ~ N 7 related to the loop length

N, one finds Py(LN) ~ (& N)—xgu“ for large (compared to ({x)) clusters to touch in a system at criticality.

In particular, this means PlN) ~ N~7 and P2N ~ N7,

The probability PI(N) to find a large cluster near a point X includes all long loops Pj(N) ~
JydN P(e;N). Therefore dividing by N relates P; to the probability P(e; N) ~ %Pl(N) ~ N—%
for finding a long loop running through a link e. The same argumentation relates P(e,€’; Neer ~
N,Ng. ~ N) and P(e; N|e/; N ~ N) to N_QPQ(N). For higher functions analogous arguments exist.

The probabilities P(e,e’; N) and P (e, e’; N) can be obtained summing over P(e,€’; Neer = N, Nt =
N') for different (N, N’) domains. This also includes P(e; N|e; N < N) with N, ~ r1, where only
one path is part of a large cluster. Bgy above argument, this function is then determined by the one-hull
operator P(e; N|e/; N' < N) ~ N~7.

These results were derived in continuum field theory, the probability of a loop of length N going
through links e, ¢/, €”, ... nearby a node X with separation r < N 7 is closely related to the probability
of a loop of length N passing the node X: P(e,e’,e”,...;N) ~ N~%. To find the appropriate r scaling,
one can eliminate N by integration and repeat above argument. The probabilities PT(LT) ~ (r)_xzuu
generalize as well to touching clusters large compared to 7. This means that [ N, ANP (e,e,e,...;N) ~

(Pl(r))”. As a consequence one finds P(e,e’,e”,...;N) ~ r=mat™ N =2 for N > ri.

As another example consider the function P(e; N|e/; N’ ~ N) ~ N ~% in this regime of large
N > N,. The integral [y, dNdAN'P(e; N|e; N' ~ N) is dominated by N ~ N’ and scales like (Pl(r))z.
This means that P(e; N|e/; N’ ~ N) ~ prsti=2e =

For all other functions in Tab. [3.3] the scaling properties in the different parameter regimes can be
found by applying similar arguments.

3.8.3.1 Thecaseg=1
In Sec. the derivation of the percolation expression for the LDOS

(M)Dy(es2) = > Pes N)(1 —2*Y) (3.301)
N

is sketched. .
By the argument given above, P(e; N) = P(N) ~ N~7 at large N > 1. One can use the following
coarse estimate for the percolation sum, since for ¢ = 1 there is only one scaling exponent:

ZN_%T_%(l — z)2N ~
N

AN N7 (1 — 22N)

1

-
N/ AN N™7 ~y77. (3.302)
'Y_l
Hence it holds
1 phull
Day(e2) ~ 7 ~ (a/8)1, (3.303)
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3.8 Percolation mapping

where &, ~ (1 /7)% is the correlation length, 2'!! = 1 and a is the lattice constant. From this the
relation z() = oM between the multifractal scaling exponent for the LDOS and the one hull operator
follows.

3.8.3.2 The case g =2

From the above scaling consideration it follows that Dy, D(; 1) must contain the subleading scaling.
One can start from the percolation expressions obtained above:

()DAe e;z) ZD l—zN)

ngg)( )= [P(e’,e;N) — §P1(€,6/;N) - ;Pl(e/,e;N)l ;

Dg\,?)(e’e’) = [P(e’,e; N)+ Pf(e’,e;N)} : (3.304)

The symbol P(e,e’; N) denotes the probability to find e, e’ in the same loop of length N. Similarly
Pi(e,€’; N) stands for the probability to find e, ¢’ in the same loop where N is the length from e to €’
One also needs the probability P(e, N) to find e in a loop of length N and P(e; N|e¢/; N') to find e in
a loop of length N and €’ in a distinct loop of length N’ (see Tab. .

On the one hand, P and P are the building blocks of the Fock-term D(3). On the other hand by the
argument in the beginning of this section, only #!!" and 5" contribute to P and P;. Both of these
arguments indicate that these functions are linear combinations of two pure power laws. Moreover this
holds for P_ appearing in the Hartree term D 1) as well.

Consequently, the following scaling asymptotics must hold:

Ple,e’; N) ~ N7y~ 1 (#1 + #Q(TNi)y> :

S

Pi(e,¢;N)~ N~7r 3 (#3 + #4(TN—$)y> ;

1

P(e,¢'; N) ~ N=3r—4 (#5 + #G(TN—i)y> . (3.305)

Here the first term comes from the one hull contributions and the second from the two hull operator,
therefore y = x4 — 2!, The constants #; are numerical coefficients and the second term is a small
correction in the scaling limit ri < N since y > 0.

For the leading contributions, one can even make statements about the relations of coefficients:

o0
Ple,e’;N)= > P(e,¢/;Nee =N — M,Ny .= M)
M=0
N,n Nr 8
~ Y Ple,¢/;Nee = N,Nye=M)+ > Ple,e; Neew = M,Nye =N) ~ N7,
M=0 M=0
o NT 8
Pi(e,e;N)= > P(e,¢;Nee =N,Noe=M)~ > Ple,¢';Neow =N,Nope=M)~ N7
M=0 M=0

(3.306)

149



3 Generalized multifractality in Spin Quantum Hall systems

In each sum, only the terms responsible for leading scaling are kept. These originate from the bound-
aries N’ ~ 1 or N ~ 1 of the summation domains:

_19
7

, N~ N> ri
N=%, N ~ri N>ri. (3.307)
(N)"%, N ~ri,N' > ri

=

3
1

/ ' _
P(e7e;Ne,e’:NaNe’,e:N)%C r

r

<

PN TN P

It follows P(e,e’; N) = Pi(e,e'; N) + Pi(€e/,e; N) for large N.
Consequently it holds

i

P(e,e;N) ~ cN_gr_ (1 + #1(7~N_3)> ,

~il%o
W=

Pi(e,e/; N) =~ eN~7r~ (; + #2(TN§)> , (3.308)
here the #; are numerical coefficients distinct from those above in Eq. . The percolation
numerics in Sec. shows that for r = 1 these asymptotics describe the actual expressions very well
even for small N ~ 1.

Similarly to the considerations for P(e,e’; No s = N, Ner . = N'), for P(e; N|e/; N') the asymptotic
scaling behavior depends on the parameter region:

T‘%N_g’ N~N’>>7a%
P(e;N|¢;N )Y~ {r iN"%, N ~rd, N> ri. (3.309)
rI(N)"%, N ~ri,N'>>ri

In the auxiliary function P_ from Eq. (3.285) the leading scaling form the boundaries N, N’ ~ 1
cancels exactly:

P_(e,e;N)~c'riN~7. (3.310)

Having obtained asymptotics for all probabilities occurring in Hartree and Fock term, next one has to
think about how to evaluate the sums over loop length .
With the scaling form (3.308) one finds for sums over NV of the power laws occuring in the correlation

functions , (3.281):

& _1 —A4\z 2N > -g 1 —2\z 2N
> N ir i(rN 7)*A1=2"")~ [ ,dN N 7r a(rN_7)"(1—2°")
N hr4
1,4, 1 4 lyd, 1., 5
—9o7t7 F(—?—?x)fw TErT AT+ Oy r1) (3.311)

Note that the regulator h cutting off the integral at the lower boundary, where the scaling form does
not hold any more, does not appear in the result at this order. By choosing small « the errors in this
approximation (conversion of sum to integral, use of asymptotic scaling form) get arbitrarily small.
Hence for x = 0,1 (or more precisely z < %) this calculation justifies the identification of power law

terms in N in Dg\N) (e,€’) and power laws in « in Dy (e, €’; 2).
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4
7

One can rewrite this introducing the correlation length £, = 777 and apply the result directly to

the Fock term:

]

Day(ecsz) ~ & (eolr/e)E +calr/6)). (3:312)

At this stage, one can already read off Ay = —% and A p) = %. In the Hartree term, this treatment
is not sufficient, since it does not include the double sum of the joined probability P(e, N|e’, N) hidden
in the auxiliary function P_(¢’,e; N). The summation there can be treated with

N’y??"_% :g’y%(r/g’y)% (3313)

As claimed above, the contribution from P_ show subleading A ;) = % scaling.
Finally this has the consequence:

_1
2

Diaylee'iz) ~ &7 (2e0(r/6) 7 + calr/6)

]

) | (3.314)

An improved estimate of the sums is necessary in order to also confirm the ratio ¢; = —cy expected
from the RG analysis (3.268). The percolation analytics nicely confirm Ay = —i and A 1) = % or

T = 1 and T(1,1) = 2 found in the SQH numerics in Sec. compare Tab.

Corrections to the leading scaling of probabilities in classical percolation are common and have been
studied in Refs. [215H218] for other observables. An astonishing cancellation mechanism must be in
place to let only the pure Ay and A(; 1) pure power laws expected from the multifractality picture in
these correlation functions survive.

3.8.3.3 The case ¢ =3

For the higher order correlation functions, one can proceed with the scaling analysis the same way.
The first thing to note is that the correlators in Eqgs. (3.290), (3.294) and (3.299) all admit the
decomposition:

oo
Dy(e, e e”;2) = Dyle,e,e’;2=1) + Z Dg\N)(e, e e (1 - 22N). (3.315)
N=1
The first term
Dy(e,e ;2 =1) = cy Z P(e,e,e";N) ~ r_%'yo (3.316)
N

does not scale with energy (corresponding to x 3y = 0) but with ri (corresponding to Ai) = —%).

In order to reproduce the expected subleading multifractal exponent z(; ) = %, the coefficients

Dg\N)(e, €', e"”) have to show rs N7 scaling. However, the leading scaling of probabilities appearing in

DE\N)(e, e,e")is Ple,e,e’;N) ~ r~3N~7. These terms must cancel out to be consistent with Weyl
symmetry (1) = &(1,1)-

In the following, this cancellation in the correlation functions D* is shown for A = (3), (2,1) and
(1,1,1).
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3 Generalized multifractality in Spin Quantum Hall systems

(3) From Eq. (3.290) one can read off the decomposition (3.315) for A = (3):

pI)

3) (e,e',€") =8P(e, e, e";N) — 12P;(e, e, e"; N).

Here P stands for symmetrization over permutations of all links.
One can use an analogous representation of P and P; as in the g = 2 case:

P(e,e,e";N)=> Ple,e',";Nee = N — M — K, Neter = M, Newe = K),
MK

Pi(e,e,e";N) =Y P(e,e,€";New = N = M, Nerer = M, N = K).
MK

(3.317)

(3.318)

The dominant contributions arises in the region where one summation variable is &~ N and the other

two are small ~ N, < N. One finds
Ple,e,e";N)~ > Ple,e,e";New = N,Nerer = M, Nere = K)
K,M=~N,
+ > P(e,e',e";Noyy = N — M, Ny = M, Now, = K)
M=~N;,K~N—N,
+ Z P(eaelaeHSNee’:KaNe/e”:MvNe”e:N)a
K~N,,M~N-N,
Pi(e,e,e"sN)~ Y Ple,e/,€";New =N — M,Nerer = M, Nene = K)
M=~N,,K~N,
=+ Z P(e,e',e";Nee/ :N—M, Ne/e// :M, Ne//e :K).
M=~N-—N,,K~N,

This implies for the ratio of the leading coefficients:

2P(e, e " N) = Pi(e,e,e"; N)+ Pi(e”,e,e; N) + Pi(e,e",e; N),
2P(e, e e"; N) = 3Py(e, e, e"; N),

. . _1.._8 L N
which causes the leading order »~2 N~ 7 cancellation in Dgg)) from Eq. (3.317).

(2,1) From Eq. (3.294) one can read off the decomposition (3.315) for A = (2,1):

ngl))(e’ ¢',e") = —4(P(e, e ,e"; N) + P(e,e",¢/; N))

(3.319)

(3.320)

~8Y " (P'(e,¢s N = M[e"; M) = P{(e,e'; N = M|e"; M)) + 8(P(e,’; N) = Pi(e,¢'; N))  (3.321)
M

The symmetrization in this case is more complicated, since this correlation function treats e” differently
than e, ¢’. In certain cases the symmetrization P’ over e, ¢’ is needed, in others symmetrization P over

all links can be used as well.
There are the exact identities:

P(e,e’;N) = P(e,e,¢";N) + P(e,e”,e/; N) + Z P(e,e'; Nle"; M),
M

Pi(e,e';N) = Pi(e,e",¢/; N) + P(e,¢',¢"; N = N) + ) Pi(e, /s N|e"; M).
M

(3.322)
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3.8 Percolation mapping

With these, it follows directly that

8(P(e,e; N) — Pi(e,e/; N)) ~ 4P(e,e'; N)

~ 4(P(e,e’,e"; N) + P(e,e”,¢'; N)) + 42 P(e,e; N|e"; M).  (3.323)
M

As a consequence of this identity, the coefficients of the correlation function then become
Dy (e,ee") ~ =4 (2P(e, s N — Mle"; M) = 2Py (e,'; N — Mle"; M) — P(e,e’; N|e; M)
M

= —42 (P(e, ¢ N|e"; M) + 2P(e,e’; Mle"; N) — 2Py (e, ¢'; N|e"; M) — 2Py (e, e'; M|e”; N)) .
M
(3.324)

The leading order term ~ r~2 N7 in this expression cancels, since 2P(e,e'; N|e"; M) =~ Py(e,e'; N|e"; M)
and 2P(e,e¢’; M|e"; N) = 2P (e, e’; M|e”; N) hold for large N and small M.

(1,1,1) From Eq. (3.294) one can read off the decomposition (3.315) for A = (2, 1):

ngl) 1)(6, ¢',e") =24P(e; N) — 24P(e,e/; N) — 242 [f_’(e, N — Mle/,M) — P(e,e/; N — Mle"; M)}
M

+8Y P(e;N—M — Kle; M|e"; K) (3.325)
MK

The bar P of a probability indicates symmetrization over all link permutations.
There are the exact identities:

Z P(e; Nle'; N'le”; N™) + 32]5(6, ¢;N|e"; N') +2P(e,e,e"; N) = P(e; N),
N/N// N/

ZP(e; Nle/; N'|e"; N") + P(e,e”; N|e'; N') + P(e; N|e',e"; N') = P(e, N|e/, N'). (3.326)
N//

These put into each other lead to relations of the probabilities appearing in these coefficients:

3P(¢; N) = 3P(e,¢'; N) =3 P(e; Nle's M|e"; K) + 6 P(e,e/; N|e"; M),

MK M
3P(e,N|e',N') — 6P(e,e"; N|e'; N') =3 " P(e; N|e/; N'|e"; N”). (3.327)
N//
Using the exact identities, one finds:
Déf1)71)(e, e,e") =24 Z P(e;Nle/; M|e"; K) + 48215(6, e;Nle'; M) — 242?(6, es N — Mle"; M)
MK M M
—24) P(e; N — M|e'; M|e"; K) +8 > P(e; N — M — Kle/; M|e"; K) (3.328)
MK MK

It is easy to see that the leading order ~ r~3N~% cancels.
The treatment in this section confirms that z(3y = 0 and z(y 1) = il = % In the multifracality
picture, these exponents can be derived directly from lower orders using Weyl symmetry x 3y = (o) and
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3 Generalized multifractality in Spin Quantum Hall systems

T(2,1) = ¥(1,1)- 1t is intriguing to see how this Weyl symmetry emerges from the classical percolation
calculation.

In principle one could try to find (; ;1) in this picture as well. However, the cancellations occuring
are far more complicated and other corrections than the pure scaling of the hull operators might have
to be taken into account. In the percolation simulations performed here, z = (11 1) — (1) is not
accessible due to insufficient averaging and finite size effects. See Tab. for a summary.

3.8.4 Percolation Numerics

In this section, numerical simulations supporting the calculations from Sec. are performed. For
this purpose 10000 random disorder configurations in a classical system of linear size L = 32768 with
periodic boundary conditions are analyzed statistically. A configuration is described by L x L binary
degrees of freedom (black/white). The percolation threshold is p. = 0.5 in 2D, this means black and
white dots are to be distributed uniformly with equal probability. One can think about the degrees of
freedom to sit at the nodes of the network. Black (white) means, the paths running through this node
turn left (right). This is the distinction to the quantum network, where always both paths are taken
weighted with different scattering amplitudes for left and right.

In the classical network, one obtains a set of closed loops for each configuration including all 2- L - L
links. The probabilities from Tab. are then obtained by counting the number of loops satisfying the
desired properties and averaging over disorder. These numerically obtained probabilities are compared
to the analytical scaling expectations and the correlation functions D) are computed numerically.

3.8.4.1 Thecaseq¢=1
There is only the probability P(e; N) in this order

(M)D1y(e57) = %:P e;(]\: (1—22M). (3.329)
—.pWv

(1)

Interestingly, there are virtually no subleading corrections in the numerics (Fig. [3.5), the pure leading

N7 behavior accurately describes the numerical data up to N > 12 very well. This agrees with the
hull operator picture, where one does not expect contributions from other than the onel—hull operator
hull
with dimension 2! = i. In other words the LDOS scaling is given by D(y)(e;y) ~ v7 = (§)™ "1
This implies z(;) = M and relates the quantum mechanical multifractal scaling dimension at the

SQH transition with a scaling dimension of a hull operator in classical percolation.

3.8.4.2 The case ¢ =2

In this order, one has to analyze:

(7r)2D (€, e;7) Z [Pl ¢ e; N) — P(€ e N)}(l — 22N, (3.330)
N
(m)*Da (€, e57) ~ Y P(e/,e; N) + P_(e/,e; N)(1 — 2*V), (3.331)
N
_pM

1,1
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Figure 3.5: Scaling of the probability P(e; N) (blue). Apparently, there are no subleading cor-
rections, only the pure leading N~ 7 behavior. The numerics were performed for
L = 32768 and averaged over C' = 10000 - 2L? configurations (ensemble+system).

Table 3.4: Comparison of numerics in the SU(2) Chalker Coddington network (CCN) model
at SQH critical point from Sec. with expectations from generalized parabolicity
hypothesis and the exact exponents from the percolation mapping assuming subleading
scaling. The percolation numerics (see Fig. is consistent with the CCN results.
Generalized parabolicity is violated strongly in systems with linear size L < 32768.

SU(2) CCN numerics hull operator percolation numerics | gen. parabolicity
(1) 0.25 ol = 4 0.25 i
() 0.25 gl = 2 0.25 o
T(3) 0.0 =0 =0 0
T(1,1) 1.25 zhll =2 1.25 1
(2,1) 1.25 zhll = 2 1.25 1
x(l’l’l) 191 7 ? %

compare Eq. and Eq. .

One claim in the analytics section Sec. is that the auxiliary function P_(e,e’; N) from Eq.
scales like N7 for large N. In Fig. data indicating P_(e,e’; N) ~ N# is shown. A linear
fit P_(e,e/; N) = ¢cNY- is performed that finds y_ & 1.05. Consequently one can conclude that this
numerical result agrees well with the analytic prediction y = 2! — zhull = 1,

From the RG analysis of the class-C NLSM, one would expect that D1y & 2D(). In Fig.

the coefficients DE\N) in front of (1 — 22V) are evaluated numerically for D(3), D(1,1) as functions of
loop lengths N. One can clearly observe the cancellation between Dy ;) and 2D(3). The subleading
exponent indeed satisfies y ~ 0.97 in agreement with z(; ;) ~ g or A ) & % from the SU(2) CCN
model numerics.

Further it holds that the numerical results y ~ 0.97 and y_ =~ 1.05 and the analytical expectation

y = 1 are all mutually consistent up to the numerical accuracy. The obtained relations z(;) = ol = %
and (1) = il = % of multifractal scaling dimensions and hull operator dimensions in classical

percolation also agree with the CCN numerical simulations performed in Sec. [3.7.3| see Tab.
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3 Generalized multifractality in Spin Quantum Hall systems
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Figure 3.6: Top panel: The function P_(e,e’; N) defined in Eq. (3.284)) for e, €’ nearest neighbors.

This P_ is not a probability and can assume negative values due to finite size effects
and insufficient averaging (orange). Left panel: P_(e,€’; N) compared to different
power laws: N —§, N -7 corresponding to y = 1 and NV -5 corresponding to y = %.
Right panel: P_(e,e’; N)N %, deviations from this power law are small (compare to
horizontal purple line). Purple dashed line represents yP*? = % expectation from
generalized parabolicity hypothesis, there are strong deviations. A linear fit of P_
yields y_ ~ 1.05 for N < 500. Bottom panel: Coefficients of Hartree Dy 1) (e, ') term
(orange), Fock term D(9)(e, €’) (red/blue) and Hartree minus two Fock (purple). The
links e, ¢’ are chosen to be either horizontal or vertical nearest neighbors. Left panel:
comparison to N - (orange, blue) N -7 (purple) scaling. Right panel: the terms
are normalized to the expected power law. Deviations for H — 2F from pure N -7
scaling are small. A linear fit of H — 2F yields y ~ 0.97 for N < 500. The purple

dashed line represents ypara = % which would hold for generalized parabolicity.
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3.8 Percolation mapping

3.8.4.3 The case ¢ =3

In Sec. the reader could observe, that each of the ¢ = 3 correlation functions can be decomposed
as:

o~ (N
(27)°Dyy (e, €', €”;2) = (2m)° Dy (e €', e’ 2 = 1) + NE_:I DEA))(e, e e (1 —22N). (3.332)

The z = 1 term is responsible for the leading x5y = 0 scaling. The coefficients Dg\\g) (e, e, €e") in the
second term contain the probabilities Pj(e,e’,e’; N), P(e,e/,e”; N) N=%r73 for r < N7. Naively
estimating the sum leads to x?iil")e = i scaling, which would violate the Weyl symmetry relation
T(21) = ¥(1,1)- There must be a cancellation P(e,¢e’,e”, N) =~ %Pl(e, e/, N) at large N, and the next
to leading term must go as IV ~%r3 determined by ZL‘BUH in order for z(3 1) = x(1,1) to hold.

The percolation simulations in Figs. nicely confirm this expectation for the IV scaling.
(8) Using the symmetrizated notation for the probabilities, one can recast Eq. (3.290) to yield:

s N
(277)31)(3)(67 6/7 6”5 Z) = (27T)3D(3) (6, ela e”; z = 1) + Nz_:l DE3))(67 6/7 6”)(1 - ZQN)a

Dgé\){)(e, ¢,e")=8P(e,e,e"; N) —12Pi(e, € ,e"; N). (3.333)
. (N) A : : : : (N) 1o s .
The large N behavior of D(g) (e, €', €") is shown in Fig. 3.7, In this regime, D(3) (e, €', €") is negative.
As expected the probabilities P, P; scale like N ? for large N. Contrarily, Dgg)(e, ¢/, e"") behaves like
N7 for large N, which confirms the cancellation mechanism proposed in Eq. (3.320) in Sec.

(2,1) In Fig. F the same analysis for ng 1))(6,6/ ,€") is performed. For the correlation function

from Eq. (3.294) one has to be careful, since €” is not equivalent to e, e’ in the definition of D21
Therefore symmetrization has to be restricted to interchanging e,e’. In case where this difference
becomes important the restricted symmetrization is indicated by the symbol P’. The expression
studied numerically reads:

(27r)3p(2,l) (67 6/7 6”; Z) = (271—)37)(2,1)(67 6,7 6”; z = 1) + Z Dgé\’fl)) (67 6/7 e”)(l - ZQN)7
N=1

Dgé\?)(e,el,e”) = —4(P(e,€,";N) + P(e, e, ¢; N))

— SZ (P(e, ¢; N — M|e"; M) — Pj(e,e; N — M|e”; M)) + 8(P(e,e’; N) — Pi(e,e'; N)).  (3.334)
M

Again Dg 2)(6, €', e") is negative for large N. The cancellation mechanism proposed in Eq. (3.324))
8\7 E)(e, ¢/, e") behaves like N Z for large N. The linear
combinations of probabilities appearing in this expression scale like N ? for large N.

in Sec. |3.8.3|is operative here as well, since D
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Figure 3.7: Coefficients of Dg\N) (e,€',e"”) term (purple). The links e, e, e” are chosen to be either

horizontal or vertical (next) nearest neighbors. Left hand side: comparison to N -7
(blue, red, orange) N -7 (purple) scaling. Right hand side: the terms are normalized
to the expected power law. Deviations of D) from pure N -7 scaling are small. This
is consistent with z(5 1) = z(1,1) by Weyl symmetry. Top panel: Fock like term A = (3)
from Eq. and the probabilities P(e,e’,e”; N) (blue), Pi(e,e’,e”; N) (red).
Middle panel: Coefficients of mixed Dg\?)(e, ¢, e") term from Eq. (purple) and
the probabilities P(e, €', e”, N) (blue), (P—P;)(e, e, N) (red), (P-—P;_)(e,e',€",N)
(orange). Bottom panel: Coefficients of Hartree like Déﬁ)l)(e, e/, e") term from Eq.
(3.335) (purple) and the probabilities P_(e,e'|N) = >, P_(e; N|e/; M) — P_(e; N —
M]le'; M) (orange), P_(e,e';€"|N) = >, P_(e,€/; Nle"; M) — P_(e,e/; N—M|e"; M)
(red) and P_(e;e’;e”|N) =Y P-(e; N — M — Kle'; M|e"; K) (blue).
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3.8 Percolation mapping

(1,1,1) Finally, numerical data for ngl) 1)(8, ¢’,e") is shown in Fig. Here it is convenient to

introduce auxiliary functions due to the complexity of the expression:

(27T)3D(1,1,1)(€, e e’ z) = (277)37)(1,1,1)(67 eyeiz=1)+ ZD(({\jl),l)(ev e,e”)(1— ZZN)a
N

ng,}vl)(e, ¢ ") = 24P(e; N) — 243" P(e; M|e/; N — M) — 24P(e,¢; N)
M
+8 > Pe; N = M — K|/ M|e"; ) + 24 Ple.¢/s N = M|e; M)
MK M
= P_(e, e, ¢"IN) + P_(e,/;¢"|N) + P_(e; ¢/ " |N), (3.335)

P_(e,¢,"|N) = 243" [Pe; M|e/; N) = P(e; N — Me; M) ,
M

P_(e,€';e"|N) =24 " P(e,e/; N — Mle"; M),
M
P_(e;e/;e"IN) =8> P(e;N — M — Kle'; M|e"; K). (3.336)
MK

In this formula P indicates symmetrization over all permutations of e,e/,e”. All of the auxiliary

functions P_(...|N) show leading N -3 scaling. One can clearly see the cancellation of these leading
N7 terms, the coefficients Dg\? 1 (e, €, e") scale like N ~% . This confirms the analytical considerations

in and around Eq. (3.328]).
From Eq. (3.189) one can extract the scaling behavior of D)

D(1,1,1)(€a€,a€”§z) 436 20 73(61171,1)
Doylee e’sz) [ ~| -4 =6 10| | PGy |- (3.337)
Desy(e, €, e; z) 4 -9 5 73(03)
~(P§)~!
The last column is the leading 77(%') scaling. This x3) = 0 or A(z) = —% scaling purely comes from
Di(e,e',e’;z = 1) ~ r~1. All subleading scaling is contained in Y, Dg\N)(e, e, e (1 — 22NV). The

leading coefficients Dg\N) (e,e,e") = C,\Nig should satisfy c(3)/c21) = % and |c(111)/c21y| = 6. The

numerics shows these relations are satisfied approximately, see Fig. The cancellation mechanism
that is proposed in Sec. and verified here numerically implies z(p 1) = % or Ay = % in
accordance with the Weyl relation x(51) = 2(1,1). Up to this order, the percolation analytics and
simulations agree perfectly with each other the CCN SQH numerics presented in Sec. [3.7.3]
However, the accuracy of the percolation numerics is not sufficient to find the most subleading
exponent x(y ;1) accessible within this formalism. It is natural to assume, that x(; ;) is related
to z3%.  As can be seen in Tab. this does not match well the CCN exponent. Many other
common [215+218] mechanisms for corrections to such correlation functions are known to exist, which
could be responsible for this discrepancy. Further in Eq. it can be seen that the one-to-one
correspondence between power law scaling of percolation probability P in N and correlation function
D in the broadening v is only accurate up to (’)(’yr_%). If this contribution does not cancel out, it
would dominate over terms related to :cgu“ and lead to (11 1) = % matching the CCN numerical result

x(Ll,l) ~ 1.92 well.
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5 10 50 100 500

Figure 3.8: Coefficients of third order terms pN) (e,e,e"), D) (e,€',€e") and D(N)(e,e’,e”)

(1,1,1) (2,1) (3)
from Egs. (3.335) (blue), (red) and (3.333) (purple) scaled with N7. De-
viations from N7 are relatively small, yet large enough to prevent the extrac-
tion from the lowest order (1,1,1) exponent. Extracting approximate constants
from the fits the relations expected from Eq. between the coefficients are
Efjl)’l)(e,e’,e”) R~ 13]\77172, Dgé\fl))(e,e’,e”) ~ —27N~7 and
Dgé\){)(e, e,e) ~ ~3.1N~ 7. The numerics were performed for L = 32768 and aver-

roughly satisfied: D

aged over C' = 10000 - 2L? configurations (ensemble+system).

3.9 Conclusions

This chapter introduced the notion of generalized multifractality, referring to the scaling exponents of a
family of composite wavefunction observables at Anderson-transition criticality. The central attention
goes to the SQH transition where I (i) constructed families of pure scaling composite wavefunction
observables, (ii) performed numerics extracting the multifractal spectrum, (iii) showed analytically
that generalized parabolicity is violated in SQH systems using the percolation mapping. The parts
(i), (ii) were performed with the class C NLSM, however the mathematical constructions/numerical
algorithms described there generalize straightforwardly to the other symmetry classes.
In more detail, the key results in this part comprise:

1. Me and my collaborators introduced the notion of generalized multifractality and reviewed its

description by a field theory possessing conformal invariance. A point to emphasize once more
is that one must sharply distinguish between global conformal invariance and the stronger local
conformal invariance (LCI) that can occur in 2D. Building on this framework, for 2D systems
me and my collaborators have shown that the generalized multifractal spectrum of scaling ex-
ponents exhibits generalized parabolicity (parametrized by a single constant) provided that the
two conditions are satisfied: (i) existence of a family of pure scaling composite operators and
satisfying the Abelian fusion rules, and (ii) local conformal invariance.

2. Within the class C NLSM, I have explicitly constructed pure-scaling composite operators. These

are not unique and different operator families have different properties (e.g. positivity, abelian
fusion), which is why two approaches were used: (i) The Iwasawa decomposition yields pure
scaling operators that are strictly positive and can be raised to arbitrary complex powers and

160



3.9 Conclusions

satisfy abelian fusion. (ii) For composite operators that have polynomial structure in the Q-field
of the class C NLSM I have derived one-loop RG rules. This RG approach is a further way
towards a family of pure-scaling composite operators. These in general do not have further nice
properties, but were directly related to wave function combinations.

3. The link between the NLSM and observables of the system is the translations of polynomials in
@ to composite objects of eigenstates. For the polynomial pure-scaling operators obtained from
sigma-model RG this “translation” follows the usual rules. For particular cases I managed to
relate the pure-scaling operators from the Iwasawa construction to observables composed of total
densities in spin space.

4. Knowing the pure scaling observables, I investigated the generalized multifractal spectrum nu-
merically. For this purpose exact diagonalization was applied to network models in classes C
and A, revealing the pure scaling exponents at the SQH and IQH transitions. In class C, both
two families of wavefunction observables were studied and the exponents were found to agree
with each other where ever a comparison was possible. In summary, the validity of the operators
found analytically was confirmed by the numerics and a subset of the multifractal exponents was
computed numerically.

5. In these lines implications of the IQH transition numerical studies are discussed. Zirnbauer
conjectured a WZNW theory in Ref. that implies generalized parabolicity with prefactor
b = 1/4 for the multifractal spectrum. The numerical results at large ¢ = 2,3, 4 yield relatively
small but clear deviations, confirming previous high precision IQH numerics .

6. By exploiting the mapping of certain observables in the class C network model to classical
percolation, I could find exact analytical expressions (the scaling dimensions of n-hull operators)
for certain scaling dimensions. Classical percolation analytics, numerical classical percolation
simulations and above mentioned quantum CCN numerical studies all agree nicely on z(; 1) =
T(1) = % and manifestly rule out generalized parabolicity once and for all. Consequently SQH
criticality cannot be described by a local conformal invariant field theory.

The work presented in this chapter has a fundamental implication: SQH criticality is not locally
conformal invariant! This can be seen by putting above points together: The Iwasawa constuction
gives an operator family with abelian fusion. According to the CFT proof reviewed in Sec.
the existence of such a family in a theory with local conformal invariance (LCI) implies generalized
parabolicity. However, both numerically and analytically deviations in the generalized multifractal
spectrum from parabolicity were found. Thus LCI is violated at the SQH transition, in particular a
WZNW CFT description of SQH criticality is ruled out.
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Chapter 4

Disordered Surfaces of time reversal
invariant topological superconductors

Certain two-dimensional (2D) Dirac fermion theories describe the low energy quasiparticles on the
surfaces of time-reversal invariant, three-dimensional (8D) topological superconductors (TSCs), exposed
to quenched disorder. With my collaborators, I performed numerical studies on these theories, with
the remarkable finding that they exhibit a novel to this point not yet fully understood mechanism of
topological protection against Anderson localization .

Apparently, there is a connection between 3D TSCs in classes AIII, CI, and DIII, and 2D quantum
Hall criticality in classes A, C, and D. Neglecting the topological term, from the non-linear o-model
(NLSM) picture one can derive, that most TSC surface states should Anderson localize for arbitrarily
weak disorder (CI, AIIl), or exhibit weak antilocalizing behavior (DIII).

Contrasting the naive picture sharply, the numerical studies presented in this chapter instead indicate
spectrum-wide surface quantum criticality. This means, there is robust eigenstate multifractality over a
whole “energy stack” of critical wave functions. Surprisingly, for class AIII the multifractality spectrum
and conductance distribution in the stack matches the phenomenology of the class A integer quantum
Hall (IQH) transition. Analogously the surface stacks of class CI TSCs seem to show class C spin
quantum Hall (SQH) like criticality. Finally a third kind of critical stacking can be observed in class
DIII TSCs. For the lowest winding number, the surface theory is a single Majorana cone with velocity
disorder. Restricting to nematic disorder, one observes stacking probably corresponding to the class D
thermal quantum Hall (TQH) transition.

By means of bosonization, the disordered Dirac theories under consideration can be represented as
perturbed 2D Wess—Zumino—Novikov—Witten (WZNW) sigma models; the conjecture is that these are
related to Pruisken models with the topological angle © = w at finite energy. A further interesting
aspect of the stacked Dirac theories (CI, AIII, DIII) is that they can be used in the description of dirty
d-wave quasiparticles in high-T,. cuprates.

The contents of this chapter are published as a review article in Ref. on Refs. written
by collaborators and myself. Moreover my numerical work extending Ref. is also presented.

4.1 Motivation

Topological phases of non-interacting fermions are classified according to the “10-fold way” [245]. The
same scheme (also referred to as the Altland—Zirnbauer or Cartan classification) applies to a seemingly
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4 Disordered Surfaces of time reversal invariant topological superconductors

unrelated problem, that of the Anderson (de)localization in the presence of quenched disorder [7H).
In fact, topology and disorder are closely intertwined in condensed matter physics. In both cases, one
seeks to characterize not the details of a particular band structure or disorder configuration, but the
physics that robustly persists under smooth deformations of the Hamiltonian that preserve defining
symmetries.

In each spatial dimension, five of the ten classes admit topologically nontrivial phases (see Tab. .
Three of the five topological classes are characterized by an integer-valued winding number v € Z
4]; the other two classes in each spatial dimension have Zy invariants. In two dimensions (2D), the
three classes correspond to three different versions of the integer (non-interacting) quantum Hall effect.
These are the charge, spin, and thermal quantum Hall effects in classes A, C, and D; the latter two
arise in theories of 2D d+1id and p+ip topological superconductors (TSCs). In three dimensions (3D),
the topological classes with winding numbers v € Z can describe time-reversal invariant TSCs [2]. The
three TSC classes are distinguished by the degree of spin symmetry preserved in every quasiparticle
band structure or disorder realization; these are U(1), SU(2), and no spin symmetry for classes AIII,
CI, and DIII, respectively. Although TSCs have yet to be conclusively identified in nature, fermionic
topological superfluids in classes A and DIII are believed to be realized in thin-film *He-A and bulk
3He-B, respectively .

Topologically nontrivial phases host gapless edge or surface states at the sample boundary
that are robust to local perturbations. In particular they should be protected from Anderson
localization . The topological protection for 1D and 2D boundary modes is in conflict with
the natural tendency of low-dimensional states to localize in the presence of arbitrarily weak disorder
@, . For 1D chiral or helical edge modes, the route of escape is that elastic backscattering is strictly
prohibited . Surfaces offer a richer variety of possibilities, where topological bands
often feature massless 2D Dirac or Majorana fermions. The suppression of pure backscattering for the
single 2D Dirac fermion cone is insufficient to prevent quantum interference. Without the restriction
to 1D (only forward and backward) in a wire, elastic impurity scattering can still occur at all other
angles. In order to resolve the puzzle in this case, it is necessary to use more technical tools like the
nonlinear sigma model to gain further insight. For the simplest 3D topological insulator (TI), one finds
protection of the 2D surface states from localization throughout the entire bulk energy gap. This is
understood as due to weak antilocalization enabled by strong spin-orbit coupling, and the presence of
a Zs topological term that nullifies the metal-insulator transition in the symplectic class @
221

The 2D surface states of bulk 3D TSCs in classes AIIl, CI, and DIII are typically predicted to
appear as massless Dirac or Majorana fermions. Different from graphene or TI surface states, time-
reversal invariant quenched disorder enters into these surface theories in a peculiar way. Due to the
“fractionalization” of the Hilbert space associated with confinement at the sample boundary and the
natural particle-hole symmetry present in a superconductor, 2D Dirac T'SC surface theories admit only
quenched gauge-field disorder , . In classes AIII and CI, minimal realizations involve U(1) and
SU(2) vector potentials. The minimal realization of a class DIII surface consists of a single Majorana
cone; in this case, disorder can only modulate the velocity components of the cone. Since it couples
to the stress tensor, this is called “quenched gravitational disorder” (QGD) . Although class CI
and AIII 2D Dirac models with gauge disorder could be robustly realized as TSC surface states, these
were originally studied two decades ago in the context of the high-T,. cuprate superconductors .
Indeed, by suppressing interpair, internode, and/or intranode elastic impurity scattering in a 2D d-
wave superconductor, one can realize all three minimal surface models in classes CI , AIIIL

226], and DIII [39).
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Figure 4.1: Figure taken from Ref. . “Stacked” quantum criticality at the surface of a bulk
topological superconductor (TSC). Panel (a) depicts classical geometric critical phe-
nomena in 2D, as can occur when fluid floods a landscape. Criticality arises at
the percolation threshold (middle), where fine-tuning of the fluid level makes travel
across the landscape equally difficult by land or by sea. By contrast, at the surface
of a bulk TSC with quenched disorder that preserves time-reversal symmetry, the
numerical studies reviewed in this chapter demonstrate a “stacking” of
critical eigenstates throughout the surface energy spectrum, schematically indicated
in (b). Panel (c) depicts position-space probability density maps for dirty TSC 2D
surface eigenstates, as could be measured in the local density of states probed by
scanning tunneling microscopy (STM). Eigenstates at different energies e are shown
for a single class DIII surface Majorana cone, subject to a particular realization
of nematic quenched disorder in the components of its velocity (nematic “quenched
gravitational disorder” [89]). Eigenenergies ¢ are measured in units of the momentum
cutoff A (with average Fermi velocity set equal to one), and lengths are measured in
units of 2w /A. While low-energy states are plane-wave like in this case, states with
energies 0.2 < € < 1.5 exhibit quantum critical rarification. The multifractal fluctu-
ations of the wave function intensity appear to be universal, independent of ¢ and
of the disorder strength, forming a “stack” of quantum-critical states. Importantly,
evidence for Anderson localization is observed only at high energies, well above the
ultraviolet cutoff for TSC surface states in all three classes CI, AIIl, and DIII; stack-
ing statistics improve for increasing system sizes and disorder strengths , .
Results are obtained by exact diagonalization of the continuum Dirac theory with
periodic boundary conditions, defined in momentum space (so as to avoid fermion
doubling) [89]. The “stacked” critical states for class AIIl and CI TSC surface states
match the known critical statistics of the class A charge and class C spin quantum
Hall plateau transitions, respectively . [Since the class C transition shares a
few exactly known critical exponents with 2D classical percolation [56], one can say
that the stacking in class CI realizes critical percolation without fine-tuning , as
sketched in panel (b). This mapping between SQH criticality and classical perco-
lation is generalized in Sec. | The finite-energy critical fluctuations observed
in class DIII, shown in (c), may correspond to the thermal quantum Hall plateau
transition in class D.
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4 Disordered Surfaces of time reversal invariant topological superconductors

The recent numerical evidence of Refs. is reviewed, indicating that the class AIII, CI,
and DIII Dirac surface theories evade Anderson localization via a highly unusual mechanism. These
2D Dirac models exhibit a “stack” of critical states at finite energies, see Fig. The statistics of
these states at different energies (away from zero) are identical.

In particular, the multifractal spectrum of wave function fluctuations and the distribution of the
Landauer conductance for finite-energy class AIIl Dirac surface states appear to match the universal
values associated with the integer quantum Hall (IQH) transition in class A . In Chap. the
generalized multifractal spectrum of such IQH critical systems is studied. This is surprising for a
number of reasons. First, the critical state associated with the IQHE typically obtains only with
fine-tuning of the magnetic field or particle density. This is because the IQH effect is a quantum
phase transition separating topologically distinct plateaus. Instead, at the surface of a TSC, every
finite-energy state appears to feature its own plateau transition. Second, the quantum Hall effect
lacks time-reversal symmetry (TRS), yet the findings in Ref. show an energy-stacking of IQH
states without TRS breaking. For the TSC with full spin SU(2) symmetry (class CI), the finite-energy
surface states mimic the class C spin Quantum Hall (SQH) transition phenomenology precisely [9,
. Finally, for the minimal realization of a class DIII surface with QGD, stacking occurs
for a new class of wave function quantum criticality. This is hypothesized to be related to the thermal
Quantum Hall (TQH) transition in class D [78185].

The 2D Dirac surface models studied here are equivalent to Wess—Zumino—Novikov—Witten (WZNW)
nonlinear sigma models , modified by the addition of the nonzero quasiparticle energy. The latter
couples to the trace of the principal chiral field, a strongly relevant perturbation. At zero energy (the
surface Dirac point), these models are also quantum critical, and have been long understood thanks to
the exact solution via conformal field theory . By contrast, there is very little known analytically
of the finite-energy behaviour in the perturbed WZNW models. Ludwig et al. investigated the
minimal single-node class AIIl Dirac model (corresponding to the surface of a class AIIl TSC with
winding number v = 1). These authors argued that all states at finite energy should Anderson
localize. A mechanism for the finite energy states to escape this fate was conjectured by Ostrovsky
et al. . They showed that a gradient expansion yields the Pruisken model that describes the
integer quantum Hall effect. For odd winding numbers v, the Pruisken model has a theta term with
topological angle © = 7, corresponding to the class A IQH transition. This result was confirmed for
v = 1 by numerics . While this argument supports quantum-critical stacking for odd v, it predicts
Anderson localization for even v (despite the Z classification for class AIII) 224]. There is no
indication of this even/odd effect numerically , and both v = 1,2 show clear indications of class
A IQH criticality in the multifractal spectra and conductance distribution [@, . Numerical
evidence for class A IQH stacking has also been very recently reported for a single Dirac cone with
generic disorder [228].

The key numerical findings for class AIII, CI, and DIII finite-energy surface theories are
summarized. For class CI, the previous calculations in Ref. are extended to larger system sizes,
and a finite-size scaling analysis of the multifractal spectrum is provided. Further results for the Kubo
conductivity for class CI and AIII surface states are presented.

Beyond the connection to the hypothetical class D thermal TQH physics, Ref. found that the
single 2D Dirac or Majorana cone subject to nematic QGD matches the phenomenology observed in
STM studies of the high-T, cuprate superconductor BSCCO , see Sec. m The field of
experimental studies of disordered superconductors is very rich by itself. Many theoretical scenarios
for the disorder-driven superconductor-to-insulator transition involve enhanced Cooper pairing, due to
multifractal rarification 124, (168, (169, [172]. Reporting an increase in T, with increasing disorder,
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4.2 Modeling topological surfaces

Ref. recently added experimental support for this. Furthermore there are indications that mul-
tifractal superconductor physics provides an adequate description of transition metal dichalcogenides
[236+238]. Tt is also interesting to note that the chiral model for twisted bilayer graphene is effectively
described by a class CI surface Dirac Hamiltonian [239-241|. However, the most prominent and well-
studied experiments revolve around the mystery of the spatial inhomogeneity in the high-T,. cuprate
superconductors ; the results reviewed here call for a re-evaluation of the role of disorder in these
materials.

4.1.1 Outline

First I give a brief overview about topological surface theories is given in Sec. Starting with
the topological classification an overview about the corresponding o models (see Table in Sec.
is given, including the conventional expectations for the finite-energy behavior. The key results of
WZNW theory relevant for zero-energy states of time-reversal invariant superconducting classes are
reviewed in the Fundamentals in Sec. [1.5.5] Here, the role of the energy perturbation and how the
modified WZNW model can be deformed “by hand” into the Pruisken model is explained in Sec.

The main part is organized as a review of the most important numerical results for the class AIII,
CI, and DIII surface theories. Each section about these theories covers the numerically obtained
multifractal spectra, and for class AIII the Landauer conductance distribution. Additional results
include Kubo conductivity computations for classes AIIl and CI, as well as larger system sizes and a
finite-size analysis for class CI, winding number v = 2 multifractal spectra.

4.2 Modeling topological surfaces

4.2.1 Dirac surface theories and topological classification

Here 2D surface theories of 3D bulk time reversal (7)-invariant topological superconductors (TSCs)
with different degrees of spin symmetry are considered. These reside in classes AIIIl, CI, or DIII,
as indicated in Table in Sec. For any superconducting realization of a class, physical time-
reversal symmetry 7 corresponds to the effective chiral symmetry S in this table. This symmetry
transmutation is due to the “automatic” particle-hole invariance associated with the self-conjugate
(Balian-Werthammer) spinor formulation of any Bogoliubov-de Gennes Hamiltonian [2} [112]. These
bulk phases can be topologically non-trivial, and are indexed with integer-valued winding numbers.

The form of the 2D surface band structure for a clean topological phase in general depends upon some
details of the bulk and of the surface orientation. A large class of TSC surface states in classes AIII,
CI, and DIII take the form of massless Dirac or Majorana fermions. This has been demonstrated using
bulk lattice models in (e.g.) Refs. 242H244]. Generic T-invariant quenched disorder introduced
at the surface translates into random abelian and/or nonabelian vector potentials in the low-energy
surface Dirac theory. A generic Hamiltonian is

H=56-

(—iV) + Z Ai(r) r] . (4.1)

Although this is a single—particle Hamiltonian for (241)-D surface quasiparticles, it is frequently useful
to alternatively interpret H as the Lagrangian density for an imaginary time (2+0)-D theory of 1D
relativistic fermions. The pseudospin Pauli matrices 62 then act separately on the spaces of left-
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4 Disordered Surfaces of time reversal invariant topological superconductors

and right-movers . The matrices {#'} act upon an N-dimensional color space, and couple to the
nonabelian vector potential A;. The color generators have to be compatible with the symmetry of the
class. In class AIII, for a bulk winding number v = N, there can be generic U(N) disorder that encodes
elastic scattering between the colors. Thus all Hermitian N x N generators {#'} are allowed, including
the identity matrix [U(1) abelian vector potential disorder]. For class DIII, these are restricted to
antisymmetric generators of SO(N). In class CI, the winding number v = N = 2M is always even,
and the matrices {#!} generate the Lie algebra Sp(2M).

The key defining characteristic of a topological surface is the anomalous representation of a defining
bulk symmetry. For surface states of 3D TSCs, this is the chiral/physical time-reversal symmetry. For
the Hamiltonian in Eq. (4.1), it is encoded by the condition

G3H+ H&® =0. (4.2)

This version of chiral symmetry is anomalous, i.e. cannot arise without fine-tuning from the continuum
Dirac description of a 2D lattice model . It can be shown that Eq. implies that the class
CI, AIIL or DIII nonlinear sigma model (NLoM) encoding Anderson (de)localization physics [9] is
augmented by a Wess—Zumino—Novikov—Witten (WZNW) term . Without the WZNW terms,
the NLoMs in these classes are termed “principal chiral models” or principal chiral NLoMs. An
introduction and more references to chiral NLoMs with or without WZNW term can be found in Sec.
The minimal realizations of Eq. for topological class CI, AIII, and DIII surfaces have winding
numbers v = N = {2,1, 1}, respectively.

By contrast, the minimal “non-topological” version of class CI possesses four colors of 2D Dirac
fermions . Incorporating disorder, the generic continuum Dirac model corresponding to a dirty 2D
d-wave superconductor is perturbed by random mass, vector, and scalar potential terms. This model
is believed to Anderson localize for arbitrarily weak disorder at all energies; it corresponds to the
class CI principal chiral nonlinear sigma model without the WZNW term . At the same time,
the d-wave model can be fine-tuned to realize any of the three topological models as exemplified by
Eq. . Suppressing elastic scattering between pairs of nodes gives two copies of the v = 2
class CI WZNW model (nodes in a pair are related by 7). Further suppressing scattering between
nodes within a pair breaks each v = 2 CI model into two v = 1 AIIl WZNW models, with only U(1)
vector disorder. Suppressing even this still allows random fluctuations of the velocity components,
which correspond to “quenched gravitational disorder” in class DIII . This example displays a
general rule: a non-topological class CI, AIII, or DIII model (associated e.g. to a 2D lattice model) can
always be fragmented into topological components, provided restrictions are placed upon scattering
between the different Dirac colors. These restrictions cannot, however, typically be realized exactly in
a microscopic 2D model with lattice-scale disorder.

The averages over ensembles of disordered H in Eq. can be described by the NLoM theory @]
Using fermionic replicas, the topological surface-state WZNW Dirac models are associated with the
group manifolds G(2n) € {U(2n), Sp(4n),O(2n)} for classes AIII, CI, and DIII, respectively, as shown
in Table Here n — 0 denotes the number of replicas. The conventional expectation is that any
non-standard symmetry class such as these must reduce to a standard Wigner-Dyson class (A, Al or
ATI) at finite eigenstate energy ¢ # 0. This is because € # 0 formally breaks the defining particle-hole
or chiral symmetry. Classes AIIl, CI, and DIII exhibit G ® G symmetry at zero energy, but this
is reduced to the diagonal subgroup G for € # 0 (see also Sec. [4.2.2). One would therefore expect
that finite-energy states in classes AIII, CI, and DIII reside in classes A, Al, and AlI, respectively,
characterized by the symmetry reduction in the NLoM from the group manifolds to the corresponding
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Grassmannians,

G(2n)
G(n) ®@ G(n)’

see Table Class Al always localizes in 2D, as does class A unless fine-tuned to the IQH transition;
class AII can exhibit weak antilocalization for sufficiently weak disorder [9} 16].

Although the focus stays limited to Dirac surface theories in this work, there are other possibilities.
Bulk TSCs or fermionic topological superfluids that arise by pairing higher-spin fermions (e.g., S = 3/2)
can give rise to surface Hamiltonians that also exhibit the anomalous chiral symmetry in Eq. .
These have larger minimal winding numbers |v| > 1, and the bulk winding number can be reflected
through nonlinearity of the surface band structure, instead of N = |v| colors of linearly-dispersing
Dirac fermions . Numerical studies suggest that the disorder-induced physics of these

surfaces is the same as in the Dirac models studied here 249].

4.2.2 Class Alll, Cl, and DIll WZNW models over U(2n), Sp(4n), and O(2n)

G(2n) ® G(2n)

Gon) ~ G(2n) —

(4.3)

The statistics of the spatial fluctuations for eigenstates of 2D disordered systems are described by the
non-linear sigma model (NLoM) framework @ Specifically, for the class AIII, CI, or DIII topological
surface-state Hamiltonian in Eq. , this sigma model becomes a Wess—Zumino—Novikov—Witten
(WZNW) model, familiar from conformal field theory (CFT). This class of models is introduced in
Sec. |1.5.5] Using non-abelian bosonization and conformal embedding theory , one can
derive exact results for the scaling of generic operators in the energy € — 0 limit. In particular, for
the density of states (DOS) p(e) as a function of the surface quasiparticle energy e, one has

li 21/2, 4.4
lim p(e) =~ | (4.4)
Here 1 = 2 — z is the scaling dimension of the operator encoding the first moment of the local density
of states at ¢ = 0, and z denotes the dynamic critical exponent. For surface states of a bulk TSC
with winding number v, the scaling exponent z1/z is summarized for the different WZNW models in

Table The multifractal spectrum for the WZNW models at € = 0 is exactly parabolic:
Ag=0q(1-q). (4.5)

Table summarizes how 6 depends upon the class and winding number.
The WZNW action for 2D dirty Dirac or Majorana TSC surface states with winding number v reads

-5t / P Te[VQH Q) - / &r dR et Tr[(QTa Q) (¢1a0) (Q'a Q)}

127rl¢

)\AV /d2 QTVQ} Tr[QTVQ W/er Tr[ (Q—l—QT)} (4.6)

See e.g. Ref. [61] for a derivation of this action from the disordered Dirac theory defined by Eq
The zero-energy surface theory for classes CI and AIII is described by the top line equation (4 The
WZNW term is the second one on this top line, and requires extending the field conﬁguratlons from
the 2D surface into the 3D bulk ; the parameter /4 is the Dynkin index of the corresponding
group. For class AIII only, an additional parameter appears even at zero energy, which is the marginal
disorder strength A4 that encodes the strength of abelian vector potential disorder.
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The parameter w on the second line of Eq. is the ac frequency at which the conductivity of the
NLoM is to be evaluated. With w # 0, states at finite energy can be accessed. This parameter couples
to the imaginary (“tachyonic”) mass term (i/2) Tr [A(Q + QT)}, where A = diag {1,,, —1,} grades in
the retarded/advanced space @ Since it is a strongly relevant perturbation, nonzero w drives the
theory away from quantum critical point described by the WZNW conformal field theory.

The field Q(r) is a (2n)x(2n) [(4n)x (4n)] element of the matrix group U(2n), O(2n), [Sp(4n)] for
classes AIII, DIIT [CI]. It satisfies the nonlinear constraint Qf(r) Q(r) = 1, where 1 denotes the identity
matrix. In the end, the replica limit n — 0 has to be taken @ .

For w = 0, the WZNW model in Eq. is exactly solvable via CFT 251].
Exact results for the DOS scaling [Eq. (4.4)], multifractal spectrum [Eq. (4.5)], and conductivity are
summarized in Table

Finite energy behavior The ac frequency parameter w in Eq. (4.6) reduces the G®G group symmetry
of the WZNW model down to the diagonal subgroup G. Real nonzero w gives oscillatory contributions
to the functional integral over () unless a further constraint is imposed,

Q=q', Tr[Q]=0 (4.7)

(after absorbing the matrix A by a left-group translation AQ — Q) Then, the w term and the A4
term (class AIIT) on the second line of Eq. are projected to zero.

In this constrained case, Bocquet, Serban, and Zirnbauer (see also ) derived a deforma-
tion of the WZNW term to the topological term in the Pruisken model:

57z / P Te[vQ - vQ) - T / Pr i T [Q0:Q ;). (4.8)
where
Opz =V|T, Opy=V/2. (4.9)

In the context of quantum Hall type criticality in 2D, the Pruisken model is discussed in Sec.

For classes CI and DIII, the Pruisken model only applies if the target manifold for the constrained
Q is taken to be that of classes C and D, respectively. Although w # 0 reduces the symmetry of
the WZNW action down to the diagonal G subgroup, this information is insufficient to determine the
target manifold G/H of the effective NLoM governing the Anderson (de)localization physics of the
finite-energy states. In the case of class CI with G = Sp(4n) (using fermionic replicas, Table [1.1]), there
are two possible scenarios for the finite-energy NLoM. Either H = Sp(2n) ® Sp(2n) (the orthogonal
Wigner-Dyson class Al), or H = U(2n) (class C). The former choice is the conventional one that
guarantees Anderson localization at all finite energies @ﬂ; the latter is realized in the stacking scenario,
wherein Eq. describes the spin quantum Hall plateau transition @ .

Although there is no ambiguity in the target manifold for finite-energy class AIII states (which
reside in class A), the “derivation” of Eq. from Eq. via the imposition of the constraint in
Eq. poses another problem. Eq. implies that the topological angle © = 2mo, , is an odd
(even) multiple of 27 for odd (even) winding numbers v. This even-odd effect is not observed in the
numerics here and in Refs. 88]. In other words, imposing Eq. by hand directly to the fields
gives coefficients of the Pruisken model that are not compatible with numerics. This does not rule
out this analytical ansatz as a description of the problem, as the following explanation clarifies. The
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ATII CI DIII
" Z 27 Z
a1/z 67 o 63 —sit5 (v >3) 61,123
Be=0) | K142 65 67 i 124 o (v >3) 61
o™ (e = 0) z % x
B(c £0) | ~1/4 (IQH) @327 ~ 1/8 (SQH) 173 ~ 1/13 (TQH?) M
o (e#0) | ~0.584+0.02 |74 = V3 ﬂ%ﬁ ?

Table 4.1: Table taken from Ref. . Summary of known properties for the 2D disordered Dirac
models [Eq. (4.1)] in classes AIII, CI, DIII that can exhibit Wess—Zumino-Novikov—
Witten (“stacked”) criticality at zero (nonzero) energy. The zero energy properties of
WZNW models are discussed in Sec. Here these are the allowed bulk TSC wind-
ing numbers v, the scaling of the surface density of states p(¢) o |e|*'/%, the curvature
of the parabola 6 controlling the surface multifractal spectrum via A, = —6¢(1 — q),
and the longitudinal surface conductivity o®* (for spin or heat transport at the bound-
ary of the TSC, in units of the appropriate conductance quantum ) The top
four rows describe the zero or near-zero energy critical features of dirty 2D TSC surface
states, which are known analytically from conformal field theory. In class AIII, these
results depend on the winding number v and the abelian disorder strength A4, which
is defined in Egs. (4.10) and (4.11)). The additional parameter A4 is RG-marginal and
addresses a continuum of distinct zero-energy fixed points , . The last two
rows detail the recent numerical findings of Refs. , , and . These charac-
terize the “stacked” criticality of TSC surface states at finite energy, where each state
in the stack exhibits identical statistical properties. The results for the finite-energy
multifractal spectra and conductance statistics are consistent with a stacking of the
class A integer quantum Hall (IQH) and class C spin quantum Hall (SQH) transition
states for class AIIl and CI Dirac models, respectively. A detailed introduction to
quantum Hall criticality can be found in Sec. [1.5.3] The stacked criticality observed
for finite-energy class DIII states is conjectured to describe the thermal quantum Hall
(TQH) transition in class D [89]. Note that the numerical results for finite-energy class
DIII states have only been obtained for quenched gravitational disorder, i.e. modula-
tion of the velocity components for the single Majorana cone associated with winding
number v = 1. The multicolor DIII model with |v| = N > 2 colors has not yet been

studied numerically (but see Refs. [248] 249]).

actual physical RG flow of the full WZNW theory is that w runs to the strong coupling regime. The
other coefficients are likely to receive renormalization well before the @ field is reduced to the target
manifold associated with Eq. . Consequently, the physical Pruisken model parameters can deviate
from the values stated in Eq. (4.9).
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4.3 Axial U(1) spin symmetry: class Alll

In this section the numerical results from Ref. for the 2D Dirac TSC surface theory in class AIII,
and the AIIT WZNW — A IQH stacking conjecture are reviewed. As pointed out in Sec. it
is important to distinguish between even and odd winding numbers. Computational effort increases
quickly with increasing v, hence the analysis is restricted to v = 1, 2.

One Dirac node, U(1) vector potential dirt (Alll, v = 1) The winding number v = 1 AIII surface
theory can be realized with a single Dirac cone (addressed with Pauli matrices 612).

Hypy =6 {—i"v + A(T)] o A(r) A() = Aa 867 (r = ). (4.10)

Here v is the Fermi velocity (which will be set equal to one). Disorder enters as a random abelian U (1)
vector potential - A = o1 A' 4+ 09 A% with disorder strength A4; the overline == denotes an average
over disorder configurations. The delta function 522) (r —1’) is smeared out by a correlation length & in
the numerics described below.

Two Dirac nodes, U(1) © SU(2) vector potential dirt (Alll, v = 2) The winding number v = 2 AIIl
model can be realized by adding a second Dirac cone (addressed by the color space 73 = +1). There is
not only the Abelian U(1) vector potential Ay with strength A4, but also a non-abelian SU(2) vector
potential A; (i € {1,2,3}) with strength A:

Hyy=6- [—ivv + Ao(r) + Ai(r) 73} ,

- - (4.11)
A(r) AG(r) = Aa 6060 (r =), AZ(r) AB() = A6% 65568 (r — ).

In the limiting case of Ay = 0, the full SU(2) spin symmetry as well as particle hole symmetry are

restored. This puts the model into class CI, identical to the v = 2 CI Hamiltonian in Eq. (4.18).

4.3.1 Multifractal analysis

For the class AIII dirty Dirac theories described above, at zero energy (the surface quasiparticle Dirac
point) the WZNW theory [Eq. (4.6) with w = 0] predicts exact parabolicity with curvature [Eqgs. (1.66),

(4.5), and Table

v —1  Aa
2 + e (4.12)

0, =

depending on winding number v and abelian disorder strength A4. With momentum-space exact
diagonalization [227], the multifractal statistics of the low-energy states for the v = 1 Hamiltonian
were shown to match this expression.

Ref. further analyzes the conductance and the finite-energy multifractal properties. In Fig. (f)
the multifractal spectrum of the v = 1 model [Eq. ] with linear size L = 60¢ is analyzed. Here &
denotes the common correlation length of the disorder potentials, which are taken to be Gaussian dis-
tributed . At finite energies, the anomalous multifractal spectrum A, is compared to the parabolic
approximation for the class A IQH with 6jqn = 0.25 [Egs. , , and Table . Great agree-
ment is found over a wide energy range. In the high-energy tail ¢ ~ 2hv /¢, there are larger deviations.
This can be explained since close to the energy cutoff the system seems untouched by the disorder and
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4.3 Axial U(1) spin symmetry: class AIIT

matches the clean DOS [see Fig. [4.2(a)]. Panel (b) in Fig. moreover confirms that the low-energy
integrated DOS N (e) scales as expected from WZNW theory [Eq. and Table [4.1].

The results for the v = 2 surface theory with the same linear size L = 60¢ are shown in
Fig. In panel (f) there is a comparison of finite-energy multifractal spectra to the class A IQH
parabola with gy = 0.25. In the high-energy tail € ~ 2hv/¢ there are deviations for the same reason
as in the v =1 case.

4.3.2 Landauer conductance

The transport calculations are performed by slicing the system in the z direction and subsequently
recasting the time-independent Schrodinger equation H ,E«1|>|| ¥ = €1 in terms of the transfer matrix,
using the method of Ref. . Clean, highly doped leads are attached to the system at x = 0 and
x = Ly. The conductance G is then computed from the transmission block ¢ of the scattering matrix
S between the leads.

The finite-size resistance normalized to the sample width L,/G(L,) is expected to depend linearly
on L,

_ 1
L,/G(Ly) = LyRo + ~L,. (4.13)
g

Gauge invariance and chiral symmetry force the contact resistance Ry to zero for each configuration
. The data in Fig. c) for zero energy F = 0 is consistent with the WZNW theory
conductivity result o7y, = e?/hr, see Table |4.1, (Here the quoted conductance quantum e?/h is
appropriate for charged electrons at the surface of a chiral topological insulator in class AIII . At
the surface of a class AIII TSC, this should be replaced by the spin conductance quantum # /87
125].)

The finite-energy crossover scale ((E) is defined as the length L, where L, /G deviates by 5% from
the £/ = 0 result. This is shown in Fig. (d) It follows the scaling ¢(E) ~ E~1/%, consistent with
the z determined from the DOS scaling. Physically, ((E) separates class AIIIl WZNW critical scaling
for shorter length scales from class A IQH scaling at larger ones; ((E) — oo as E — 0.

Finally the conductivity at finite energy is analyzed in Fig. [4.2(e). For 0 < E < hv/¢, there is a
plateau at o =~ 0.55(¢?/h) in fair agreement with the value oion = 0.58i0.02% obtained by Schweitzer
and Markos via the Kubo formula for a lattice model tuned to the class A IQH (Table 4.1). At
larger energies F, the conductivity at the accessible length scales increases with energy. This is expected
for the semiclassical Drude conductivity, which goes as 0™ ~ (e2/h)(1/W?), where W?2 is the disorder
strength . For these large energies, the available length scales are insufficient to decide which
scenario, Anderson localization or IQH criticality, is realized at the largest length scales.

Results for the v = 2 model are depicted in Fig. The largest scattering region of the v = 2
sample is (L, = 350¢) x (L, = 400). The consistency check of the crossover length ¢ in Fig. [4.3]c)
works just as in the v = 1 case. The dynamical critical exponent z matches with the expected DOS
scaling in Fig. (b) The conductivity as a function of energy shown Fig. (e) matches 03Ty, o
for very low energies. At finite energies it slightly drops to oigu- This drop cannot be resolved in the
Kubo computations in Fig. and is discussed in the next subsection.

A complementary perspective on the results in Fig. for the v = 2 surface theory is the following.
Consider ramping up the non-abelian disorder strength Wy from zero. In Fig. results for the
conductivity are shown for Wy = 0,1,2,3 at fixed abelian disorder strength W, = 2.1 and fixed
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Figure 4.2: Numerical Landauer conductance and multifractal analysis from Ref. for the

winding number v = 1 AIIl Hamiltonian, defined by Eq. . The random abelian
vector potential strength is /A4 = W = 2.3. (a) The DOS p(E) versus energy
E, as calculated from momentum-space exact diagonalization (ED), is most strongly
affected by disorder around the Dirac point (E = 0). (b) The integrated DOS N (F) =
ff de p(e) is plotted versus energy. The predicted scaling form implied by Eq.
is governed by the disorder-dependent dynamical critical exponent z = 1 + W*=/m.
(¢) Quantum transport results for the resistance normalized to system width. The
energies are from top to bottom E¢/hv = 0,0.003,0.01,0.03,0.1,0.3,0.7,1.2. (d) The
crossover correlation scale from the transport calculation scales as ((E) ~ E~1/7,
This scale (not to be confused with the fixed disorder correlation length &) governs
the crossover at energy E between WZNW and class A IQH criticalities at smaller
and larger length scales, respectively. (e) Conductivities extracted from the slope
of the curves in panel (c), compared to the established value of the class A IQH
critical conductivity (solid gray, see Table[4.1). (f) Anomalous part of the multifractal
spectrum A(q) extracted from box-size scaling of ED eigenstates for box sizes beyond
the crossover correlation length ((FE), as extracted in (d). The data correspond to
E¢/hv =0.01,0.03,0.1,0.3,0.7,1.2 (bottom to top).
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Figure 4.3: Numerical results from Ref. for the topological class AIIIl surface model with
two Dirac nodes (v = 2), defined by Eq. (4.11). The abelian and non-abelian vector
potential disorder strengths are /A4 = W4 = 2.2 and VA = Wy = 1.5, respectively.
(a) The DOS as a function of energy, as calculated from ED. (b) The integrated
DOS N(FE) = fOE de p(e) plotted versus energy. The predicted scaling form implied
by Eq. is governed by the dynamical critical exponent z = 7/4 + W3 /m, which
depends only on the abelian disorder strength. (c) Quantum transport results for
the resistance normalized to system width. The energies are from top to bottom
E¢/hv = 0,0.003,0.01,0.03,0.1,0.3,0.7,1.2. (d) The crossover correlation length
from the transport calculation scales as ((E) ~ E~1/%. (e) Conductivities extracted
from the L, > 200¢ slopes of the curves in panel (c), compared to the established
value of the class A IQH critical conductivity (see Table[4.1). (f) Anomalous part of
the multifractal spectrum A(q) extracted from box-size scaling of ED eigenstates for
box sizes beyond the correlation length ((F) as extracted in (d). The data correspond
to E¢/hv = 0.003,0.01,0.03,0.1,0.3,0.7,1.2 (bottom to top).
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Figure 4.4: Numerical transport results from Ref. for the topological two-node class AIIL
Dirac model [v = 2, Eq. (4.11))], with abelian and non-abelian vector potential dis-
order of strengths W4 = 2.1 and increasing W = 0,1,2,3 at energy E = 0.03hv/¢.
The left panel shows the bare resistance data, while the right panel depicts the bulk
conductivities obtained from linear fits to the bare resistance data above L, = 200€.
These plots establish the crossover of the two-node model from the finite-energy con-
ductivity plateau equal to 2 x JﬁgH in the absence of internode scattering, to a plateau
with value 1 x ang in its presence.

energy E = 0.03Av/¢. For Wy = 0, the two nodes are decoupled and the conductivity is close to
2 x ojQy, as expected for two replicas of the single node case. For Wy = 1,2, 3 the nodes are coupled
and the conductivity is close to the value 1 x ojy.

Finally, there is further numerical evidence for the IQH-stacking scenario obtained in Ref. . First,
the full Landauer conductance distribution was computed for both v = 1,2 class AIIl Dirac models
in Ref. . These were calculated for square samples of various sizes, at several energies throughout
the surface-state spectrum. The results for both v = 1,2 were found to be consistent with the known
distribution for the class A IQH [254]. Second, the results for the “anomalous” (WZNW) Dirac models
defined by Egs. and were benchmarked against identical calculations for nontopological
class A and class AIII (Gade) 2D Dirac models. The Gade model arises as the continuum
description of a 2D bipartite lattice model with pure intersublattice hopping. These nontopological
models were shown to exhibit clear signs of Anderson localization at finite energy, as expected. It is
noteworthy that additionally multifractal spectra were computed for surface states of a bulk 3D lattice
model for a class AIII TSC in Ref. . The results are consistent with those presented above.

4.3.3 Kubo conductivity

In this subsection, further results testing the AIIl WZNW — A IQH stacking conjecture are presented,
this time computing the dc surface conductivity via the Kubo formula. In natural units e =1,A =1,
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Figure 4.5: Figure taken from Ref. . Numerical Kubo conductivity o3 computed with
Eq. for the strongly disordered AIIl v = 1 model [Eq. (4.10)], as function of
the broadening 1. The disorder strength is A4 = 5. A logarithmic scale for 7 in units
of the local level spacing A, is chosen. There is convergence to a plateau of o as
function 7 as the linear system size N increases. At small energies € < A, o7 tends

to the WZNW value associated with the zero-energy state of the Dirac theory (red

dashed). For finite energies ¢ < A, a value of 0¥ compatible with the universal IQH
result oy (green dashed) is found. States at £ & A are not affected much by the
disorder and therefore do not show universal conductance values. This confirms the

Landauer computation in Fig. 4.2(e).
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Figure 4.6: Figure taken from Ref. . Same as Fig. for the AIIT v = 2 model [Eq. ]

The nonabelian disorder strength is A = 5, while the abelian strength is A4 = 0.2.
The WZNW value (red dashed) and the universal IQH result (green dashed) are very
close to each other. The convergence of oJ? is not as clear as in Fig. Since the
model incorporates the 2D color space [Eq. ], only systems with N < 80 are
numerically accessible. The data does not show signs of the conventionally expected
Anderson localization 0§ — 0 at finite energies for this even-winding number class
AIII system. In contrast to the more precise Landauer computation presented in
Figs. [4.3(e) and One cannot distinguish the zero- and finite-energy behavior.
States at € &= A are not affected much by the disorder and therefore do not show
universal conductance values.
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4.3 Axial U(1) spin symmetry: class AIIT

the Kubo formula relates the dc conductivity o to the current-current response function K% (e):

= [ ] K0(e), (1.14)

K% (e) = L2/ Tr [a ple;r, 1) bﬁ(e;r’,r)] . (4.15)

The finite size conductivity aé’g must be evaluated with spectral densities p(e;r,1’") broadened by a
finite 1 of the order of the level spacing around energy e:

ple;r,r) =i {@R(a;r,r’) — GAA(a;r,r’)} =27y [(77/77 bi(r) Pl ('), (4.16)
l

e—g)?+

where (1) is an exact eigenstate. One can employ

u 21 2 n/m
.

lym

Em)? +n

[(5_ v z] (116(m){(m|a°|D) (4.17)

to compute the Kubo conductivity with eigenenergies &; and states |I) from exact diagonalization.
The result should be virtually independent of the broadening 1 chosen around the local level spacing
A.. Calculations are performed for the momentum-space version of the continuum Hamiltonians in
Eqgs. and , with quantized momenta corresponding to a finite-size torus and an ultraviolet
energy cutoff A.

The Kubo conductivity o§? is computed via Eq. (4.17) for the strongly disordered AIIl v = 1 model
as a function of the level broademng n. A 10gar1thmlc scale for 7 in units of the local level spacing
A, is chosen (the critical DOS v(e) x &% is responsible for the dependence A. 5*0‘). For large
enough systems, o§? as function 7 should depend only weakly on 7. The tendency of o§Z to converge
towards a plateau Value is used as a measure of finite size effects. The results are shown in Fig. [4.5]
At small energies ¢ < A, ol tends towards the WZNW value o}fy; ,_; = 1/7 (Table . For finite
energies € < A, one finds a Value of 0§ compatible with the universal IQH result oy ~ 0.58 (green
dashed). States at high energies € ~ A are only weakly affected by the disorder and therefore do not
show universal conductance values. Further this confirms the Landauer computation in Ref. , see
Fig. [4.2(e)

For the AIIl v = 2 model, the results are shown in Fig. The WZNW value o7y ,_o = 2/m
(red dashed) and the IQH result ojdy ~ 0.58 (green dashed) are numerically close to each other.
The convergence of o7 is not as clear as for the v = 1 case, Fig. Since one needs an additional
color space to realize thls model [Eq. (4.11)], only systems with N < 80 are numerically accessible.
The data does not show signs of the conventionally expected Anderson localization of¥ — 0 in the
thermodynamic limit N — oo at finite energies for v = 2 (i.e., even winding numbers). In contrast to
the more precise Landauer computation performed in Ref. , presented in Figs. e) and , one
cannot distinguish the zero- and finite-energy behavior. Finite size effects estimated by the fluctuation
of 03¥(n) are larger than the numerical difference of the expected conductivities oI ~ OATILy—2-
States at € ~ A are not affected much by the disorder and therefore do not show universal conductance
values.
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Figure 4.7:

Figure taken from Ref. . Multifractality in the CI v = 2 model, for the largest
system size N = 72, at weak A = 3.5, intermediate A\ = 5.5, and strong disorder
A = 7.0. The system is a (2N + 1) x (2N + 1) grid in momentum space; A is the
ultraviolet energy cutoff for the clean Dirac spectrum. Near-zero energy states and
finite-energy states are compared to the class CI-WZNW (red dashed) and class C-
SQH parabolic spectra (green dashed). With increasing disorder, there are fewer and
fewer states that match the CI-WZNW prediction, and the crossover scale moves
towards zero energy. Fig. exhibits a finite-size analysis of A, for ¢ = 2, 3.
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Figure 4.8: Figure taken from Ref. . Finite energy A, for ¢ = 2,3 in the class CI v = 2

model as function of system size N = 32,...72. The green lines are exact analytical
predictions Ay = —1/4, Ag = —3/4 for the class C SQH (see Table [4.1). The
red points are average values for A, in the energy range 0.2 < ¢/A < 1; A is the
ultraviolet cutoff for the clean Dirac spectrum. Error bars indicate the variance.
When increasing IV, the A, converge and fluctuations diminish for both intermediate
and strong disorder W = .
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Figure 4.9: Figure taken from Ref. [90]. The density of critical states (DOCS) versus the total

density of states (DOS) for the class CI model. A state is termed critical when it
matches the expected multifractal spectrum 7, for the class C-SQH within 4% for
at least 75% of the 0 < ¢ < q., where q. = 4. At zero energy one expects class CI
WZNW-criticality and at finite energies SQH-criticality, see Fig.[4.8l With increasing
system size N or disorder strength A, the amount of WZNW-critical states decreases
in favor of class C-SQH critical finite-energy states. (The green curve labeled “WZW?”
denotes the density of critical class CI-WZNW states). Superimposed in light gray
is the inverse-participation ratio Pz, which shows that states away from zero energy
are less rarified, as predicted by the stacking conjecture.
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Figure taken from Ref. . Numerical Kubo conductivity ¢3¢ for the class CI
model, computed with Eq. , for moderate disorder as function of the level
broadening n. A logarithmic scale for n in units of the local level spacing A, is
chosen. Numerical results are compared to the exact zero-energy WZNW result
0&f =9 = 2/m (red dashed) and to the exact average value for the class C SQH

oo = V/3/2 (green dashed), see Table For most energies (except the smallest),
there is convergence as a function of 7 as N increases, and o does not depend on
7 significantly, i.e. shows a plateau. For the purposes here only the finite energies
are crucial, but at strong disorder A 2 3 convergence also becomes poor there.
The increased finite-size effects near zero energy disable one from going to the
strongly disordered regime, where more of the spectrum is SQH-critical, according
to the multifractal analysis presented in Figs. [4.7] Crucially, though, one only
observes evidence for Anderson localization deep in the high-energy Lifshitz tail.

This again contradicts the conventional picture that all finite-energy states localize

in the orthogonal class Al (Secs. and .
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4.4 Full SU(2) spin symmetry: class ClI

A class CI topological surface can be described by the following Dirac Hamiltonian:
Hor =6 - [(=iV) + Ai(r) 7], A¢() AB(Y) = A 6™ 535 60 (r ), (4.18)

where 6 = 6! 4 62 . The winding number v = 2k is always even for class CI; disorder that preserves
physical time-reversal and spin SU(2) symmetry appears as the color gauge potential A;, where the
2k x 2k color-space matrices {7} generate the color group Sp(2k) . For the minimal
case k =1, Eq. (4.18) is identical to the v = 2 class AIII Hamiltonian with vanishing abelian disorder
[Aa =0in Eq. (4.11)].

In Ref. , extensive studies for several values of v lead to the class CI1 WZNW — C spin quantum
Hall plateau transition (SQH) stacking conjecture. Instead of employing Sp(2k) generators, for k£ > 1
a dispersion-modified version of the Hamiltonian in Eq. was used to study class CI with higher
winding numbers in . In lieu of reproducing this data, here additional simulations for larger systems
(Nmaz = 72 vS. Njpae = 46) are shown, with focus on the minimal winding number v = 2. In this case
one can use Eq. , where the color generators {7'} are Pauli matrices.

4.4.1 Multifractal analysis

The multifractal spectrum A, is computed numerically [Egs. and ] using exact diagonal-
ization of the continuum Dirac Hamiltonian in Eq. in momentum space. Results are shown for
Ay, computed for the largest available system size, at various energies in Fig. With increasing
disorder strength \, fewer and fewer states match the zero-energy class CI WZNW prediction [Eq. (4.5
with 6 = 1/4]. Instead they converge towards the parabolic approximation to the SQH spectrum with
Osqu = 0.125 (see Table . In Chap. |3| deviations of the SQH spectrum from exact parabolicity are
discussed. Strong violations of generalized parabolicity in the subleading multifractal spectrum were
found. However, the deviations from parabolicity are small in the leading multifractal spectrum A, in
the range of ¢ considered here.

In Fig. A, for ¢ = 2,3 at finite energies ¢/A 2 0.2 are shown. The red dots mark the average
values over that part of the spectrum with the standard deviation given by the error bars. With
increasing system size, the error bars shrink and there is convergence towards the fsqn = 1/8 parabola.
In contrast with the conventional reduction to the orthogonal Wigner—Dyson class Al at finite energy
(which would imply Anderson localization of all finite-energy states, see Secs. 4.2.1] and [4.2.2)), one
instead sees evidence for “stacked” universal quantum criticality, consistent with the SQH.

Following Ref. , in Fig. stacking throughout the energy spectrum is analyzed statistically. In
each panel, the total density of states (DOS) is plotted, as well as the density of critical states (DOCS).
The latter is defined as follows. The DOCS is determined by the proportion of critical states at finite
energy matching the class C SQH 0squ = 1/8 parabolic ansatz, within the tolerance criterion that
75% of the 74 with ¢ € [0, ¢c] have to match the parabolic 7 up to 4% accuracy. Here q.(6) = /2/0 is
the termination threshold @, , . In addition to the DOS and SQH DOCS, in Fig. the DOCS
for matching the zero-energy class CI WZNW prediction [Eq. with 6 = 1/4, Table is also
exhibited. As indicated by the results in Fig. more (less) of the spectrum matches the class C
SQH (class CI WZNW) prediction as the system size N or disorder strength A is increased. Since the
class C SQH states exhibit weaker multifractality than the CI WZNW states, this is strong evidence
against Anderson localization.
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Figure 4.11: Figure taken from Ref. . Visualization of quenched gravitational disorder
(QGD): the spatial components of the random metric tensor projected on a flat 2D
space. A 2x2 tensor v;; can be visualized by the quadratic form {z : v;jz;z; = r?}
for some fixed r > 0. Different classes of disorder (a)—(e) are considered (see text):
(a) flattening/steepening + nematic disorder vy = w12 = 0, (b) rotations + ne-
matic disorder dv1; = dvge = 0, (c) flattening/steepening + rotations dvi; = dva
and dvie = —dve1 (conformal spin s = 0), (d) full nematic disorder dvi; = —dvgg
and dvig = dvg; (conformal spin s = —2,2), (e) generic disorder.

4.4.2 Kubo conductivity

The Kubo conductivity is computed the same way as for the AIII surfaces in Sec. In Fig.
the numerical Kubo results for selected energies across the spectrum is shown. Near zero energy,
one expects the exact WZNW result o¢f,_, = 2/m (Table . This result holds for every disorder
configuration, in the infinite system-size limit. For weak disorder A < 1 one can observe this in the
numerics. Finite-size effects seem to grow quickly with increasing disorder, which makes the most
interesting regime A 2> 3, where SQH multifractality has spread over a wide range of the energy
spectrum, difficult to reach numerically. This is the reason for the derivation from the exact WZNW
result for A = 2,2.5 shown. At higher energies, the multifractal spectrum suggests class C SQHP
criticality. The average value of the conductivity is known to be o§Gu = V3/2 .

Although finite-size effects remain relevant near zero energy, the results indicate convergence towards
a finite conductivity, coincident with the Cardy value, at finite energies. This is again in contrast with
the conventional expectation of Anderson localization in the orthogonal class Al (Secs. and.
On the other hand, for very high energies ¢ 2 A (in the Lifshitz tail), one observes localization in A,.
This is consistent with o4? — 0 observed here, as shown for energy e = 2A in Fig.

4.5 Broken spin rotation symmetry: class DIII

4.5.1 Majorana surface fluids, quenched gravitational disorder, and possible
relevance to high-7, cuprates

The simplest bulk topological superconductor resides in class DIII, with the minimal winding number
v = 1; this would be a solid-state analog of *He-B , , as has been proposed e.g. in Cu,BisSes

255H261] Nb,BisSes [262H265], and S-PdBi, . In this case, superconductivity and strong

spin-orbit coupling imply that neither charge nor spin transport is well-defined at the surface.
The surface theory consists of a single massless Majorana cone. In contrast to the surface Hamil-
tonian in Eq. (4.1) (which applies for class DIII with winding numbers |v| > 3), the only continuous
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4.5 Broken spin rotation symmetry: class DIII

symmetry available to gauge by disorder is Poincaré invariance, i.e. “gravitational” coupling to the
stress tensor.

Here the results of Ref. are reviewed, in which the effects of “quenched gravitational disorder”
(QGD) for a single 2D cone were studied. Time-reversal invariant perturbations, such as a charged
impurity, couple only to the spatial-spatial components of the stress—energy tensor 7%, with a,b €
{1,2} [89]. The most generic surface Hamiltonian takes the form

H:—% 3 / r (1) (&z&agl,w), (4.19)

a,b=1,2

where the bidirectional derivative AgB = AOB — (0A)B. For the Majorana surface theory, 1) = ¢ 76"
The four velocity components are the isotropic Fermi velocity of the clean Majorana cone, perturbed
by quenched random fluctuations: {vll(r) = 14 ov11(r), vea(r) = 1 4 dvaa(r), via(r), vgl(r)}. In
Ref. , five different variants of that model were considered. The variants are visualized in Fig.

(a) Independent {dvi1,dvea}, v12 = va; = 0. Local isotropic flattening or steepening of the Dirac
cone and nematic squishing of the cone.

(b) Independent {vi2,v91}, dv11 = dvee = 0. Local pseudospin rotations (antisymmetric part v, =
—v21,) and nematic squishing of the Dirac cone (symmetric part viay = +va1,).

(c) Independent {dv1; = dvee, vi2 = —wo1}. Local isotropic flattening or steepening of the Dirac
cone and pseudospin rotations.

(d) Independent {dv1; = —dvee, v12 = v91}. Local nematic squishing of the Dirac cone.
(e) Independent {dv;1, dvaa, v12,v21}. The generic model.

Without further restrictions, the generic theory (e) is realized. For a fully isotropic bulk superfluid,
it can be shown that electric potentials couple only through the isotropic flattening or steepening of the
surface Majorana cone, model (c) [89]. Crystal field effects will however generically enable off-diagonal
QGD (nonzero {vi2,v21}). Model (d) is another interesting special case, since pure nematic QGD
couples only to the holomorphic T(z) and antiholomorphic T'(Z) stress tensor components (using the
language of 2D conformal field theory) [89].

It is important to emphasize that QGD as in Eq. will generically be present in any 2D massless
Dirac material. At zero energy (the Dirac point), short-range correlated QGD is strongly irrelevant.
This is why it is typically ignored, compared to mass, scalar, or vector potential perturbations [as in
Eq. ]; short-ranged correlated disorder in the latter is marginal at tree level. The very surprising
finding in , reviewed below, is that while weak QGD is indeed irrelevant near zero energy, it appears
to induce quantum-critical stacking of states with weak, but universal multifractality, similar to the
class AIIl and CI systems studied above. This occurs because nonzero energy is a strongly relevant
perturbation to the (2+0)-D Dirac-point theory. For QGD, the latter can also be cast as a modified
version of the WZNW model in Eq. with v = 1 and A4 = 0; again w # 0 drives this model
away from the zero-energy WZNW fixed point (in this case, equivalent to free fermions), towards some
strong coupling regime. The numerical results presented in Figs.|4.13 indicate that this is another
version of the critical stacking scenario.

QGD might be important in the high-T, cuprate superconductors . As reviewed in Sec.
the generic Bogoliubov—de Gennes Hamiltonian for a 2D d-wave superconductor with non-magnetic
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4 Disordered Surfaces of time reversal invariant topological superconductors

disorder resides in the non-topological version of class CI; in contrast to Eq. , the low-energy
Dirac theory for the four independent quasiparticle colors features mass, scalar, and vector potentials.
This model is known to Anderson localize at all energies . If however one assumes that sufficiently
long-wavelength disorder dominates, which does not scatter between the colors, then one obtains four
independent copies of the class AIIl v = 1 WZNW Hamiltonian in Eq. . Given the class AIII
WZNW — class A IQH stacking conjecture, this would imply relatively strong multifractality (wave
function rarification) at finite energy, along with a strongly renormalized low-energy density of states.
This is not seen in experiment. However, nematic QGD [as in models (b) and (d), described above]
in fact produces a phenomenology similar to that observed in STM maps of the local density of states
in BSCCO . This includes plane-wave like states at low energy, with a linear-in-energy
density of states, but energy-independent, nanometer-scale critical inhomogeneity at finite energies
. See also Fig. and Table

Models (b) and (d) with nematic QGD show the most robust stacking of critical eigenstates with
universal statistics, as reviewed below. In the context of the cuprates, this is interesting because of the
potential role of nematicity in these materials . In particular, evidence for quenched random
nematicity has emerged in recent studies of the pseudogap phase .

The natural generalization of the stacking conjectures in classes AIIl and Cl is: class DIITI WZNW — class
D thermal quantum Hall (TQH) criticality. As reviewed in Sec. very little is known about the
TQH transition. The multifractal spectra presented in Fig. may constitute the first (indirect)
results substantiating a universal description of this transition.

4.5.2 Multifractal analysis

In Ref. [89], models (a)—(e) were studied for a large range of N = 32,...,96. In all five models, there
are critical states at finite energy matching a # = 1/13 parabolic ansatz for A, [Egs. and (4.5),
Table 4.1]. As for class CI in Sec. and Fig. one can define the density of critical states (DOCS)
as follows. This is the proportion of states at finite energy matching the tolerance criterion that 85%
of the 7, within the range ¢ € [0, ¢.] match the parabolic qu ansatz with 6 = 1/13 up to 4% accuracy;
here g. = 5.1 is the termination threshold [9) 226]. The DOCS is plotted for all three models in
Fig.

As the disorder strength is increased, the critical swath shrinks for model (a) and even more strongly
for (c). In Fig. and in the definition below Eq. (4.19), one can see that both of these models feature
local isotropic flattening and steepening of the Dirac cone. Near zero energy in these models, there are
stronger multifractal (rarified) states visible in the superimposed second IPR Py (gray) in Fig.
At high energies near the cutoff there is a crossover to localized Lifshitz tail states.

In the absence of the isotropic flattening and steepening, models (b), (d) instead exhibit an increasing
number of critical states (improved “stacking”) with increasing disorder. Models (b) and (d) are similar,
except that for the latter, rarified zero-energy states set in at intermediate disorder, see Fig.
Indeed models (b) and (d) are related by local diffeomorphisms in the gravitational formulation of the
problem [271]. Since there are more independent disorder terms in (d), it is mapped to a (b) with
effectively stronger disorder. One must note however that the interpretation of diffeomorphisms is
different than in general relativity or 2D quantum gravity : at the surface of a dirty class
DIIT TSC, there is a preferred coordinate system (z,y) that measures physical distances across the
surface, given the flatness of physical spacetime. Disorder modulates the Majorana surface fluid in a
way that is mathematically identical to gravity, but geodesic distances are not directly measurable.

Model (e) containing generic disorder exhibits a wide swath of critical states for weak disorder.
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Figure 4.12: This figure shows the total density of states (DOS) and the density of critical states
(DOCS) for the QGD, models (a)-(e), defined in and below Eq. (4.19). Results
were obtained by diagonalizing the Hamiltonian from Eq. over a (2N + 1) x
(2N + 1) grid in momentum space, with cutoff N = 96 here [89]. Data is plotted
for the five different models at fixed dimensionless disorder strength A = 0.2; strong
disorder corresponds to A 2 0.393. The DOCS counts the number of states with
critical statistics (multifractal spectra) that match a universal ansatz with a certain
fitness criterion (see caption of Fig. . Also plotted is the second IPR Ps (gray
dots), defined by Eq. . For models (a, c, e), a large swath of the spectrum
appears critical for weak disorder. However, as the disorder strength is increased,
the swath shrinks . The IPR Py shows that states outside of the swath are
more rarified or localized than the critical ones. The linear-in-energy DOS of the
clean limit is strongly distorted and filled-in at low energies, which happens in
models (a, ¢, e) for all A 2 0.2. These strong disorder effects are likely induced
by the velocity component responsible for isotropic flattening or steepening of the
cone. By contrast, models (b, d) show plane-wave states near zero energy for weak
disorder. Rarification near zero energy sets in for strong disorder; for model (d) the
crossover is already visible at A = 0.2 shown here. The critical swath is larger and
more robust to disorder strength in models (b, d), compared to (a, c, e). Models
(b, d) both contain nematic disorder and exclude isotropic flattening.
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Figure 4.13: Anomalous multifractal spectrum A, [Eq. 1D for an energy bin of states selected

from the DOS with the highest percentage of critical states from Ref. . Here the
spectrum is shown for model (b), evaluated for the six different disorder strengths.
The solid red curve denotes an average over the 15 states in the bin; the shaded red
region indicates the standard deviation. The green curve is the parabolic ansatz for
Ay = —0q(1 —q), with 6 = 1/13. States contributing to the critical count (DOCS)
in Fig.[4.12(b) match the parabolic ansatz within a certain threshold (see text) over
the range 0 < ¢ < ¢. = 5.1.
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However, this shrinks with increasing disorder strength, similar to models (a) and (c).

The robustness of the anomalous multifractal spectra selected from an energy bin where the ratio
of the DOCS to DOS is maximized with respect to disorder is shown in Fig. for the exemplary
model (b). Tuning over a whole order of magnitude in the disorder strength, the results are robust for
g not to close to the termination threshold ¢.. The deviations are easily understood by the absence of
ensemble averaging in the numerics.

Excitingly the behavior of models (b), (d) closely parallels observations from STM studies of BSCCO
. The cuprate superconductor shows quasiparticle interference at low energies, suggestive
of plane wave states modified by rare internode scattering, but strongly inhomogeneous, energy-
independent spectra at higher energies. The inhomogeneous, energy-independent spectra could po-
tentially be associated with the “stacked” multifractality, robustly exhibited here for models with

nematic QGD .

4.6 Discussion

Central to this chapter is the quantum-critical stacking conjecture formulated in detail in Sec.
It states that the surface states of bulk STI in class CI, AIII, and DIII are (i) topologically protected
from Anderson localization (ii) closely resemble the phenomenology of Quantum Hall criticality. With
my collaborators I was able to gather supporting numerical indications for the conjecture. In Table
the stacking-conjecture expectations for the conductance distribution and multifractal spectrum and
numerical benchmarks of these expectations are summarized in short. In more detail, the results from
Secs. for the different symmetry classes are recapitulated in the next paragraphs.

Alll  The numerical analysis performed in Ref. clearly confirms the class AIII — A IQHT stacking
conjecture for v = 1,2. Multifractality in the surface theory, at the boundary of a bulk lattice model,
and in the conductance distribution derived within the scattering matrix formalism were shown to
match the universal IQHT characteristics. These impressive results are reviewed in Sec.

Ref. gives an analytical argument why this should happen for v = 1 (or rather all odd v).
Notably, however, the even-odd effect implied by the NLoM-based derivation in Ref. is absent
[see also Eqs. and l} above|. Remarkably in the numerics, both v = 1,2 show a stack of IQHT
critical states at finite energy.

My determination of the Kubo oJ? conductivity using exact diagonalization of momentum space
models in Sec. additionally supports these remarkable results .

Cl Next, the fully spin symmetric case was considered in Sec. In Ref. , TSC systems in class
CI are considered for both small and large (v > 8) winding numbers v. The stacking conjecture in this
case corresponds to: CI WZNW — class C SQHT. I reproduced some of the results for the minimal
winding number v = 2 in larger (N = 72 vs N = 46) systems giving stronger indications that the
observations are not plagued by finite-size effects.

Additionally with my finite-energy Kubo conductivity computations in Sec. [4.4.2|T was able to show
that there is a reasonable agreement with the class-C SQHT conjecture (see Table . What is most
important, the conductivity clearly tends towards a finite value, in contradiction with the conventional
picture expectation of Anderson localization in this class.
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DIl Finally, the generic time-reversal topological superconductor with no spin symmetry at all re-
siding in class DIII also shows clear signs of stacking at finite energy. Only the minimal v = 1 single
Majorana surface cone is considered. This case is special, since time-reversal invariant disorder couples
to the stress tensor, producing “quenched gravitational disorder” (QGD). Usually this perturbation is
irrelevant and negligible compared to other kinds of disorder.

In this case, the natural stacking conjecture relates DIII WZNW — class D thermal quantum
Hall transition (TQHT) and is not straightforward to probe numerically. This is due to the absence
of observations/calculations of a TQHT with universal multifractal and conductance statistics, see
Sec. for a discussion.

Nevertheless these studies are interesting, since model (b) is similar to the phenomenology of STM
observations in the high-T; cuprate BSCCO 2294234]. This is not a topological material, however
the low-energy Dirac quasiparticle description of a 2D d-wave superconductor reduces to independent
“topological” components when interpair and/or internode scattering is suppressed by hand .

At this point a general comment on the models investigated numerically is in order. It is worth
emphasizing that at the surface of a 3D topological phase, at energies of order the gap, the 2D surface
states deconfine and merge with the bulk continuum. The pure continuum 2D Dirac theories studied
here cannot capture this, for the numerics the spectrum is cut off in momentum space. Eigenstates
with energies close to the cutoff show neither stacking nor can they extend into a bulk (since this
is a pure surface model). Studies of surface states of a bulk TSC lattice model in [88], show results
consistent with the stacking scenarios articulated in this thesis, indicating the pure surface description
is not an issue.

The class CI, AIIl, and DIII WZNW topological surface theories show a remarkable property: the
longitudinal surface charge / spin / thermal conductivity at zero energy is quantized. Both disorder
and interactions do not break this exact quantization @, , . The results presented here
obtained by collaborators and myself indicate the even more stunning correspondence of 2D quantum
Hall criticality in classes C, A, and D and surfaces of bulk topological superconductors in classes CI,
AIIl, and DIII at finite energy.
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Chapter 5

Conclusion and outlook

5.1 Summary

In this thesis I have studied interacting topological systems in low dimensions in presence of disorder.
At the Anderson transition critical points in (effectively) non-interacting theories, there is the infinite
spectrum of relevant operator that causes nontrivial multifractal eigenstate correlations. In each chap-
ter the study of eigenstate correlation yielded novel surprising insights on the systems. Remarkably, in
certain parameter regimes the low energy of each of the models under consideration here is governed by
a Pruisken (type) RG flow. For the quantum Hall like phases in 2D, this is well known. Further, Chiral
wires in 1D with staggering show this kind of flow in the “bare” topological index/average conductivity
plane, however the fixed points are of infinite randomness type with ¢g* approaching zero algebraically.
Surprisingly, the surface states of disordered time-reversal invariant topological superconductors (TSC)
mimic quantum Hall phenomenology at finite energies.

Chapter 2| is devoted to disordered chiral wires. In 1D there are more “tools” available in the
sense that (i) with density matrix renormalization group (DMRG) there exists a numerical approach
available to study the interacting disordered model directly (ii) employing bosonization one can study
the stability of the interacting theory towards disorder. The most remarkable result of this chapter is
the difference between Majoranas and complex fermions that emerges when turning on interactions.

In the next chapter of this work (Chap. the focus is on criticality at 2D Quantum Hall type
Anderson transitions. In particular the observables allowing access to the generalized multifractal
spectrum were studied. Many of the results obtained generalize to all symmetry classes and topological
or metal insulator transition, however the main point of concern was the Spin Quantum Hall (SQH)
transition. Numerical simulations of the network model and both analytics and numerics on the
percolation mapping prove that the multifractal spectrum of the SQH transition is not compatible with
a (Virasoro) CFT description of SQH criticality. In particular, this excludes any WZNW description
of the SQH critical theory. As can be seen in the next chapter of this work, there apparently is a
connection of finite-energy perturbed WZNW models and QH criticality.

Finally the work presented in Chap. |4]is concerned with Wess-Zumino-Novikov-Witten (WZNW)
type surface theories of 3D bulk topological superconductors. At zero energy it is well-known that
these show a perfectly parabolic multifractal spectrum and quantized conductance, which is robust to
disorder and weak interactions. However at the finite energy something even more surprising happens:
There is a stack of states whose phenomenology mimics QH criticality. Numerical evidence obtained
by my collaborators and myself and heuristic analytical arguments supporting this correspondence are
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reviewed. Apparently a finite energy perturbation of the WZNW models breaks the symmetry group
of the NLoM action in a way that one ends up in an effective Pruisken model.

In the following lines the key results of the individual chapters are summarized in more detail:

5.1.1 Summary: Disorder and interaction in chiral chains

In this part of the work the chief aim was understanding the behavior of disordered wires of Majo-
ranas and complex fermions in presence of interaction. The models studied both belong to symmetry
class BDI and are completely equivalent (except for the smaller Majorana Hilbert space) in the non-
interacting limit, the low energy theory is governed by the infinite-randomness fixed point. I could
answer the intriguing question whether there is a fundamental difference between the Majorana and
complex fermions version of the problem: they behave drastically distinct!

As mentioned above in 1D there are more methods available than in higher dimensions, I could use
the full force of DMRG, bosonization, SCBA topological indices with mean field decoupled interaction
and infinite randomness RG here in order to find: (1) Together with my collaborators, I have deter-
mined phase diagrams and drew conclusions about their observable properties (spin order, criticality).
As basis of this, DMRG simulations of the models were employed. This provided access to the entan-
glement entropy and the spin-spin correlation functions. (2) I performed two kinds of RG analysis to
understant these numericals results: (i) First, I have developed a Giamarchi-Schulz like weak-disorder
RG. Disorder is strongly relevant, which implies approach (ii) is more appropriate. (ii) The second
RG analysis is starting at the non-interacting infinite-randomness fixed point. Using high precision
numerics, the correlation functions for both Hartree and Fock term are computed. In certain cases,
there is a strong cancellation between the two terms, their difference vanishes rapidly. In the complex
fermion chain, this mechanism is operativem the interaction is RG-irrelevant. In the Majorana chain,
there is no such cancellation.

This explains the drastic difference of behavior between Majoranas and complex fermions seen in
the DMRG numerics.

5.1.2 Summary: Generalized multifractality at the Spin Quantum Hall transition

This chapter introduced the notion of generalized multifractality, referring to the scaling exponents of a
family of composite wavefunction observables at Anderson-transition criticality. The central attention
goes to the SQH transition where I (i) constructed families of pure scaling composite wavefunction
observables, (ii) performed numerics extracting the multifractal spectrum, (iii) showed analytically
that generalized parabolicity is violated in SQH systems using the percolation mapping. The parts
(i), (ii) were performed with the class C NLSM, however the mathematical constructions/numerical
algorithms described there generalize straightforwardly to the other symmetry classes.

The work presented in this chapter has a fundamental implication: SQH criticality is not locally
conformal invariant! This can be seen putting above points together: The Iwasawa/HWYV constuction
give an operator family with abelian fusion. According to the CFT proof the existence of such a family
in a theory with LCI implies generalized parabolicity. However, both numerically and analytically
deviations in the generalized multifractal spectrum from parabolicity were found.
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5.1.3 Summary: Disordered surfaces of time reversal invariant topological
superconductors

Central to this chapter is the quantum-critical stacking conjecture formulated in detail in Sec. It
states that the finite energy surface states of bulk TSC in class CI, AIII, and DIIT are (i) topologically
protected from Anderson localization (ii) closely match the phenomenology of Quantum Hall criticality.
In particular, this conjecture applies to the conductance distribution and multifractal spectrum. In
Table predictions from the conjecture for these observables are summarized.

Throughout the chapter numerical evidence supporting the conjuecture is gathered. Employing
exact diagonalization on a Dirac model for the surface states, the multifractal spectrum and the Kubo
conductivity for different winding number TSCs in CI, AIIl and DIII are computed. Additionally
Landauer scattering matrix computations and bulk exact diagonalization studies in class AIIl are
reviewed.

The class CI, AIII, and DIIT WZNW topological surface theories show a remarkable property: the
longitudinal surface charge / spin / thermal conductivity at zero energy is quantized. Both disorder
and interactions do not break this exact quantization. The numerical evidence presented in this chapter
indicates the stunning correspondence of 2D quantum Hall criticality in classes C, A, and D and bulk
TSC finite energy surface states in classes CI, AIII, and DIII. This is an even more suprising property
of TSC in these classes!

5.2 Outlook and further directions

Over the course of the work, the main questions posed in the beginning of the thesis could be answered.
At the same time, each of the projects has opened many intriguing directions that can be pursued in
the future. Especially promising are the chiral wires where the focus in this work has been purely on
ground state properties. Recently such systems at finite energy density attracted much attention in
the context of topology and MBL .

Since the thesis involved numerical studies, one point in all parts is to improve the numerics. The
algorithms employed were DMRG (cost ~ L(In L)®), exact diagonalization (~ L% for 2D) and perco-
lation numerics (~ L?). All of the computational time / memory costs are faster than linear which
is why one cannot just rely on Moore’s law (doubling of computational power every 12...48) months,
but should study complementary approaches.

A more exhaustive list on what can be done in the future in the individual parts follows:

5.2.1 Outlook: Disorder and interaction in chiral chains

There are many possible future research directions for this project:

1. Reference [277] is a generalization of the clean interacting Majorana chains to quasi-1D (ladders).
One can think about the effect of disorder on these ladder systems and even more general higher
dimensions and other lattice types.

2. Instead of changing the spatial dimension one can also look at the other symmetry classes. In
particular it is interesting to study interacting Majorana models in 1D, quasi-1D and 2D, since
superconducting systems without further symmetries fall in this class. A further related question
is, whether the difference between complex fermions and Majoranas persists.
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3. Apparently the sign of the interaction in the Majorana model has a drastic impact on the phe-

nomenology. Repulsive interaction leads to localization, attractive interaction to novel criticality.
Therefore it is desirable to understand the effect of the sign analytically. Another point is to
find out what exactly happens in the novel critical phase. The numerical results yield a central
charge larger than the value at infinite randomness and slightly larger than in the clean case.

. In this work, the ground state properties of the models were explored thoroughly. The sponta-

neously broken symmetry in the Majorana model is expected to be restored at high temperatures.
The system most likely undergoes a many-body (de-)localization (MBL) transition. The field of
MBL has prospered well over the last decade [278-281]. More recently the interplay of MBL and
topology, which will be observable in this model as well, has attracted a lot of attention
276).

Reference predicts a “superuniversality” forcing the critical theories of all five symmetry
classes possessing a chiral symmetry (BDI, AIII, CII, D, DIII) to coincide. Therefore a complete
analysis of the properties of eigenfunction composite objects at the infinite-randomness fixed
point is desirable.

At this fixed point, the wavefunctions are stretched exponentials, consequently they share proper-
ties with trivially localized wavefunctions. On the other hand, most observables show nontrivial
critical features. A lot of these closely resemble those observed in MBL transitions on random

regular graphs [282].

A further possible generalization is to study crossovers to Sachdev-Ye-Kitaev (SYK) type
physics. In the model considered in this thesis, the interaction is short range, one would have
to add random interaction terms coupling a macroscopic number of sites. In Refs.
coupled quantum dots are studied, which can be thought of as an intermediate stage between
the original SYK quantum dot and the short range interaction model. By interpolating between
the models, a crossover from infinite randomness to SYK phenomena could be studied.

5.2.2 Outlook: Generalized multifractality at the Spin Quantum Hall transition

This work paves the way for further analytical and numerical studies of generalized multifractality at
Anderson transitions. Some of the most prospective research directions include:

1. In future projects, one can extend the work in the class C NLSM to the other symmetry classes.

Of particular interest is the superconducting class D hosting disordered Majorana systems. Both
the conventional metal-insulator transition and the topological thermal quantum Hall transition
in 2D are possible in such systems. Exploiting that supersymmetry imposes relations between
classes C and D, one can directly obtain the class D pure scaling observables from those explored
in this chapter. Moreover preliminary results indicate many other relations between different
symmetry classes.

These superuniversality conjectures are supported by preliminary numerical studies of the
metal-insulator transition in the 2D Ando model in the symplectic Wigner-Dyson class AIl. The
pure scaling operators have the same form as in the class-C NLSM. Duality then extends this
result to the orthogonal Wigner-Dyson class Al that was studied in Ref. . Future studies of
metal insulator transitions should verify these conjectures for all classes.
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2. In Sections and it is pointed out that the difference between pure-scaling NLSM operators
leads to a drastic qualitative distinction in the observables between class A and class C. Even
the simplest subleading pure-scaling observables have indefinite sign and fluctuate wildly from
one disorder configuration to another. This makes the numerical network model studies com-
putationally challenging. At this point it is important to state again that the complementary
investigations of classical percolation in Sec/3.8/show this problem is purely related to insufficient
ensemble averaging. This phenomenon is related to the presence of spin in class C and is there-
fore likely relevant to all spinful symmetry classes. A future challenge is to extensively study the
character of eigenstate correlations in critical spinful systems.

3. An intriguing question is whether generalized parabolicity is violated in other 2D Anderson
transitions. Preliminary results indicate the violation of generalized parabolicity also in the class
AIT MIT in the Ando model [120].

4. Finally, many interesting questions arise when one “switches on” the electron-electron interaction.
One can closely follow the program set up in Refs. and for the Wigner-Dyson classes.
There it was shown within a perturbative RG analysis that generalized multifractality survives
the presence of Coulomb interaction. In this context, one should distinguish between a long-range
(Coulomb) and a short-range (screened) interaction.

5.2.3 Outlook: Disordered surfaces of time reversal invariant topological
superconductors

One can refine and generalize the numerics performed so far:

1. By switching to iterative Arnoldi techniques rather than full diagonalization one may increase the
system sizes drastically: The Chalker-Coddington network models for (S)QH effects studied in
Chap. (3 have more than an order of magnitude larger linear sizes L = O(1000). The scattering
matrices of these are sparse, every site can scatter only into its nearest neighbors. For the
determination of the eigenvectors itself, one does not need sparsity of the Hamiltonian, one just
needs to find an efficent way to compute the resolvent map (that is dense in general even for sparse
Hamiltonians). For completely generic dense matrices the compotational task of determining the
resolvent operators has the same complexity as full diagonalization. The Hamiltonian matrices
of the models here are banded in k-space. Exploiting the banded structure may lead to a more
efficient way of finding the resolvent map.

2. The Landauer conductance for class AIIl was computed in Ref. . One should compute this
quantity in the other classes CI, DIII as well. From the stacking conjecture one expects to find
the analytical result for the SQH network model conductance. The situation in class DIII is
more complicated, since there is no clear concept of TQH criticality. Recently the exploration of
phase diagrams in 2D class D systems gained new attention .

3. A further direction is the analysis of higher winding numbers in class DIII systems. In many
aspects, the winding v = 1 is very different from the higher v WZNW models. It remains to be
checked whether 6.y = 0.077 (Table is stable to changes of v as in the other classes.

4. Finally another point concerning class DIII: One needs to find evidence for the existence of the
conjectured TQH plateau transition in class D in the presence of disorder, and check for the
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5 Conclusion and outlook

existence of a universal thermal conductivity and multifractal spectrum in order to compare
with the stacked criticality in the DIII results.

In the above points the solid numerical evidence for stacking using many different observables is
summerized. However the current analytical understanding of this phenomenon is heuristic at best.
Therefore one needs to develop novel analytical means:

1. Reference derives an interesting form of bulk-boundary correspondence for all symmetry
classes. A winding number of the critical surface states is constructed and shown to be equal
to the winding number of the bulk. A fruitful direction of research might be to investigate the
applicability of these concepts to the critical stacks at finite energies.

2. Another goal is to improve the NLoM expansion that gives the class AIIl WZNW — A IQHPT
prediction for odd winding numbers.

3. Majoranas in class DIII can also be described as gravitational theory [271], this different per-
spective may yield new approaches to tackle the problem.

4. Once a candidate field theory is found, one can investigate the effects of interparticle interactions
on stacked critical states.

Finally, a key problem is to understand the depth of the relationship implied by the stacking of classes
A, C, D topological quantum phase transitions (the Hall plateau transitions) at the surface of classes
AIII, CI, and DIIT TSCs. Although this connection has been revealed indirectly here, through studies
of the effects of disorder on TSC surface theories, it suggests a more intrinsic, topological relationship
between these classes (which govern topological phases with integer-valued invariants in two and three
dimensions). One idea is the following. Is it possible to reproduce the critical statistics studied here
by studying an entanglement cut for a clean bulk TSC Hamiltonian? Instead of averaging over
disorder configurations at a physical surface, perhaps one can average over bulk quasiparticle band
structures.
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Appendix A

Disordered interacting chains

This appendix is based on Ref. .

A.1 Weak-disorder RG around the Ising + LL fixed point of the
interacting Majorana chain

In this Appendix, details of the weak-disorder RG treatment of the interacting Majorana chain in the
Ising+LL fixed point are provided, Sec. The starting point is the effective mean-field Hamiltonian
including the third-nearest-neighbor hopping as well as a weak randomness in the nearest-
neighbor hopping ¢ + 6, supplemented with the interaction term gv;vj417v;+27;j+3-

Using the low energy expansion for the nearest-neighbor hopping operator v;v;+1 yields
oscillatory contributions with wave vectors k; = 0, ko, ko + 7, 2ko, 2ko + 7, and 7 that can be dropped
in the clean case. In the presence of randomness, they couple, however, to the corresponding Fourier
harmonics of disorder d¢;. The replica trick is employed to average over disorder. As a result, the
following terms in the action representing effective “interactions” between different replica species a, b
are generated:

8(1 — cosk . a .
Sk, = —(7mO)DkO / dedrdr' Y [i9E48, sin(6a + 0a — & — 65)
a,b
. a_b . ca b
+ VARSI (Ga — B0 — B+ 0) — VYR SIN(Ga + 0a — G+ 00)]
8(1 4 cos k 4 .
Skgrr = —uDk,OJr7T /dwdeT’ Z [vavg sin(@q — 0o — b + 6s)

Ta s

+ i'ﬁ:ﬂ% sin(¢q + 0a — ¢p — 0p) — m,‘-ﬁ% sin(¢q — O — ¢ — 91,)} ,

1
Sty =~y Dot / drdrdr’ 3" cos(2, — 263 sin(20,) sin(203),
a,b
1
Sokgrn = —WD%OJF,,/ddedT’ZCOS(QQSa—2q§b),
a,b
8 a_a
S0 = =g De [ dadrar’ S (487377} + cos? ko cos(20,) cos(263) ] (A1)
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A Disordered interacting chains

Each term Sy, is labeled by the corresponding momentum component k;. Some of the terms allow
for a simple physical explanation. In particular, the action term Sy, represents the backscattering
between the right and left Fermi-point of the emergent Luttinger-liquid sector, while S; corresponds
to backscattering processes commensurate with the lattice. The RG equations summarized in Table
and Eq. are then inferred in analogy with Ref. . The most relevant terms are Sop,4r
and Sr. The contribution of the term Sgj,4~ to the renormalization of K, Eq. , is analogous to
backscattering in Giamarchi-Schulz RG. For the other term, S, the duality exchanging ¢ < 6 and
K < K~ may be used to find the contribution to K.

While the forward scattering can be completely gauged away in the standard Giamarchi-Schulz RG,
here the transformation gauging it out generated additional terms. However, a direct inspection shows
that they are irrelevant in the RG sense.

The interaction generates a replica-diagonal term that couples the Luttinger-liquid and Majorana
sectors:

Sint = =g [ dadr 3 ik (VL ¥R + W] U])
a

= —Zg’/dxdTZWEwﬁ cos(26,). (A.2)

This term is RG-irrelevant in the range of interest, K < 1; the corresponding dimensional coupling is
denoted y' in Table Higher terms respecting the symmetry are, of course, also generated. It can
be checked by dimension counting that all terms arising due to interaction remain irrelevant in the
range 1/4 < K < 1.

A.2 Origin of low-energy suppression of wave function correlations in
disordered complex-fermion chain

In this Appendix, analytical arguments are presented explaining the origin of the suppression of eigen-
state correlations in a complex-fermion chain at low energies found numerically in Sec. An
eigenvector Uj 1, of Hamiltonian (2.39) fulfills the following transfer matrix equation:

Uisr,e _ [€/tit1 —ti/tita Ui e
( Ui ) N < 0 1 Ui—1, (A.3)

For zero energy, ¢ = 0, two sublattices are decoupled, so that the wave function lives on one sublattice.
For finite (but small) e the wave function on the second sublattice is suppressed by e. This implies
the suppression of the correlation functions Cy(e,r, L), Cr(€q,€s,7, L), and Cp(eq, €g,r, L) for odd r
by a factor ~ €2, where e is the larger of two energies e, €g. This suppression is indeed numerically
observed, see Fig. and the right panel of Fig. which make evident the e2> scaling of the odd-r
correlation functions. As is seen in this figure, for odd r the Fock term is substantially smaller than
the Hartree one, so that there is no cancellation between them and Cyp ~ Cg.

For even r, an even stronger suppression holds for the Hartree-Fock correlation function. As an
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A.3 Disordered Majorana chain with mean-field treatment of interaction in the Ising + LL phase

example, consider = 2. Using the transfer-matrix equation (A.3)), one gets the relation

Ui o P|Uis2,e5” + Uit 2,60 *|Uies|?
- 2Ui75a Ui—i—?,ea Ui+2,eg Ui,eﬁ

1
= 7 (@i Ui,
2+1

—2€a€pUi e, Uit1,caUit1,e5Ui ey + 6?3\Uz‘,ea\2\Ui+1,eB|2) . (A4)

The left-hand side of Eq. is the difference between the Hartree and Fock terms that enters the
correlation function Cyp for r = 2. On the other hand, the right-hand-side is the linear combination
of C and Cg terms for r = 1, each of them multiplied by a factor quadratic in energies. This proofs
that C'gp for r = 2 is suppressed by an additional factor ~ e2> in comparison with the r = 1 correlation

function Cyp ~ Cy,
Crr(€as €2, L) ~ € Crr(ea,e5,1,L). (A.5)

The same argument holds for other even r. This is fully supported by the numerical data, as shown
in Fig. where the ratio Cyr (€1, €n,2, L) /Crr(e1,€n, 1, L) multiplied by ¢, 2 is plotted for different
n, as a function of L. The reader is reminded that €, scales exponentially as a function of L and n,
see Eq. . Each of the factors Cyp(e1,€n,2, L), Cyr(er, en, 1, L), and €, 2, when taken separately,
changes within an enormous range of many dozens of decades, see, e.g. Figs. and On the
other hand, the product plotted in Fig. changes only weakly (at most linearly in L, which means
logarithmically in €), in full agreement with the analytical argument.

Since it was shown above that the odd-r correlation function in the right-hand side of Eq.
scales as €2>, the even-r Hartree-Fock correlator should scale as ei according to this equation. The e‘é

scaling of C'yr for even r is indeed observed numerically, see Fig.

A.3 Disordered Majorana chain with mean-field treatment of
interaction in the Ising + LL phase

In this Appendix, an analysis of the disordered Majorana chain that treats disorder exactly and the
interaction on the mean-field level is presented. This approach is in a sense complementary to those
in the main text of the paper. In the weak-disorder RG of Sec. the interaction was treated exactly
and the disorder was considered as a perturbation. Contrary to this, the analysis of Sec. considered
disorder exactly and the interaction perturbatively. Here, the disorder is treated by using the field-
theoretical o model approach. This treatment is essentially exact, in analogy with Sec. The
key differences with Sec. are that (i) a sufficiently strong repulsive interaction for which the clean
system is in the Ising+LL phase is considered, and (ii) the interaction is included on the mean-field
level only. This allows one to obtain the phase diagram of the system in the plane spanned by the
disorder strength and the staggering. The phase diagram contains four distinct topological phases. Of
course, from Sec. and from the numerical study in Sec. it is known that including effects of
interaction beyond the mean-field level destabilizes the system on the critical line. This means that the
transitions between the topological phases are in fact not of second order (as found in the mean-field
treatment below) but rather of first order. On the other hand, the phase diagram is expected to remain
applicable also beyond the mean-field level.
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Figure A.1: Ratio Cyrp(e1,€n,2,L)/Crr(e1, en, 1, L) multiplied by ¢,? for the first twenty levels

n (in distinct colors) as a function of L. The data show only a weak (at most linear)
dependence on L (that corresponds to a logarithmic energy dependence), which
should be contrasted to the exponential L dependence of both entering correlation
functions Cyr and of the energy €,. This confirms the analytic prediction in Eq.
, with possible logarithmic-in-energy corrections.
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A.3 Disordered Majorana chain with mean-field treatment of interaction in the Ising + LL phase

At mean-field level with respect to the interaction, the third nearest neighbor hoppings are generated
and the nearest-neighbor hopping is renormalized. The full mean-field Hamiltonian, including the
randomness 0t; in the nearest neighbor hopping, reads

1 .
Hphp = 3 > [(tl +ta+ (1) (1 — t2) + 26¢5)757+1
J

(8 + t5) + (=1 (1 — th))yy548] - (A.6)

By choosing t; # t3 or ¢} # th, the system can be staggered. The random component §t; of the hopping
is assumed to have Gaussian statistics, with zero average.

The formalism presented in Refs. for a particular model can be extended to the case of
generic banded Hamiltonians. For convenience, the computations were performed in class AIII instead
of BDI (i.e., allowing for complex 6t;). The results for AIIl shown here remain essentially the same
for the class BDI as can be checked numerically using transfer matrices.

The calculations proceed by integrating out the disorder using the supersymmetry formalism. After
Hubbard-Stratonovich decomposition and saddle-point expansion (which yields the self-consistent Born
approximation), one arrives at a non-linear sigma model describing the disordered wire. The action
describes the soft modes T' € GL(1|1):
£2
S[T) = gstr(TOT ) — %str(TazT_l). (A7)
There are two coupling constants here: ¢ has a meaning of the bare conductance, and ¥ of the bare
topological index. Under RG, these coupling constants get renormalized. The theory thus exhibits a
two-parameter RG flow, which is largely analogous to the Khmelnitskii-Pruisken flow for the 2D theory
describing the quantum Hall effect.

Except for the case of half-integer bare values, ¥ flows to the nearest integer value, which is the
actual topological index x. Half-integer values of Y are stable under RG-flow and correspond to
critical theories at the boundary of two topologically distinct phases. To determine the phase diagram,
one thus should compute the dependence of the bare index Y on parameters of the chain. These
dependences are obtained when one derives the o model from the microscopic model, as sketched
above. Details of this calculation are skipped, since it is analogous to that carried out for a different
microscopic model in Ref. [115], which is briefly reviewed in Sec. A general 1D non-interacting
Hamiltonian H with chiral symmetry and with translational invariance in average can be written as:

H=hyy al, bi+ > raial b + h.c. (A.8)

Here a; and b; are operators on two sublattices, h,, are the average hopping matrix elements, and r, ;
are random contributions to hopping that are characterized by zero mean and by the variance

<Tn ’Lij> = wnéi,jén,m~ (A.9)
One finds the following result for the bare index y in terms of the parameters of H:

. h~
X = Z 22 + f(L+ + Znun’ (A.10)
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A Disordered interacting chains

where
ho(q) = Y hne ™, (A.11)
ht(q) = > hne™, (A.12)
vHg) = D (n—mushme™, (A.13)
2
w
Up = m, (A.14)

and the self-energy ¥ is a solution of the equation

2 1 _
(zn: w”) Zq: B @h (@) (A.15)

representing the self-consistent Born approximation.

The Hamiltonian is a particular case of Eq. (A.8). The nearest and third nearest neighbor
hopping of Eq. are encoded in terms of Eq. in hy = ty, hg = t}, hg = to, and h_; = t5.
Further, the randomness in the nearest neighbor hopping of Eq. translates into ug = 1/2 and
u; = 1/2. The resulting phase diagram in the parameter plane spanned by disorder strength w and
staggering t| — t, is shown in Fig.

The analytical results (black lines show the corresponding phase boundaries) are compared with
those of direct transfer matrix numerics in in Fig. Four topological phases ( with x = —1, 0,
1, and 2) as obtained by the latter approach are shown by different colors in Fig. An excellent
agreement between the analytical and numerical data is observed. This is quite non-trivial since (i)
the o model derivation holds in the limit of large number of channels, N > 1, whereas this model
corresponds to N = 3, (ii) the analytical calculation of parameters of the o model is controlled fir weak
disorder, w/t < 1, whereas a very good agreement also for w/t ~ 1 is found here.

The self-duality transformation ensures that the zero-staggering line (¢, = —0.7 in Fig is critical
within this mean-field analysis. An important observation is that the critical line is adjacent only to
0 (green) and 1 (blue) topological phases for finite disorder.

In the clean DMRG analysis, Sec. only two distinct topological phases were observed, which
correspond to the green and blue phases of Fig. The other two phases (red and yellow) can only be
reached by adding the third nearest neighbor hopping explicitly since otherwise the Hamiltonian
with the corresponding parameters can not be obtained as a mean-field Hamiltonian of an
interacting Majorana chain. When disorder is added to the mean-field model, one can observe that
the parameter space for the red and yellow phases shrinks.
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hopping us

02 04 06 08 1.0 12 1.4
disorder strength w

Figure A.2: Phase diagram of the mean-field Hamiltonian describing the Ising+LL phase
of the disordered Majorana chain. The parameters t; = —0.7 and to = t; =t =1
are fixed. The phase diagram is shown in the plane spanned by disorder w and the
hopping t;. The zero staggering corresponds to ty, = t§ = —0.7. Black lines are phase
boundaries as obtained analytically via mapping on the ¢ model from the condition
that the bare index y is half-integer. Colored regions are four distinct topological
phases with the values of the topological index x equal to -1 (red), 0 (green), 1
(blue), and 2 (yellow), as obtained from the transfer-matrix numerics. A perfect
agreement between numerical and analytical results is observed. At zero disorder,
w = 0, and zero staggering, t; — t5, = 0, three critical lines meet, yielding a critical
theory with central charge ¢ = 3/2.
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Appendix B

Generalized multifractality at the SQH
transition

This appendix is based on Ref. [105].

B.1 Class A eigenoperators

In this Appendix, the analytical expressions for the coefficients of the K-invariant scaling operators Pj\“
are derived for arbitrary Young diagrams A = (qi1,...,¢n). These operators for |A| =¢=q1+...+q, =
2, 3, and 4 are determined in Sec. see Eq. (3.184).

To find 75/‘\4 analytically, Young-symmetrized expressions for eigenoperators from Ref. are used.
Subsequently they are expressed in terms of the characters y of representations of the symmetric group
Sq. These operators (that will be denoted as 75;4) are plane waves in the Iwasawa construction and
also highest-weight vectors, and are not K-invariant. One can then perform the U(n) x U(n)-averaging
of these combinations to derive the K-invariant operators.

It is convenient to define Q@ = QTE — Q44 4 QFA — QAR for the following lines. Further, let
vij = tr (Eij Q) be matrix elements of Q, and S, the symmetric group. In Ref. \| expressions for
eigenoperators in terms of Young-symmetrized products of matrix elements v;; of Q were derived. As
an example, start with the most antisymmetric operators (1,1,...,1). According to Ref. , the
determinant of the ¢ x g subblock 7, of the matrix 7,

q
DA _ ~ .
Plia,.py =detog =Y sign(o) [] viow) (B.1)
0€Sy i=1
belongs to the representation (1,1,...,1). The opposite extreme is the most symmetrized operator,

which is given by the permanent of the same matrix,

q
77(‘?1) = perm ¥, = Z H Via(i) » (B.2)
0€Sqi=1

and belongs to the representation (q). For a generic representation (Young diagram) A, the operator
Pf‘ is obtained by applying the corresponding combination of symmetrization and antisymmetrization
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B Generalized multifractality at the SQH transition

operations . One can express the scaling operators 75;\4 in terms of the immanants of the matrix 7,
(multilinear forms invariant under permutations generalizing the determinant):

753\4 =Imm) v = Z xa(o) HVio(i) ) (B.3)
0€Sy i

where x is the character of the A representation of S;. In the special case of A = (1,1,...,1), this
character reduces to the sign function on S;. For A = (q) one obtains x(, = 1. This formula can
be found from mapping the generic Young-symmetrized wave-function combinations in Ref. to
sigma-model operators. The Young symmetrization makes the characters y,(o) to appear naturally
in the above expression [289].

Now one can perform the U(n) x U(n) averaging of Eq. to obtain the K-invariant operators.
In the cycle decomposition of S, each equivalence class can be labeled by a Young diagram p with
|| = q. Let [u] be the equivalence class containing o. Under U(n) x U(n) averaging, and to leading
order in the replica limit n — 0, one has

q
<H Vw(i)> ~n"10,, (B.4)
i=1 U(n)xU(n)

where O,, are basis K-invariant operators defined in Eq. (3.176). Thus, one obtains for the expansion
of K-invariant operators Pf in basis operators O,

Pt = #ulxa(w)Oy, (B.5)
I

where #[p] denotes the number of elements in the equivalence class [p]. One can read off the matrices
of coefficients (P;‘))\“ = #[u]xr(p) of the K-invariant operators. In Eq. (3.184), these matrices of
coefficients, as obtained from RG, were shown for ¢ = 2, 3, and 4.

B.2 Transformations of the ()-field

In this Appendix, technical details to the transformation from the sigma-model field @ to the field
@ that is most convenient for the derivation of RG equations are provided. This transformation is
used in Sec. in course of establishing the mapping between sigma-model composite operators
and eigenstate observables. The fields Q and Q represent two different parametrization of G /K [see
Eqgs. and ]; they are related by the rotation Q = UsQUs;, Eq., with the matrix Uy
given by Uy, = diag(1,%1)-, Eq. (3.116). The operators in the Q-representation in Sec. contain
products of traces of the type O = tr(- - - Eq,q,AQ - - -), see Eq. and its S -symmetrized version,
Eq. (3.224). When transformed to the Q-representation, this becomes O = tr(- - Uy Eg,q,AUsQ - - - ).
When deriving the RG rules above, it was assumed that the matrices multiplying the sigma-model
field are odd with respect to the operation ; see Eq. . A subtlety arises since the matrix
UsE,,q;AUs; does not satisfy this requirement. It is shown, however, in this Appendix that this is not
essential, and the operators undergo the same RG equations as derived in Sec. so that
the pure-scaling observables are constructed from them according to Eq. . To prove this, it is
shown that the operators O are equivalent to O = tr(- - E’aiaiAQ- -+ ) by using gauge transformations
(O)u, = O with a certain subgroup U, C K = U(2n). The newly introduced matrices

_Eai,ai - E*aiﬁai)T (B'6)

ais

. 1
Eo,aA = 5diag(Eaa + E—a, -
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are odd under the symmetry operation (3.141) as required.
The average of O over the subgroup Uy of the full gauge group K = U(2n) is computed:

(tr(- - BaaAQ - )y, = [ dp(U)tr(- - UsUEqq AUTUSQ -+ ), (B.7)
Up

where 1 is the Haar measure on Uy. Choose Uy, to be the block-diagonal subgroup U, = U(2)% C U(2n)
with n two-by-two blocks in particle-hole space 3. These n blocks correspond to n replica indices
1,...n. Here one needs to distinguish between the matrix E,,,, living in 2n x 2n combined replica
and particle-hole (X) space (that are represented by associating with each replica a; a replica —a;, see
Sec. and the matrix Fp" living in the n x n replica space. They are related by Eq,q, = Ep/ ' 5+,
where Y1 = (1y £ ¥3)/2 and 1y is the identity matrix in ¥ space. For computing the average over
the matrix U € Uy it is advantageous to simplify:

1 U, EPos 1 ug, 1
UEUEaiaiAUTUZZ< Zl) ( l U*'> ( - E".X@E-i‘) ( _1> < Z UT) < El)

mXxXmn
- (E%“iU“iE*U‘L s g7 g7 ) . (B.8)
—Ey XUy Y4 Uy 30 .
Here U,, is the two-by-two X-space block of the matrix U corresponding to the replicas a; and —a;.
Now one can integrate over the n independent U(2) subgroups, out of which U, is composed. Since
all a; are assumed to be distinct in the considered composite operators O, the integrals decouple and
one finds (Ua, S+ UJ Yu(2) = (Us, S4+UL)y(2) = $1s. Since 1y = 4 +3_ and By = Eiq, +q,, One

obtains
<t1"(- ) 'EaiaiAQ T )>Ub = tr(' e EaiaiAQ T ) ’ (B.Q)

with the matrix E,,q,A defined in Eq. (B.6). This proves that the operators O = tr(--- Ey,q,AQ - -)
undergo the same RG flow as O = tr(- - aiaiAQ- -+ ) since they coincide up to terms that vanish upon
the averaging over a subgroup of the gauge group. Since EaiaiA is odd under the operation , the
RG flow equations derived in Sec. apply. This completes the justification of applying Eq.
for pure-scaling operators of class C (derived in Q parametrization) to eigenstate basis combinations
corresponding to operators in (Q-representation, Eq. . The corresponding analytical predictions

are verified numerically in Sec. 3.6.3.3
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