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Abstract

I consider the applications of random matrix ensembles in statistical physics. Of special in-
terest are topology and systems that transition between two states modelled with two-matrix
models. I first look at the transition between the symmetry class chiral Gaussian orthogonal
ensemble and the ensemble of antisymmetric Hermitian random matrices, where topology
is preserved during the transition in the form of either one exact eigenvalue at the origin or
none. This ensemble shares symmetry properties with topological superconductors in the gap-
less phase. On a technical level, this ensemble is a Pfaffian point process and may be solved
with skew-orthogonal polynomials, which I show how to obtain.

I secondly analyse the weak breaking of topology in a general setting, where the second
matrix is viewed as a perturbation. I show that the spectrum of the perturbed topological
modes decouples from the bulk to first order. They also spread out as a finite-size Gaussian
ensemble of size v x v, where v is the number of former zero modes, through a mechanism
reminiscent of the central limit theorem.

I finally consider the transition between integrability and chaos in dissipative open quan-
tum systems through the nearest neighbour spacing distribution. I compare to the analytical
result for Poisson and Ginibre variables, which are conjectured to correspond to integrable
and chaotic respectively. I also compare the intermediate case with numerically generated
Coulomb gasses at inverse temperature § € (0,2) and find good agreement. The comparison
is only valid for uniform spectra, which means that for non-uniform cases, a change of vari-
ables must be made. This process is known as unfolding, and I show it may be achieved by
approximating the empirical spectrum as a sum of Gaussians.
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Chapter 1

Introduction: Random Matrix Theory
in Physics

The field of random matrix theory (RMT) is concerned with the study of eigenvalues of matri-
ces with random elements. If the elements of the matrix are random variables, the eigenvalues
are random variables as well. But even if the entries are independent, the eigenvalues will
be highly dependent on each other, and their distribution therefore gives insight into the be-
haviour of correlated random variables. While there are other questions (such as eigenvector
distributions), this is by far the most considered and the one that I have focused on.

Historically speaking, RMT started in mathematical statistics with Wishart in 1928 [1], but
the application in physics is generally attributed to Wigner [2] in relation to neutron resonances
in heavy nuclei. In general, because linear operators may be written as matrices, one may
analyse the statistical properties of an operator spectrum and obtain insight in systems where
exact calculation of the equations of motion is impossible. This is exactly what Wigner took
advantage of. The identifying aspect applied was the spacing between eigenvalues and the
distribution of the spacings is today known as the Wigner surmise. The “surmise” was that
the exact spacing distribution for 2 x 2 Hermitian matrices would describe larger matrix sizes
as well. This turned out not to be the case, though it is still a good approximation.

The spacing statistics provide understanding of chaotic quantum systems as well [3}4]. The
distinguishing feature is that integrable systems follow Poisson statistics (corresponding to
uncorrelated variables) and chaotic systems follow the Wigner surmise. Exactly the behaviour
of the spacing distribution has been compared to different real-world data and is a powerful
tool for distinguishing correlated and uncorrelated variables, see for instance a comparison of
the Wigner surmise to times between buses in Cuernavaca (Mexico) [5]. The aforementioned
difference between chaotic and integrable systems has also been measured [6, [7]. For more
historical context and general introduction to RMT, see also [8,9].

The goal of modern RMT in physics is to apply universality results to make general state-
ments about operators. (By universal I mean determined by the global symmetries alone.) The
fulcrum here is that if one can show that a property is universal, any aspect of it can be cal-
culated in any model that has the required symmetries. The advantage of a random matrix
model here is that they are usually comparably easy to calculate analytically. (And often very
simple numerically.) An often-considered example of a universal property is the small eigen-
values close to the origin, known as the microscopic spectrum [10]. Because both energy and
virtuality (eigenvalues of Hamiltonian and Dirac operators respectively) in general are related
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to inverse length scales (the intuition here is the de Broglie-relation), and because the micro-
scopic eigenvalues are of the order of the inverse system size, they hold information about
long-range properties such as symmetry breaking [11]. It is perhaps therefore not surprising
that they are determined by global symmetries alone. These global symmetries of Hermitian
matrices have been classified by Altland and Zirnbauer [12] and comprise ten classes. I here
want to highlight that some of these ensembles have the possibility of eigenvalues exactly at
the origin, which becomes important, as they are related to the topology of the system. The
microscopic spectrum becomes even more relevant in this light. For an intuition of this connec-
tion, take again the relation to the inverse length scale, which makes the modes exactly at the
origin pertain to global properties. This can also be shown rigorously with the Atiyah-Singer
index theorem [13]. Apart from these ten Hermitian classes, matrix ensembles that transition
between them have also been considered as two-matrix models, see for instance [14][15].

Notable among modern RMT-applications in physics is the so-called e-regime of effective
field theory, relevant for Quantum Chromodynamics (QCD) [16} 17, 18]. This regime consid-
ers the effect of the potential term of the Lagrangian on its own. That is, one introduces a
counting where the dynamics decouple from the potential term and exactly gives access to the
microscopic spectrum, which as mentioned is important for the global symmetries, in QCD the
spontaneous breaking of chiral symmetry [11]. The Goldstone fields that arise from this break
correspond to the pions, explaining why pions are lighter than one would expect. (The kaon,
the lightest hadron after the pion, is about 3.6 times as heavy as the pion [19].) See also [20, 21]
for an introduction to effective field theory and chiral perturbation theory.

The connection between QCD and RMT was introduced in a number of papers for different
cases [22, 23] 24, 25] and is based on three ensembles with either real, complex, or quaternion
entries. All have chiral symmetry, which means that the matrix anticommutes with a unitary
operator that squares to 1, here 5. The relation between chiral perturbation theory and RMT
was later established in [26]. I refer to it for the full derivation, but to see the connection
one calculates the o-model (or chiral Lagrangian) of the random matrix model, which for all
symmetry classes (also non-chiral) has the form

S(U) = NTx(U+UY), (1.1)

where N is the matrix size and U is a field that depends on the symmetry of the matrix model.
This is compared to action from effective field theory in the e-regime

S(U) = mVs, Te(U+UY), (1.2)

where m is the quark mass assuming equal mass, V is the volume of the system, and >
is a constant that cannot be determined by the symmetries alone. (For chiral perturbation
theory, g is the order parameter of the spontaneous chiral symmetry break [11].) The counting
scheme of the e-regime zooms in on the low-energy spectrum and makes the kinetic term of the
Lagrangian decouple, which gives the structure (1.2). The exact nature of the Goldstone field U
will depend on the symmetry class. Comparing Equations and also gives the relation
V' ~ N, which is important for identifying matrix models with real-world Hamiltonians and
Dirac operators.

Within this framework, the aforementioned ensembles that transition between symmetry
classes also become relevant when modelling finite lattice effects in numerical lattice simula-
tions. This is known as Wilson theory [27], and it models the way chiral symmetry is broken



by simulations on a lattice. In RMT, this is modelled through a random two-matrix model

s (D)

where W are generic matrices with either real, complex, or quaternion matrix entries, and A, B
are either symmetric, Hermitian, or self-dual matrices, respectively. The chiral symmetry of the
Dirac operator is contained in the first matrix which anticommutes with 5 (= diag(1, —1) in
chiral basis), and has the possibility of exact topological zero modes. The second matrix mod-
els the breaking arising from the finite lattice spacing. Notably, the two sectors A and B are
independent. This will not always be the case for other models I consider, see for instance
Chapter 4 Again, because the microscopic spectrum is universal, its behaviour may be cal-
culated in RMT as well as effective field theory, see [28| 29,30, 31]. The symmetry breaking
by the second matrix is treated as a perturbation, which means that @ is small and, because
perturbation breaks the symmetry that gave rise to the topological modes at the origin, these
modes spread out. The scaling with the volume of these former zero modes turned out to be
significant; the one found in [28,29] helped explain the unusual scaling observed in [32].

Apart from QCD, relating random matrix models to physical operators has become rele-
vant in condensed matter physics in more recent years, particularly for topological supercon-
ductors. See for instance [33], see also [34] for a review. My starting point here will be the
Kitaev model [35] which gives a basic understanding of the formation of exact zero modes
in a fermion chain. These modes are often called Majorana zero modes, because they mimic
Majorana fermions in the sense that creation and annihilation is the same action. However,
these should not be confused, as the solid state zero modes are states rather than particles.
(For a Majorana particle all states would have this property rather than just the zero modes.)
It should be noted that the Kitaev model represents an idealised, spinless system, which so
far has not been observed in nature [36] 137, 38, 39]. Instead, a more complicated experimen-
tal setup is needed to realise the Majorana modes, and the goal for RMT is therefore either to
construct more realistic matrix models of the topological superconductors or to make general
statements about the behaviour of topological modes.

See also [9] for a number of other applications such as finance, information theory, and
number theory.

In this thesis I present results on two of the topics described above. Firstly, I consider the
statistical behaviour of Hamiltonians with eigenvalues exactly at the origin. This is related
to topological superconductors and the behaviour of topology under different circumstances.
Secondly, I look into spacing distributions for non-Hermitian matrices and compare these to
data. The structure of the thesis is as follows. Each of the projects corresponding to my pub-
lications [AKMV], [KMS], and [AKMP] have their own chapter, namely Chapters [3 4 and
respectively. Chapter 5|is also partially based on work done with Rebecca Werdehausen and
Oliver Kriiger as part of the former’s bachelor project [40].

Chapter[2} T introduce the relevant mathematics and physics. I endeavour to give a intro-
duction to random matrix theory and related concepts meant for readers unfamiliar with
these, firstly the subject in general, and secondly the specific branch that I have investi-
gated. This will include how to find the distribution of eigenvalues from a matrix model
and derive the density correlation functions, the classification of Hermitian matrices and
the transition between them, and the solid state perspective on eigenvalues at the origin.
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Chapter 3} Iconsider an ensemble that describes the transition between two symmetry classes,
the chiral orthogonal ensemble and the ensemble of antisymmetric Hermitian matrices.
Noteworthy is that they both have a possible topological zero mode, and the applica-
tion in mind is exactly the topological superconductors mentioned above where such a
symmetry transition has been conjectured. The focus is on understanding the density
correlation functions for this ensemble. I also consider the distribution of the smallest
eigenvalue to understand its behaviour during the transition.

Chapter[d} The study of eigenvalues at the origin may also be treated in a more general frame-
work, where the two-matrix ensemble models a perturbation of the zero modes. Here I
show how the spectrum of the perturbed modes decouples from the bulk and that it is
distributed according to a Gaussian ensemble of finite size v x v, where v is the num-
ber of broadened zero modes. I also clarify the conditions under which this happens
and how the results hold for all ten Altland-Zirnbauer classes. The former zero modes
of the ensemble also exhibit a particular scaling with the volume of the system, which
allows identification of them compared to bulk modes. This is the same scaling that was
observed in Wilson theory.

Chapter[5} I consider the spacing distribution of eigenvalues in the complex plane. I com-
pare this to the spectrum of a Liouville operator to be able to distinguish integrable and
chaotic open quantum systems. The 2D case is more complicated than for real eigenval-
ues, partially because there is no Wigner surmise here, and partially because universality
of spacings only holds for uniform distributions. This is true for the real line as well, but
the change of coordinates that transforms a given dataset into a uniform distribution is
less clear in two dimensions. I also compare the spacing to biological data in the form of
buzzard nests in the local forest around Bielefeld to get a sense of territorial behaviour.

Chapter[6} Finally I collect the results with a few concluding remarks and give an outlook
with a discussion of open problems.

Appendix[A} The more technical calculations from Chapter B|are left for the appendices.

Each chapter also has a separate conclusion to allow them to be read on their own.



Chapter 2

Mathematical and Physical Framework

Let me start by going through the tools I will be applying and the systems I will consider. This
will include standard methods used in random matrix theory and introductions to the physical
concepts needed.

First, I show how to change variables from the entries of matrices to their eigenvalues,
which leads to the joint probability density function (jpdf) of the eigenvalues. This gives a
sense of how the eigenvalues interact with each other. I then introduce orthogonal and skew-
orthogonal polynomials and show how they may be used to solve matrix models. These are
standard techniques that can be found in [8}9]]. I then introduce the symmetry classes of Her-
mitian matrices that make up the basis of comparison to physical systems. They are then ex-
tended to two-matrix models that transition between different symmetry classes. These mod-
els form the main starting point of Chapters[3|and 4 Finally, I show some basic analysis of the
Kitaev model and how to model this with random matrices.

2.1 Joint Probability Density of the Eigenvalues

Start with the w independent entries z;;, of an NV x N Hermitian matrix X. If these are
taken as identically distributed, centred complex Gaussian (as I will in the following unless
otherwise indicated), one may write the joint distribution of these variables as

_N(N+1) leggl?

P({xjk}jzln.]\/]a> = (27702) 4 He o2 (2.1)

k=1..j Sk

where ¢ is the width of the Gaussian. It may be rewritten in terms of the full matrix X

_ N(N41)

P(Xlo) = (2m0%) 1 [[e @ TN, (2.2)
P>k

This structure (or a similar one) is the starting point of most random matrix models. The
choice of width %, with 3 = 1, 2,4 for real, complex, and quaternion variables respectively,
is common convention. This particular ensemble for = 2 is called the Gaussian unitary
ensemble (GUE), see Section From here the idea is to make a decomposition and change

variables to the eigenvalues. Consider therefore

X = UAUT (2.3)
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where A = diag()\i, ..., \n) is a diagonal matrix containing the eigenvalues of X and U €
U(N)/U(1)N. The pair (A, U) may be seen as the matrix equivalent of the modulus and argu-
ment of X. For other ensembles other decompositions may prove more useful. For instance in
Chapter 3|the decomposition has the structure

A = dlag ()\11'7'2, ey )\N/giTg) s (24)

and for products of random matrices, a chain of unitary matrices is used. I will not go into
further details regarding the distribution of eigenvalues for products, instead I refer to [41].

The transformation yields a Jacobian, which ends up determining the local behaviour of
the eigenvalues, see the following subsection.

2.1.1 The Vandermonde Determinant

The focus of this subsection is to calculate the Jacobian for the change of variables between
matrix entries and eigenvalues. See for instance also [8, 42].
Consider the differential

dX = dUAU'+UdAUT + UAdUT . (2.5)
Define
U = U'dU, (2.6)
and note that
0=d(1) =dU'U) =U'dU + dUU
= (6U) = —oU . (2.7)
This means can be rewritten as
dX = U(dA+[6U,A)UT. (2.8)

From here the goal is the find the metric g of dX in Equation (2.5) and write the Jacobian as
det(g), which may be done by considering

TrdX? = Tr(dA* 4+ 20UASUA — 2A%5U?) | (2.9)

where I have used that the diagonal matrices commute and that the trace is cyclic. So in terms
of the variables \; and 60U},

N
TrdX? = > N2+2 > (=) 10UP, (2.10)
j=1 N>j>k>1

where I have again used the anti-hermiticity of §U. These are now ordered to obtain the metric
g = diag (In,2(A1 — A2)% 20 — A2)%,2(A — Xs)%, 200 — Ag)?,...) , (211)

which leads directly to

det(g) = 277 [0y — )2 (2.12)

>k
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Real and imaginary parts of 6U each contribute once in the last part of (2.11)). In general, the

exponent of (\; — ;) in (2.12) is determined by the number of degrees of freedom in the matrix

entries, namely 5 = 1, 2,4 (1 for real, 2 for complex, and 4 for quaternion as mentioned above).
The product of differences in (2.12) is called the Vandermonde determinant

A = T v —Aa) =det [Ag?*l] : (2.13)

jk=1..,.N
1<a<b<N
Using (2.12), the jpdf of eigenvalues for the Gaussian unitary ensemble becomes [8, 9]

N

Py(Ar,..an) o [ e/ An({an?. (2.14)
j=1

Note how it vanishes for equal arguments, which makes it unlikely that two eigenvalues are
close to each other. This is the origin of the so-called level repulsion. It is straightforward to
show that the nearest neighbour spacing distribution of a 2 x 2 Hermitian matrix is

g2\t (w) 2
pp(s) = 2F<2)sﬁ exp § — F723 (2.15)
r ( B+l ) B+2 r ( #) )
2
where 5 = 1, 2,4 for real, complex, and quaternion entries respectively and the mean has been
normalised to 1. This is known as the Wigner surmise, and is a good approximation for the
spacing distribution of nearest neighbours for N > 2 as well [8].

Level repulsion has seen application in many areas such as the aforementioned neutron
resonance of heavy nuclei [8], quantum chaos [3,4,6,43], and spacings of random variables in
general, see for instance [5] and also Chapter which is dedicated to extending spacing laws
to the complex plane.

The normalisation of the jpdf can be found through the Selberg integral

N oo
[1 [ doiat [an({ap e d = 2.16)
=170

2\ NN N T (1 + 23+ 1)) r (1 +r+ %j)
- (3) 11 r(i+2) |

see e.g. [8, Chapter 17].
From here the challenge is to integrate out the variables in (2.14) to obtain the k-point
correlation functions

N!

b
PO M) = / Pa(Moe o AN)dAN i1 2.17)

where I have made it slightly more general by considering eigenvalues on [a, b] rather than
(—00, 00). This is the objective of the next section.
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2.2 Orthogonal- and Skew-Orthogonal Polynomials

For the sake of the work in this thesis, orthogonal- and skew-orthogonal polynomials are a tool
for expanding the Vandermonde in a way that makes it possible to integrate the variables in
(2.17) out. The kind of polynomials needed depends on the exponent 3 of the Vandermonde
in the jpdf. For § = 2 the orthogonal polynomials (OP) are used, whereas 3 = 1 requires
skew-orthogonal polynomials (sOP) [8,9]. Both are each defined through an inner product:

e Orthogonal polynomials (3 = 2)
b
wilp) = [ pi@mela)u(oids = by @19
e Skew-orthogonal polynomials (5 = 1)

b
(pjlan) = / pi (@) qe(y)w(z, y)dedy = hidy, (2.19)

where w(z,y) = —w(y, x)

The skew-orthogonal pairs p;(z) and ¢;j(x) are usually pairs of even and odd polynomials
[25], but note that the skew-orthogonal polynomials considered in Chapter (3|do not have this
structure. There two skew-orthogonal products are also defined, depending on the matrix
dimension.

2.2.1 Orthogonal Polynomials

This subsection partially follows [44]. Start with the Vandermonde determinant

_ k—1
Av({A) = det | Rl (2.20)
By addition of rows, this can be rewritten in terms of an arbitrary set of monic polynomials
Cr(N;)

Av({A)) = det (V). (2.21)

Take now the squared Vandermonde of Equation (2.14) and combine the determinants. For
generality, I introduce another set of monic polynomials Dy, (\;) and write

AN({)\})AN({A}) = det (Z Cl Dl )\k> . (2.22)

The sum in the determinant comes from the matrix product of C(A;) and Dy ();). By choosing
both these polynomlals as orthogonal with respect to a weight w(\) determined by the jpdf,
the integrals in can be performed. I denote the monic set of orthogonal polynomials by
Pr(Aj), and in other words set C()\;) = Di(A\j) = pr(Aj). For GUE the choice w(\) = e
on the interval [—o0, oo is made, which corresponds to the Hermite polynomials. However, I
want to emphasise that the structure presented here holds for every ensemble with exponent
2 in the Vandermonde.
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The jpdf is often written as

Py(Aq, ., AN) jkdet (Kn(Nj, k) (2.23)
where
pl VW) P (A w (k) pr(Ar)
K(\j, \k) 5 (2.24)
1

=0

is called the kernelEI The structure comes directly from (2.22) and pulling the weight w(\) into
the determinant. Note that I have included the normahsat1on constants h; from (2.18). This
gives the kernel the property

b
/KN(x,z)KN(z,y)dz = Kny(z,y) (2.25)

and allows the N — k integrals in the k-point correlation (2.17) functions to be performed [9]

N! b
P M) = e /] det  (Kn(h, ) din - diew
= det (KN()\],)\k)) . (2.26)
Jk=1..k

The determinant structure of the correlation functions gives rise to the name determinantal
point process (DPP), see for instance [9]].

The special case of the 1-point correlation function, also known as the spectral density and
denoted by p(}), is

N—

—_

w(M)pi(V)? . (2.27)
j=0

This will be of particular interest for the ensembles considered in this thesis. The spectral
density of the GUE is [8]

1 N—-1 2
plup(\) = 22%( ) (2.28)

pi(A) =

where o is the width of the Gaussian entries in the original matrix, see (2.1). (Being able to
choose this becomes relevant in Chapter [4})

'There are two conventions for defining the kernel, with or without the weight function. T will include the
weight function in this thesis.
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Recurrence Relations and Christoffel-Darboux

The kernel may be simplified with the Christoffel-Darboux relation. Derivation of this will
also help show some of the properties of orthogonal polynomials. I start with the three-step
recurrence relation

wpj() = pir1(z) + dpi(x) + ol pj (), (2.29)

where
b
oz;? = hjl/ w(x)z pj(z)pk(z)de . (2.30)

This can be realised by expanding zp;(z) in terms of the orthogonal polynomials (because they
form a complete set)

j+1
wpi(x) = Y afpi(x), (2.31)
k=0

where oz;? is the same as above. See also [45]. Note that, because of orthogonality, ozg‘? = 0 for

J < k — 1. Note also that ag_l = h;j/h;—1. This follows from the fact that p;(x) is orthogonal
to any polynomial of degree less than j and that the polynomials are monic. So, inside the
integral, only the 2/ part of zp;_1(z) is relevant and it gives the same coefficient as would
pj(x). For the next part, it is slightly simpler to consider orthonormal polynomials, denoted by
pj(z), which are obtained by dividing by /h; on either side

X R - R B
zpj(x) = c¢jpjp1(x) + a;pj () + cj—1pj—1(z) , ¢ = ;LH . (2.32)
j

This recursion relation may be used to derive the Christoffel-Darboux formula. Take the fol-
lowing sum of orthonormal polynomials and apply the recursion relation to it

=

-1

N-1
(2= 9) > 0i@hiy) = Y i) (e (@) + alpi(@) + ¢joapya (2))
§=0

™

<
1

~y(a) (esp31(v) + i) + ¢51B51()) |
1

=

= >[50 (espin @) + ¢jo1pja () (2:33)

<.
o

—pj(x) (cjpjr1(y) + Cj—lﬁj—l(y))} :

The p_;-terms are 0 by definition, and all but the pypn—1-terms are cancelled by the next term
in the sum. Divide by « — y (for « # y) to obtain the final version of the Christoffel-Darboux
formula

N-1

> pi(@)pily) = ey NP Nl(yi_i N1 (@)PN () (2.34)

<
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Note that this is exactly (2.24). The special case = y can be found with 1'Hopital’s rule
N—1

pj(x)pj(r) = en-a <<jxﬁjv($)> PN-1(7) — <;;15N—1(90)> ﬁN(fL‘)> ,  (2.35)

j=0
which is applicable to the spectral density.

Calculating Orthogonal Polynomials

So far I have simply assumed the existence of the orthogonal polynomials, but this is not nec-
essary. In general, they may be written with Gram-Schmidt orthogonalisation as

(eoleo) (eoler) ... (eolex—1) 1
pe(z) = det <€1le°> <61i61> <61‘€:’H> e (2.36)
(exleo) (enler) ... (enler_1) 2*

where e, = 2 and (-|-) is the product from (2.18). The product with any lower-order polyno-
mial will vanish because of equal columns. In practice, this is not a viable method to find the
polynomials, so let me now show how this is done. Start from the Heine identity [46) 47]

pi(x) = <H(:c—kk)> : (2.37)

k=1

where the average is over the matrix ensemble of size j = NN. This can be proven as follows.
Write out the expectational value

<H(x—)\k > / dz w(z H z— M)A (A2, (2.38)
k=1

k=1

where Z; is the partition function

b
ZIN = / w(z)Ax({z})?dz ... dry

N
= NI s - (2.39)

Note that
J
[T =240 = Aj (A} 2= Ap)
k=1
= 1Sk(’igﬁj+l(l7k—l($l))- (2.40)

Pulling in the extra product into one of the Vandermonde determinant and inserting from

(2.14) leads to
J
1
<H(m—)\k)> =7 > (- )7+’ H/ W(AR)Po(k)—1(Ak)Por (k) =1 (A )Por (1)1 () d A,
k=1 g

0€S;
O”ESJ'+1

= pj(z). (2.41)
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For each term in the determinant the orthogonality leaves only p;(x). The rest of the factors
cancel. The kernel may be obtained in similar fashion

N N
1 o+o’ >
<H(x — )y — Aj)> = - > (=t H/ W(Aj)Po(5)~1(Aj)Por (j)—1(Aj)
i=1 N o,0'€S =170
J N s N+1 J
Xpo'(LJrl)fl(x)pa’(NJrl)fl(y) dA;
N+1

1 pr(@)pr(y)
= —S N[ nj_
zw 2N L

i pN+1(2)pN (YY) — PN (2)pN11(Y)
N vy
= hNKN+1(x,y). (242)

Note that the orthogonality here reduces the sum over configurations to a simple sum over the
final terms. With this, all ensembles with 5 = 2 may in principle be solved. The difficulty lies
in writing in a closed form. As an example, let me show the derivation of (2.28). Start
with the set of polynomials from and rewrite it in terms of the original matrix X from

22)

pj(z) = <H(9€ - )‘k)>

k=1
= (det(z1; — X)),
1
o / [dX]det(z1; — X)exp [—2 T&«XQ] , (2.43)
g
where the measure [dX] is over the independent entries of the matrix X. I express the deter-

minant as a Grassmann integral over a vector v of anticommuting variables, see [9, 48, 49] for
an introduction to supermathematics. This yields

pj(z) o / [dX][di)] exp [—012 Tr X% — Tr (21, — X) wﬁ] . (2.44)

I have collected the Grassmann variables using the cyclic property of the trace. The sign comes
from anticommuting them. Performing the integral over X gives

plo) o [Uxfvlen |- 2 T - Tty - X) v

2
x / [dy] exp [2 Tr bt — 2 Tropnt ] (2.45)
Using bosonisation [50| 51, 52], I rewrite the integrals over the Grassmann variables as a con-

tour integral Piy — %iew and obtain

2
o .. oy
pj(z) o /0 ge_”@exp [e2ze+:ew] ) (2.46)

which is the contour integral representation of the Hermite polynomials. Adding the weight
from (2.14), normalising, and inserting in (2.24) leads to (2.28).
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Another example of a determinantal point process that will become relevant later is the set
of antisymmetric Hermitian matrices (GAOE). With the matrix size N = 2n + v, v € {0,1} to
distinguish between even and odd size, it has the density [8]

n—1
N,v 1 _2>\2 2
ProE(A) = Z it 0_3/2 52 e " Hajty (\/5 )\) ) (2.47)
=0 V22 =32(25 4 v)l

where H;(x) are the Hermite polynomials. I will go into more detail about the different en-
sembles and symmetry classes in Section[2.3]

2.2.2 Skew-Orthogonal Polynomials

An important part of the orthogonal polynomial machinery is the structure (2.22), where the
product of two Vandermonde determinants allows a matching of two polynomials of the same
order, which leads to (2.25). For 3 = 1 skew-orthogonal polynomials are used instead, where
the idea is to match consecutive orders within the same set of polynomials (usually even and
odd powers). One also has to distinguish between even or odd matrix size of the ensemble.

In this section I introduce the polynomials in the form they are needed for Chapter 3| Here
the ensemble builds a Pfaffian-point process, which means that the k-point correlation func-
tions can be expressed in terms of three kernels I}/, S}, and Dj,, which depend on the corre-
sponding skew-orthogonal polynomials and their integral transforms,

PO ) S (i Ad) )]
Rl/)\j.”’)\ — Pt ?/ » ) ’Z (R} , 2.48
k(A1 k) K =S (Ais Aj) - Dy(Xa, X)) Ly 4

where the Pfaffian is defined as
(PE(M))*> = det(M) (2.49)
for an antisymmetric, N x N matrix M with N even. Alternatively, given the pairs

& = {U1,k1), U2, k2),- -, (Uny2, knvy) t (2.50)

with j; < k; and j1 < ja2 <--- < jpn/2, and given the corresponding permutation

1 2 3 4 ... N-1 N
T = |. ‘ . 2.51
¢ {7 ki j2 ko ..o N2 kg @51)
the Pfaffian may also be defined as
PE(M) = > sign(me) M, o, Mjy oy - My 1y k) - (2.52)
3

The inner bracket of (2.48) reflects the fact that I consider a 2 x 2 block matrix kernel in the
Pfaffian determinant. I will elucidate this structure below, which also depends on the matrix
dimension. As an example I will consider the chiral orthogonal ensemble (chGOE) given by

0 W
X = (—z’WT 0), (2.53)

where W is an n x (n+v) real matrix without further symmetries. Note that it is n even or odd
that has to be distinguished rather than N = 2n + v. The eigenvalues also come in =+ pairs,
which makes the argument of the Vandermonde squared A, ({\?}).
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Skew-Orthogonal Polynomials for Even Dimension

For even matrix dimension n = 2m, m € N the inner product is

(1 f2)e = —{fon fi)e = /0 " e /0 " dy fu(@) fay)Go (), (2.54)

“u 1
(&

where the subscript denotes the even case. The two-point weight function is denoted by
Gy (z,y), which comes from the jpdf, which has the structure

P (M, An) = Gy A ({0%)) PEIGL (A, M), e (2.55)

e

Because I need different weight functions for the even and odd cases, I denote these G, (x,y)
and H,(z,y) respectively. This notation is chosen to align with Chapter 3| which follows
[AKMV].
The orthogonality conditions are
05 08 = (@), aS))e =0 and (S, a5))e = W05, ki1=0,....m—1.  (256)
The three kernels that determine the k-point correlation functions (2.17) can be expressed in
terms of these quantities as [8,[9, 53]

a5 (y) — a5 (2)py) (y)

14 p ]
Som(z,y) = 2j 9 7 (2.57)
=0 2j
m—1 () \-(v) ) ()
(@)Dy (y) — Dy ()35 (y
D (xy) = Y 2 (D | )h(y) w00 | Gy (2.58)
Jj=0 27
m-1 () \ () W) (o)
Jx . — R .
B (oy) = a5 (x)pa; (y) (V)pzj ()a3; (v) ‘ (259)
=0 ha;

Here I have introduced the following integral transforms of the polynomials:

(@) = /0 dypd) (1)Go(z,y) and G (z) = /O dyal) W)Go(z,y) . (260)

The spectral density is given by (2.48) for k =1,

RY(N) = 8%, (A A) (2.61)

As an example, consider the chGOE (2.53) where G, (z,y) = (zy)e 2@ T¥")sign(z — y) and the
polynomials for even j are [25]

i

(@) = (_jzi)j L (4a%) | (2.62)
il

@) = g (G0 (1) - L (1) - G (47) @)
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The second line has been rewritten with the following identities for generalised Laguerre poly-
nomials [54],

LY V) =LY(2) - LY () and LV (2) = ( +v) LY (2) — LY (2) . (2.64)

j_

The special case of the spectral density is

= 22H2(2))

RY()) : / h du(hu)”e 2" "2V gign (A — u) (2.65)
(25 +v)! Jo

j=0
X [;;gy (42?) <(2j + 1LY, (4u?) — (2 +v) (Lg;> (4u?) + LY, (4u2))> -\ e U)} :

The chiral orthogonal ensemble will function as a limiting case of the ensemble considered in
Chapter

Skew-Orthogonal Polynomials for Odd Dimension

For odd dimension n = 2m — 1 with m € N the Pfaffian determinant in the jpdf has one extra
row and column containing a one-point weight function g, ()

PO X)) = Cuy A ((32)) PF| G20 90(Y) . (266)

—9v(Ak) 0 Jk=1,..n

This can also be obtained from for even n = 2m by sending one of its singular val-
ues, say Mgy, to infinity, following the ideas of [55]. This procedure leads to the relation
limys1 Gu(z,y) = g.(2)y”g0(y). For chGOE g, (z) = ave 2’

A standard approach to Pfaffian point processes with odd dimension n is to modify all
polynomials from the case of even n to obtain a skew-orthogonality relation for the polyno-
mials with respect to the one-point weight. I use the ideas presented in [31} [56] instead and

modify the skew-symmetric product while keeping the same polynomials pg.y) (x) and qj(.y) (x).

"o

For odd n = 2m — 1, the skew-symmetric product, denoted by the subscript “0”, is chosen to
be

1o foo = — (o fi)o = /O " e /0 " dy f1(@) fol) o () (2.67)

with the weight

H,(z,y) = G,,(m,y)—g%(j)/o dx/GV(az’,y)—gZ;_](Vy)/O dy' G, (x,9) (2.68)

and the constant
G, = / 0 g, () (2.69)
0

The jpdf (2.66) does not change under replacing G, (z, y) by H,(z,y). The switch simply corre-
sponds to adding multiples of the last row and column to the other rows and columns under
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which the Pfaffian is invariant. Note that H, (z, y) is also antisymmetric. The redefinition (2.67)
of the skew-product immediately implies that

0511 = (g4 1o =0,  forj=12,... (2.70)

This means that any polynomial is skew-orthogonal to the monomial of zeroth order. The
remaining sOP starting from degree 1 in 22 satisfy

05 108 o= (a5 1,05 e =0 and (pY) 1l Yo = h$D 6, 2.71)

for j,k = 1,...,m, with respect to the new skew-symmetric product (2.67). The following
relations are also needed

| k) @) = [ ded) @@ =0, @72)

where j,k = 1,...,m. The kernels of the k-point correlation function (2.48) take a slightly
different form?

m—1_(v) (x)~() (’{)

2?—1(9) - q23—1(37)13g;‘)_1(y) gv(z)

v p j—
Sya(zy) = Y o + 228 (2.73)
1 h2,71 v
j j
m—1 ~(v) ~(v) ~(v) ~(v)
. €T R — . €T .
Dy (xy) = Z g1 ( )p2g—1<3/)(y)192g—1( )G55-1 () (@), (2.74)
j=1 h2j71
m—1 _(v) (v) (v) ()
. €T . — . €T .
I, y(zy) = 421 ()P 2J1(y)(y)p 2j=1 ()21 (4) (2.75)
j=1 haj—1

Here the transformed polynomials are integrated with respect to the new two-point weight

By (2) = /O dypy) () Hy(z,y) and Gy (x) = /0 dyay) () Ho(x,y),  (276)
for j = 1,2,... Due to the additional row in the Pfaffian, the spectral density now reads

m—1 (V) A ~(V) ) — (V) A ~(V) A A
RYA) = S5 (A D)) = Z p2]—1( )%;-1( :L(V) QQ]—l( )P2]—1( ) " gqu( ) .

Jj=1 2j—1

(2.77)

The new term g, (\)/g,, compared to the density (2.61)), comes from this particularity for odd
n = 2m—1. It can be interpreted as the distribution of the smallest singular value of the random
matrix X as it is the only term left for m = 1. Adding more singular values, represented as
new peaks, arise only on the right-hand side of the maximum of this distribution. The new
terms in the sum (2.77) also contribute corrections to the individual distribution of the smallest
eigenvalue due to the level repulsion of the other singular values. The identification of the
term g, (\)/g, with the smallest eigenvalue is therefore not exact, but a good approximation.
This concludes the introduction of the general tools needed to solve the matrix models in
the thesis. Additional chapter-specific techniques will be introduced in the respective chapters.
From here I will look more closely at the models I will consider. This includes the classifica-
tion of symmetry classes and how to extend the classification scheme to transition ensemb]es.

2T use the same names for the three kernels and the normalisation constants, though this is a slight abuse of
notation. Only their subscript indicates even or odd n.
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Cartan .
RMT Class HN Matrix Structure
GUE A Herm(N) H=H' e CNxXN
GOE Al Sym(N) H=H" = H* ¢ RV
GSE All Self(N) H=mnH"rm =mnH*rc CVN Nec2N
GAOE | B|D ASym(N) = —HT = —H* ¢ iRV*N
GASE C ASelf(N) H=—-nH'rn=—nH're CVN Ne2N
chGUE | AIIl | Matc(n+ v, n) H= { W(% Vg } , W e glntv)xn
hGOE || B|DI | Mat =] Y W e RO
C \ atr(n + v, n) =t o W= €
0 w * (n+v)xn
chGSE CII Matg(n+v,n) | H = wt oo | W =nW*p e C , n,v € 2N
0o w T N/2xN/2
GBOE CI Symg(N/2) H=| i o [ W=wlecC , N € 2N
0o w T N/2xN/2
GBSE | DII | ASymg(N/2) H=| i o | W=-WreC , N €2N

Table 2.1: The ten symmetry classes given in terms of the acronym of the Gaussian random matrix
ensemble (first column, notation follows [68]) and the symbol from the Cartan classification
scheme (second column, see [12}/57,59]]). The third column is the matrix space of the class [12}
57,59], and the fourth column shows the structure of it in matrix form. The matrix 7 denotes
the second Pauli matrix. The first five rows are the non-chiral classes, the next three are the
classical chiral ensembles where N = 2n + v. The last two rows are the two Boguliubov—de
Gennes classes. For the symplectic cases (third, fifth and eighth row) the dimensions N, v,n
all have to be even. This table is printed in [KMS] and continued in Tables and

2.3 Symmetry Classes

There are ten symmetry classes of Hermitian operators in total, which have been classified by
Altland and Zirnbauer [12,57]. Five of the ten classes exhibit a chiral symmetry and the other
five do not. In this section I review this classification. Substantial further treatment may be
found in the literature, see for instance [8, 9} 57| 58, 59, |60} 61] for symmetry classifications
in RMT and [12} 24, 58, 162, 163, |64} 65, 66| 167, 68] for the classification of these symmetries
in physical systems. Some of the considerations in this section are made in anticipation of
the calculations made in Chapter ] I therefore include the needed groups here to keep the
discussion in one place.

In Chapter [5]I will also consider non-Hermitian matrices. The classification of these is not
yet clear and several schemes with different number of classes exist [60].

2.3.1 Properties of the Classes

Let me briefly go through some properties of the different classes that will be relevant for
future use, especially the number of exact zero modes, which I denote by v». Where confusion
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can arise, I denote the broadened zero modes of the unperturbed ensemble of Chapter @ by .
These discussions are summarised in Tables and

Non-Chiral Classes

The non-chiral symmetries may be described through the three number fields of real (R), com-
plex (C), and quaternion (H) numbers. These three fields each have a corresponding group:
The orthogonal matrices O(XN), the unitary matrices U(/V), and the unitary symplectic matri-
ces USp(N) with N even. They are also the maximal compact subgroups of the general linear
groups G = GIr(N), Glc(N), Gla(N), respectively.

There are two Hermitian subsets invariant under O(/N) which are the real symmetric ma-
trices # = Sym(/V) and the imaginary antisymmetric matrices # = ASym(/N). The same holds
true for the quaternion case where it is the self-dual Hermitian matrices # = Self(N) and the
anti-self-dual Hermitian matrices H = ASelf(/V). For the complex case only the Hermitian
matrices H = Herm(N) are invariant under U(N).

For the calculations in Chapter {4} I will need the projection of U to its last v rows. That
is, not the whole group K = O(N), U(N), USp(N) but the corresponding Stiefel manifolds
Ky = O(N)/O(N —v),U(N)/U(N — v),USp(N)/USp(/N — v). The last case also requires v
even. The space Ky can be embedded into v x N matrices which are given by the matrix
spaces Gy = Matgr (v, N), Matc (v, N), Matg (v, N).

Chiral Classes

There are three standard chiral symmetry classes [24], where

0w
0o (WT 0) (2.78)

isareal (W € Matg(n+wv,n)), complex (W € Matc(n+v,n)), or a quaternion (W € Matg(n+
v,n) with v and n even) matrix with N = 2n + v. See also the structure in (1.3).

The remaining two symmetry classes are the Bogoliubov—de Gennes type where W is either
complex symmetric Symg(n + v = n = N/2) or complex antisymmetric ASymg(n +v =n =
N/2). In both cases this structure is invariant under transformations of the unitary group
K = U(N/2), but the unitary matrix U = diag(V}, V) has the condition V; = V.

The Stiefel manifolds are now Kz = O(n+7)/O(n+v — (n' + ') x O(n)/O(n—n'), U(n +
v)/U(n+v—(n'+v"))xU(n)/Un—n'),USp(n+7v)/USp(n+v—(n'+1')) x USp(n) /USp(n—n’)
for the three classical chiral ensembles with 2n’ + 1/ = . As for the non-chiral ensembles,
the embedding in a flat vector space is needed which here is G; = Matg(n’ + v/,n +7) ®
Matg (n',n), Matc(n' + v/, n + v) @& Matc(n/,n), Matg(n’ + v/, n + v) & Matg(n’,n). For the
two Boguliubov—de Gennes classes the two spaces are K; = U(N/2)/U((N —7)/2) and G5 =
Matc((IN —7)/2, N/2). Let me again emphasise that NV and v are even here as well.

2.4 Exact Zero Modes and Topology

As stated above, several of the classes have eigenvalues exactly at the origin. These are of
particular importance, as they are related to the topology of the underlying system through
the Atiyah-Singer index theorem [13]. This means that a study of the exact zero modes by
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TWO-MATRIX MODELS AND SYMMETRY TRANSITIONS

CRMT | e G
GUE U(I]Jé]i)g) Matc (7, N)
GOE OS\E% Matg (7, N)
GSE US[;S(IJ)V% Matg (7, N)
GAOE ()((z)v(]i)a) Matg (7, N)
GASE US[;S(IJ)V(N)ﬁ) Matg (7, N)
hGUE | +UD(714E73)+ 7 G (g(f)n,) Matc(n' + 1/, n + ) @ Matc (i, )
chGOE | oo +Oﬁ(n—tf’)+ 5% 5 ((T)ﬁ)n,) Matg (n + v/, n + T) & Matg (n/, n)
chGSE | 5o (:ipzfyit:)+ 7 % T3 Ui{j(f)n,) Matg (n/ + v/, n + ) & Matg (n', n)
GBOE (((/3))/2) Matc(7/2, N/2)
GBSE ((N(N/f))/ ) Matc(7/2, N/2)

Table 2.2: Continuation of Table[2.1] The order of the rows is the same. For the chiral classes 2n/+1/ = 7,
where n’, 1/ are the matrix size and zero modes of the perturbed zero modes and v is the
number of zero modes in the unperturbed ensemble, all in Chapter[d The first column again
shows the acronym of the ensembles [68]. The second column is the corresponding Stiefel
manifold /C;, which here simply is the projection of the diagonalising unitary matrix U to
its last . The third one shows the matrix space Gy, to which Kz may be extended. These
quantities are relevant for Chapter §] This table is also printed in [KMS] and continued in

Table

extension is also a study of the underlying topology. The intuitive explanation comes from
eigenvalues of Hamiltonians typically being related to the inverse length scales. This means
that an eigenvalue exactly at the origin is related to properties on the scale of the whole system
size. Topological zero modes see application in high energy physics [69,70] as well as in solid
state systems [71}72]. For the latter, see also Section

Being closely related to symmetries of the system makes the zero modes very susceptible to
perturbations that break the symmetries behind them. I investigate such perturbations more
closely in Chapter |4 Here the bulk is left unaffected to first order in perturbation theory,
whereas the zero modes are spread out immediately.

2.5 Two-Matrix Models and Symmetry Transitions

Apart from the pure symmetry classes considered in the previous section, it has proven nec-
essary to extend to multi-matrix models, see for instance [14} 15, 30, 56| 73, 74} 75, 76, 77, [78].
These models allow investigation of ensembles that transition between two or more symmetry
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[ RMT | Py | v | ZeroModes, v |
GUE Herm(7) 1 0
GOE Sym(v) 1/2 0
GSE Self(v) 1/2 0

GAOE Sym(v) 1/2 0,1
GASE Self(5) 1/2 0

chGUE || Herm(n' +7') @ Herm(n') | 1 Ny
chGOE || Sym(n'+7') @ Sym(n’) | 1/2 Ny
chGSE Self(n’ +v') @ Self(n') | 1/2 2N
GBOE Herm(v/2) 1/2 0

GBSE Herm(v/2) 1/2 2N

Table 2.3: Continuation of Tables[2.1|and where the order of the rows is the same, and first column
again shows the acronym of the ensembles [68]. The 2n’ + v/ = ¥ for the chiral classes.
The Hermitian matrix spaces Py given in the second column may be employed to rewrite
the Haar measures as Gaussian integrals. This is relevant for Chapter [} and 7 denotes the
number of zero modes in the unperturbed ensemble in that chapter (to distinguish it from the
number of zero modes of the matrix ensembles in this table). Also needed is the parameter
in the third column. It is essentially the exponent of the determinant that can be obtained by a
multivariate Gaussian integral. The final column shows the amount of possible zero modes.
The first three columns of this table are also printed in [KMS].

classes. The two-matrix models I consider are of the form
M = A+aB. (2.79)

Here A and B belong to different classes, and picking a € [0, co[ allows each of the matrices to
dominate in turn. M = A for a = 0, the two matrices are on equal footing fora = 1,and M = B
for a — oo (after rescaling). The ensembles I consider in Chapters[3|and [ are both of this kind
and illustrate the slightly different interpretations of (2.79). In Chapter 3|1 consider the full
transition between two symmetry classes. The goal is understand the behaviour of a specific
ensemble for every value of a, and the structure of both jpdf and k-point correlation functions
is therefore studied in detail. This is in contrast to the ensembles in Chapter [}, where a is
considered as a perturbation. Here one can see how an ensemble behaves when its symmetry
is weakly broken. The specific mechanism under scrutiny in Chapter {4f is the breaking of
symmetries that give rise to zero modes.

Typically, A and B are in different symmetric spaces, but it is not necessary to restrict them
to one of the ensembles outlined in Section In general any substructure is allowed, and as
I will show in Chapter[d) it is in some cases not necessary to average over the spectrum.

2.6 Solid State Physics

In this section I move away from random matrix theory to give a short introduction to the
topics in solid state physics that will be relevant in the later chapters.

This section is based on unpublished work done with Jacobus Verbaarschot during my stay
at Stony Brook.
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2.6.1 Kitaev Chain

Consider a simple model that shows how Majorana zero modes appear in a chain of Fermions,
introduced by Kitaev in [35] and followed elsewhere, such as [36]. While quite far from a
realistic system, it still encaptures some of the essential features. The model is

N N
H = —pu Z ey — Z(tClCm_A,_l + |Alecpcoty + hec) (2.80)
x=1 x=1
for p = 0 and t = |A| it reduces to
N-1
H = —ity YBaYawt1, (2.81)
=1
where
1 72 .
& = ¢ (e tivaa) - (282)

The Majorana operators y obey the Euclidean Clifford algebra {va,z, Va2’ } = 20aa/0247, 50O they
may be represented as odd- and even-dimensional y-matrices.

The operator depg = (74,1 + iyB,N) corresponds to the non-local end fermion, meaning a
fermion consisting of the Majorana operators at either end.

Each of the terms in the Hamiltonian commute with each other, so they may be diago-
nalised simultaneously. Each term squares to —1, so each eigenvalues must be i and the
eigenvalues of H is just the sum of these. It is never possible to create a zero for an odd num-
ber of terms (N even). For odd N note that each product of two consecutive y-matrices have to
be uniformly different. This makes it a combinatorial problem, and thus the amount of zeroes
is 2( N]\/IQ). The end fermion shows that the states are degenerate as [denq, H] = 0, and as this
is a creation/annihilation operator, one may create an extra state with zero energy. This is the
Majorana state.

I look again at the original model in (2.80) and express it in the basis H = YHV, where

T
C1 CI
cN _ ol
U = i , = |"N , (2.83)
G C1
%

CN CN
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'195-4-3-2-1012345 1(35-4-3-2-1012345

Figure 2.1: The spectral flow of the Kitaev chain with the disorder of Equation . That is, the eigen-
values ¢ of the matrix in Equation are plotted as a function of the chemical p with
the parameters A = 2.66,¢t = 1. The parameter « sets the strength of the disorder, which
broadens the single levels to a band. Left: N = 7 odd. The zero modes may be seen as the
crossing lines at the origin. Right: V = 6 even. In this case the smallest eigenvalues do not
cross, because there is no zero mode present.

which makes the single particle Hamiltonian

- —t 0 0 0 -A 0 O
-t A 0
o . . =t 0 —-A
_ 0 0 —t —p O A 0
"= o A 0 0 w t 0 0 284)
—-A 0 t 0
0o . A0 . .ot
o 0 -A 0 0 0 t pu
This may be rewritten with row and column operations as
0 0 0 0 po t+A 0 0
0 0 0 0 t-—A 0
0 0 0 0 0 . t+A
_ 0 0 0 0 0 0 t-—A pu
o= poo t—A 0 0 0 0 0 0 ’ 285
t+A 0 0 0 0 0
0 .o t—=A 0 0 0 0
0 0 t+A nu 0 0 0 0
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which also reveals the chiral structure of the Hamiltonian. Both blocks (here named W and
W7T) have a zero mode for ;1 = 0. Consider the N-dimensional matrix D = diag(1, —1,1,—1,...).
For ;1 = 0 we have DW D = —W, which means det(W) = (—=1)¥ det(DW D) = (=1)" det(W).
The two zero modes therefore appear for odd V.

For the dependency on the chemical potential 1, see Figure where I also add disorder
of the form

H + aHrand, (286)

where H,4,4 is a real symmetric matrix with the structure

S 0
Hrand = (o B s) , §=5T. (2.87)
The topologically protected zero modes are seen as the modes crossing at the origin. The noise
is added to see the spread of each eigenvalue. The behaviour of the zero mode in case pn = 0
and N odd with added noise is treated in Chapter |4, The noise has this substructure because

the symmetry
0 1 0 1
<1 0> Hrand (1 O) - _Hrand7 (288)

is needed, as it corresponds to the algebra of the creation-/annihilation-operators.

Note that the matrix in Equation correspond to the single-particle Hamiltonian, as
opposed to the full many-body version. This would be possible in terms of y-matrices. This
concludes the introduction of the framework in which I will work.






Chapter 3

Transition Between the Chiral
Orthogonal and the Antisymmetric
Hermitian Ensemble

In this chapter Ilook at a transition ensemble where topology is preserved. That is, the number
of generic eigenvalues at the origin does not change during the transition. Chiral symmetry is,
however, broken. One realisation of the corresponding random matrix may be written as

aA W
J=1 —~ 3.1
(o m) o

where A and B are two real antisymmetric matrices of sizes n x n and (n + v) x (n + v),
respectively, W is an n x (n + v) real matrix with v = 0,1, and a is a positive real coupling
constant. The topology depends on whether A and B are even- or odd-dimensional. This is a
more concrete example of a random two-matrix model of the form (2.79), namely the transition
between the ensemble of chiral orthogonal matrices and the one of antisymmetric matrices.

The motivation behind studying such a transition comes from topological insulators. I have
already discussed the classification of these in Section but for reference see [35, 63, 164, 165,
66] or [34, 38| 67] for reviews. Chiral symmetry appears there due to a combination of time-
reversal and particle-hole symmetry, see for instance [34]. Furthermore, with the presence of
disorder Majorana modes in quasi one-dimensional quantum wires with spin-orbit coupling,
the relevant symmetry class is the ensemble of antisymmetric hermitian matrices [79]. It was
subsequently suggested in [39] to study the transition between GAOE and chGOE. The tran-
sition ensemble is one possible choice, and other transitions have been suggested for the
corresponding Bogoliubov—de Gennes Hamiltonian, including the chGUE. I will not repeat the
arguments for the respective symmetry transitions here, but refer to [36}37].

A Gaussian weight is chosen for simplicity, but it is expected that the model will cap-
ture the statistical properties of the topological insulators in the limit of large matrices where
universality of the spectrum is typically found, based only on the global symmetries.

Especially the regime a > 1 for n odd and v = 0 may be relevant for the topological
insulators. Here the zero modes of the antisymmetric matrices A and B, present for a = oo, can
be identified as a pair of Majorana zero modes at either end of a quantum wire [35, 37,39, [79].
When closing the spectral gap with a magnetic field and neglecting higher order corrections,

25
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the Hamilton splits into a direct sum of two antisymmetric matrices. This is mirrored by (3.1),
which for a = oo the Hamiltonian J splits into A and B. They are chosen independent to make
the model analytically viable. They are therefore not the same as in the physical situation, but
the important features should be preserved. The matrices W then act as a perturbation of the
zero modes and model impurities, thermal fluctuations, or inaccuracies in the experimental
setup. This regime will also be treated in Chapter {4{for small 1/a.

The model may have an arbitrary amount of zero modes for a = 0 if extended to
v € N such that the random matrix W becomes of size n x (n + v) [25]. Here I restrict myself
tov=0,1.

This chapter is based on the work in [AKMV].

3.1 Symmetry Transition and Main Results

As this chapter is rather technical, I start by reviewing the main results before going into the
details. I will show how this ensemble is of the type described in Section and how the
random matrix theory machinery may be used to solve it.

3.1.1 Random Two-Matrix Model

I will be working with the transition ensemble in a form that differs slightly from (3.I), but as
shall be seen, they are equivalent. The random two-matrix ensemble is of the form

J = Y+X, (3.2)
where the matrices are drawn from the normalised distribution
a2 —N(N-1)/4 7T(1 . CL2) —n(n+v)/2 1 ) 1 )

Here a € (0,1) is a real parameter and N = 2n + v is the size of J. The first matrix Y is an
N x N antisymmetric Hermitian matrix, which means that it can be written as

Y = iH, (3.4)
where H = —H7 is real antisymmetric. The second matrix X is a chiral antisymmetric Hermi-
tian matrix of the same dimension as Y,

0 W

where W is an n x (n + v) real matrix without further symmetries. The parameter v = 0,1
takes two values and indicates whether the total matrix dimension N is even (v = 0) or odd
(v = 1). For this reason v counts the number of exact zero eigenvalues of the matrix J, in-
dependently of the transition parameter a. I therefore call v the preserved topology. The two
random matrices are equipped with flat Lebesgue measures for all independent matrix ele-
ments, [dY] = [[, Hi]\ij:Q dH; j and [dX] = [[i-, [[}2 dW; ; on the real numbers. This is

]:
equivalent to the above stated normalisation in (3.3), i.e.,

/ [AX|[dY]P(Y,X) = 1. (3.6)

Note that the limits @ — 0 and a — 1 yield the two classical ensembles between which a
interpolates.
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3.1.2 Pfaffian Point Process

The first main result is the general structure of spectral statistics of the eigenvalues of (3.2).
The jpdf of of the eigenvalues (A1, ..., £\;), with A\; > 0 the singular values of the random
matrix J distributed according to (3.3), is given by a product of the Vandermonde determinant
and a Pfaffian

Pf[ GZ,()\j, )\k) ]j,kzl,...,n s for n =2m s

(3.7)

Pé”)()\l, s An) = Cup Ay ({)‘2})
Pt [ Gy(Nj, Ak)  gu (X)) for n =2m + 1.

— g, () 0 Lk_l K

) IR

As can be seen, the specific form depends on n and v.
The antisymmetric two-point weight function G, (z,y) = —G,(y, x) is explicitly given by

(see Appendix

ma?(1 — a?
R >(erf oy~ o) ert e + )
9 V2 2
_5y71ﬁ o du erf [\/57(:10 +y) — u} e ) (3.8)

with v = /(1 — a?)/a?, and the one-point weight function can be written as

ra2(1 — a? v
9(y) = (8) exp [—2y°] (y erf [\/iw]) (3.9)
with
) o 1302 /1 — a2 (v+1)/2
gy, = /0 dz g, (x) = 39 < o > . (3.10)

The integral [~ da'G, (2, y) needed in the skew-symmetric product for odd n is computed in

Appendix

The normalisation constant reads

2% 2 (34+n+v) n—1

Cpo = : 3.11
Y an(1 - a2)z () U (37) (j+u+1) (3.11)
= P P
such that the jpdf is normalised to unity,
H/ d\j PYM\, o) = 1. (3.12)
170

The k-point correlation functions are given as in (2.17) and can be expressed in terms of
three kernels I}/, S}, and D}, which depend on the corresponding skew-orthogonal polynomi-
als and their integral transforms, see (2.48).
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The explicit expressions for the three kernels are different for even and odd n and are given
below. The corresponding skew-orthogonal polynomials also depend on the matrix dimen-
sion, though both n even and odd share the Heine-like formulas, extending (2.37),

p;.y)(l'> = x " (det(zloj4, — J)>j,u )

v — 1 v
@) = a7 <det(x12j+y ~J) <x2 +5 T )(a)> > - (3.13)
7V

Here (...) indicates the average over the matrix J with the dimensions (n,v) — (j,v). This is

shown in Appendix|A.2| The constants c§-") (a) are arbitrary as the polynomials are not uniquely

defined by In Section [3.3]T show that these polynomials have the representation

_4 )2
(

p(.V) (x) = x*”74 /00 dy /OO dX e_ﬁykl—a?
J m™1l—a*J)_x o0
. 1 11 (v v

qj(- )(ac) = x77 [332 - —02+ Og2 + cg- )(a)} (x”pg )(x)> . (3.14)

iy 4+ A4 x) (iy — N+ x)7

a

16 ° 2

The constants 5§V) (a) differ from ng)(a) by a shift. This representation of the polynomials
p;,,) (x) is only valid for 0 < a < 1 because of the integrand. Other representations are available

in Section 3.3 that extend to a > 1. The normalisation constants of the these polynomials are

ra2(1 — a2+
94j+2v+7

g NG+, (3.15)

see (2.19).

I would like to emphasise that p§-y) (x) and qj(”) (x) are monic polynomials of degree j and

j + 1 in 2? respectively. The index is therefore not the degree in z. For the classical ensembles
that are given by Pfaffian point processes, the sOP given by (3.13) come in pairs of even and
odd, see e.g. chGOE in Section The polynomials py') () and "

J
role here. For n = 2m even, only the polynomials pg;)(x) of even degree 2k in 2% and the

(x) play a slightly different

polynomials qg,;) (z) of odd degree 2k + 1 in x2, for k = 0,1,2,... are needed. For n = 2m + 1
odd, only the polynomials pg]?_l (z) of odd degree 2k — 1 in 2% and the polynomials qg,;)_l (z) of
even degree 2k in 22, for k = 1,2, ..., are of use.

These polynomials are inserted in the kernels described in Section See Figure (3.1 for

plots of the density for even n and Figure 3.2)for odd n.

3.1.3 Equivalence with a Three-Matrix Model

While the form (3.253.5) will be more useful for later calculations in this chapter, let me as a
final note show the connection to (2.79) by showing it can be written as

aA W
J = 1 —~ 3.16
Z( -wT aB ) ’ ( )
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5 n=4v=0 | n=4 v=1
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Figure 3.1: The spectral density RY(\) taken from the analytical result (solid curves) with polyno-
mials from (3.14) compared to Monte-Carlo (MC) simulations (symbols) for n = 4 even with
v = 0 (left) and v = 1 (right) at three different values of a = 0.1 (triangles), 0.5 (crosses), and
0.9 (squares). The ensemble size is 10° and the bin size approximately 0.1. This figure has
also been published in [AKMV].

where the three individual matrices are distributed according to the normalised density

P(A,B,i¥) = <E) —N(N-1)/4

5 exp [Tr AAT + Tr BBT — 2Tr WWT} . (3.17)

The anti-symmetric matrix Y = iH is spelt out in block form

{ AV , A V+W
Yy = z<_vT B> = J:Y+X:z(_vT_WT J5 ) (3.18)

The matrices A and B are real antisymmetric of dimensions n and n + v, respectively, and V
and W are real rectangular n x (n + v) matrices. The probability density reads

_ N(N-1) 9 _n(ntv) ~ _
Ta ) 1 (w(l —a®) 2 eaiz(TrA2+TrB?')fa%TrVVT771_2a2 TWw?T
2

. (3.19)

One can identify

. A VAW _ [ ad W
J = - 3.20
Z(—VT—WT B ) Z<—WT aB>’ (320
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Figure 3.2: The spectral density R} ()) taken from the analytical result (solid curves) with polyno-
mials from compared to Monte-Carlo (MC) simulations (symbols) for n = 3 even with
v = 0 (left) and v = 1 (right) at three different values of o = 0.1 (triangles), 0.5 (crosses), and
0.9 (squares). The ensemble size is 10° and the bin size approximately 0.1. This figure has
also been published in [AKMV].

and relate the two densities by

P(A,B,W) = / §(A— A/a)§(B — B/a)§(W —V — W)P(Y, X)[dA|[dB][dV][dW]  (3.21)

N(N-1) n(n+v)

2 - 4 1— 2 - 2 —1 —+v +rv—1
_ (w;) <7r( 2a)> M) ()b )

2 2 W w
/eTrAQ—l-TrBQ—aQTrVVT— Tr (W_V)(W_V)T[dV]

X 1—a?

N(N-1) _ n(ntv) n(n+v)

_ La2 -4 (1 —a?) 2 R (vl ma?(1 — a?) 2
2 2 2

2 2_ T
><€TrA +Tr B=—2Tr WW )

After evaluating the J-functions, the integral over V' is shifted by aQW, which decouples the

matrix W. The Gaussian integral over V is finally done, leading to the last line. (3.17) is
obtained by simplifying the constant.
This concludes the statement of the main results, and I will now go into the details of each.

3.2 Joint Probability Density of the Eigenvalues

The first step is to show the structure of the jpdf, that is, the results (3.713.11). For most of
the derivation, the four cases n, v even and odd will be treated simultaneously. I will indicate
when they differ.
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The starting point is (3.3) and, with a change of variables Y — J = Y + X while keeping
the matrix X unchanged, the pdf reads

9 2n+v)(2n+v—1)/4 9 n(n+v)/2
P(J,X) = () () (3.22)

ma? (1 —a?)

1 2
X exp [—azTr J? — Tr X2 + ETr JX} .

a?(1 — a?)
The Jacobian is unity. The next steps are as follows. First I block-diagonalise the matrices .J
and X. These transformations are standard and have well-known Jacobians. Next I integrate
out the angular degrees of freedom, which is more complicated because the term Tr J X retains
the group integrals. Fortunately these may be rewritten as the Harish-Chandra integral, which
is a known integral. Finally, I perform the integral over the eigenvalues of X to find the jpdf of
the eigenvalues of J.
The antisymmetric imaginary matrix J can be brought to block-diagonal form

J = i0OAMOT (3.23)

where

. ) . (3.24)
diag (Ai12,..., A\pim,0) , for N=2n+1 (r=1),

A {diag (AiTa, ..., Anim2) for N=2n (v=0),
N =
and O is orthogonal. This follows from Cartan’s Theorem. The matrices J and A, are both
of size N x N, and A, contains the eigenvalues pairs +\;_; ., of J, written with the second
Pauli matrix 7. Each of the blocks are invariant under the orthogonal group, and therefore
O € O(N)/O(2)". The subscript of A indicates which set of eigenvalues are considered. The
same notation is used below for X.

The Jacobian for (3.23) is known [80]. In terms of the Vandermonde (2.13) and the nor-
malised Haar measure on the orthogonal group [dO)]

dJ] = 2t ) O] Hd)\ A2 AL (22, (3.25)
TG+ D (i +v+3) '

with [[dO] = 1. The constant is equal to the quotient of the integrals before and after

[[dJ)exp[—Tr J?] C (ry2) B gulr ) 626
00 - n—1 . . . .
[Ty o™ A An(2h2exp -2 37, 02 TS TG+ 2T (G +v+3)

The constant a has been set to 1 for the calculation of the norm. The exponent comes from
TrJ? = 2) A (3.27)

and J having N(N — 1)/2 independent real matrix elements. The denominator comes from
a Selberg integral (2.16) for 8 > 0 and x > —1. The eigenvalues pairs +x;—1,., of X (3.5),
the singular values of W, are treated the same way. Using the singular value composition



32 CHAPTER 3. TRANSITION BETWEEN chGOE AND GAOE

W = Pdiag(z1,...,7,)QT, where P,Q € O(n) forv =0,and P € O(n) and Q7Q = 1,, with Q
of size (n 4+ 1) x n for v = 1, one finds

_ (L0 0 diag(z1,...,zn) PT 0
X = Z<0 Q><_diag(x1,...,xn) 0 )( 0 QT>' (3.28)

I denote this the same way, because a permutation of rows and columns leads to a representa-
tion similar to (3.23),

X = iOAOT (3.29)

with the notation (3.24) for A,. The matrix O is also orthogonal, i.e., Oe O(2n + v), though
with some substructure. However, this substructure will be irrelevant in later calculations.
The Jacobian is also known for this transformation [25] (and a different one than for the
diagonalisation of .J)
5 (ntr+1)

[dX]

: : [dO] - dr;a? | An({2?})] . (3.30)
[T T (4521 (H5) H "

As before, I denote the normalised Haar measure on the corresponding coset by [dO)].
Gathering all constants, the jpdf reads

PY(A, .. ) (3.31)
< 9 >n(n+'/—%)< 9 7"(";”) znﬂ%(n—i—u)
ma? (1 - a?) Il TG+ (G +v+ 3T (12) T (252)
« [0 ( / dxjxgxgv) An({22 DA ({2}
j=1
2n)\2 2 = 2 2 Ty OAOTON,OT
xexp | =55 D A~ gy 2~ g T OM0TOA,

j=1 7j=1

The smaller group O may be absorbed into the larger one O in the coupling term due to the
invariance of the Haar measure. The integral over O is then unity by construction, and the
remaining integral over O is the Harish-Chandra integral [81] over the orthogonal group

9 n—1 . a2\ Pt det [fy(xz)\])m -
/[d(’)] exp [_aQ Tr (’)AAOTAJJ} = (}1}(2] +v)! <4> ) A ({21 A (O2]) Hé:l(mk)‘k)y )
(3.32)

where

fulz) =

{ cosh [%z] , for v=0,
(3.33)

sinh [%1’] , forv=1.
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The details of its derivation may be found in [82]]. The normalisation of (3.32) is determined by
setting the integral to unity for Ay, ..., A, = 0. The jpdf becomes

PW(AL, .. ) (3.34)
r'2j+v+1)
an(1 — a2)§(n+u) n! o TG+ 1)F 4y + ( j+3 ) (j+;+1)

2

X H ()\;’eaz?Aj /OOO d(L‘je a2(1 a2 > ‘A E}x B| ({)\2}) det [fl/($k)\l)]z7l:1 ‘

The remaining integrals over x may be brought to a standard form because of the sign
of the Vandermonde determinant A, ({z*}). This is how the Pfaffian point process-structure
appears, see [83]. The sign of the Vandermonde may be rewritten [84]

M = HSlgDJJ —JJ H51gn

An({xg}) i< i<j
Pf[sign(z; — )]}, for n =2m,
= o sign(w; — ;) | T n f - (3.35)
, for n=2m —1,
-7 ‘ ij=1

where 1 is a column vector of length n with each entry equal to 1. Exactly because of (3.35), I
have to distinguish between even and odd n. After the application the de Brujin integral [84,
Section 4]

Pflai;li for n =2m,
A, ({z? n

/dml...d:cnwz})‘det[cpi(xj)]ijzlz i (3.36)

An({2?}) 7 pf | Lid L% for n=2m+1

_bj ’ )

J=1
with

a; :/0 da:/o dy sign(y — x)pi(x)e;(y) and b; :/0 dx ¢i(z) (3.37)

the weights A/ e in (3.34) can be pulled into the rows and columns of the Pfaffian deter-
minant to yield the final result of this subsection

PEGL (Ai, Ay)]7

i1 for n =2m,

(3.38)

Gy (i, Aj) ‘ o) 1" for n=2m+1

—9v(Xj) ‘ 0 ij=1

Pf
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with
G,(\u) = (Au)’e () / dm/ dy sign(y — x) (3.39)
X e a2(1 a?) (CE +y (.T)\)fy(yu)
ga(A) = /\”6_1122/\2/ dx e_a2(1—a2> fl,(x)\), (3.40)
0
9% (3+n+v) n—1 1
Chv g (3.41)

+ 7w e )

As the integrand is antisymmetric under interchange of integration variables = and y, the
weight function is antisymmetric G, (\,u) = —G,(u,A). Note also that both G, (), u) and
gv(\) are even functions in their arguments X and v, separately. This is of course related to the
fact that J has eigenvalues in pairs around the origin.

As a consistency check, I show that the joint density with n = 2m + 1 odd can be
obtained from n = 2m + 2 even by sending Mg, +2 — 00, following the ideas of [55]

v Azm+2>1 v v
P s dames) BT ) Camta) P O, Ao - (3.42)

The function nénz +2(A2m42) combines the leading power A3, of the Vandermonde determi-

nant Agy,i2({A\?}) with a factor coming from the asymptotic limit of the two-point weight
function G, (A}, Aapm+-2).
For v = 0, Equation (3.8) can be approximated by

2 2
Gols, ) B! U0 =262 g (5)g0(2), .49
where go(z) comes from (3.9) at v = 0. This comes from the asymptotic expansion erf(\) ~
1—e ™ /(A2/7) for A > 1. Pulling out go(z) from the Pfaffian for n = 2m+2 (and keeping
go(s) inside), 7727% +o(2) = 2™go(z) can be identified.
The same asymptot1cs can be used for v = 1 to let the error function in the integral of
go to unity

z 2(1 — a? 2, .2 — a2 42
Gi(s,2) Zl Tm(18a)526—2(s +z){1_<erf [z (1 a2a )]—erf [S (1 aza )])}

z 2 —a? —a?
z! M sz e 252 orf [5 (1-a )] = 290(2)g1(s) - (3.44)

8 a?

Again go(z) can be pulled out of the weight function in the Pfaffian for n = 2m + 2 with

775717)1 +2(2) = 2™ go(2). This leads to the weight function for n = 2m + 1 with g1 (s) from 3.9).
This shows that it is possible to write the case for n = 2m+1 odd as a limit of the case n = 2m+2
even.

3.3 Skew-Orthogonal Polynomials

In this section I derive the results (3.14) alongside other representations of the skew-orthogonal
polynomials. Combined with the normalisation constants, which will be derived in Section
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these will determine the kernels and by extension the k-point correlation functions in the

respective cases of even or odd n. My starting point is the Heine-like formulas [44)}, 56, 85] that
I briefly rederive in Appendix

pgy)(iﬁ) =z (det(zl2j+r — J))jw,

¢ (@) = a7 <det(:c]12j+u —J) <x2 + %TT [7°] + C§V)(a)>> : (3.45)
v

The first articles on transition ensembles [14,[15] do not give a method of calculating the poly-
nomials. The approach we used in [AKMV] is the following. Define a generating function
from which both expectation values follow. I do this in Subsection 3.3.1] The generating
function is computed by first integrating out the matrix X. I then rewrite the determinant over
J inside the expectation value as a Grassmann integral, which allows the remaining Gaussian
integrals over J to be performed. With bosonisation, the resulting expression can be mapped
to a double contour integral. This is the method I used in Section[2.2.T|to calculate the polyno-
mials of GUE. In this form, the polynomials qj(.y) (x) follow directly by applying a differential
operator in x and a to the polynomials p§y) (x). In Section 3.3.2} I present other representations
of the sOP. These are the Gaussian integrals quoted in (3.14), as well as versions in terms of

classical Hermite or Laguerre polynomials.

3.3.1 Derivation of Contour Integral Representations

Let me start by introducing the following function

Q) (x;5) = Dju(a) / [dJ][dX] det(z12)4, — J) (3.46)

1

s
X exp [_aQ Tr [JQ] — 7@2(1 ey

Tr [X?] + % Tr [JX]} ,

where the integrals over the matrices J and X are of size 2j 4 v. An extra parameter s has been
added in front of the term Tr [J?] compared to the density (3.22). The constant is

o \ @D/, N\ iGH)2

na? 1—a?)

and depends on j, v and a, but not on s. The generating function (3.46) can be used to find the

averages (3.45)

. (3.48)

v v v (v a? o v v
x”p§ )(3;) = QE» )(a:;s =1) and = q§ )(m) = <$2 S )(a)> Qg- )(:z:;s)

The following parametrisation in terms of block matrices is used

S AV (0 W
J=1 <—VT B) and X =1 (—WT 0) , (3.49)
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as in Section 3.2} with A and B real antisymmetric matrices of dimensions j and j + v, and V
as well as W of dimensions j x (j + v), respectively. I insert this in the generating function

(o) — D, rl; —iA —iV ~ 5 (2T VVT Tr A2-Tr B2)
QVws) = Dyuta) [alaslaviawiae | Y e

2 Ty 2 T T
e aQ(liag)TrWW +a2Tr[WV +vwt]

n(n+v)
ma?(1 — a?)

= Dj,(a) (2> o / [dA][dB][dV] det [ﬂz]V_T

2
5 (Tr A24Tr B2)— 2= taD) Ty y T
a a .

A iV
i B] (3.50)

Xe

In the second step the integral over W has been performed, which yields an s-independent
constant. I will ignore s-independent normalisation in the following. The normalisation of the
polynomials pg-l') (z) and qj(-l') (z) is fixed by making them monic.
To deal with the determinant, I express it as a Grassmann integral over two complex anti-
commuting vectors 11, and 1) of dimensions j and j + v, respectively, as done in Sectionm
The product of differentials over all independent Grassmann variables (v1,);, (¢} )i, (VR)k

(¢%)k is denoted by [d], and I obtain

a?+s—1)

QW (w,s) o / [dA][dB][dV][d] exp % (Tr A* + Tr B?) — A Tr VVT} (3.51)

CL2
X exp [a:(q/)}m +plR) +iTr Apr) +iTr Bigpol, — i Tr [V%Lw; - Vzpm/;}” .

The trace is projective, which means the antisymmetry of A and B is imposed on the terms
¢2¢ 1, and wLw r, Which therefore can be antisymmetrised as well. I there take into account that
the Grassmann variables anti-commute. I now gather all independent Grassmann variables in
the j x 2 and (j + v) x 2 dimensional matrices ¢;, = (¢, %] ) and ¢r = (¢Yr,¥};) and rewrite
the above equation using the Pauli matrices o1 and o9,

2(a® +s5—1)
a?

QW (z,5) / [dA][dB][dV][di] exp L”; (Tr A%+ Tr B?) — Tr VVT}

x ) 7 7
X exp [2 Tr ioa (oL or + phor) + 3 Tr Aproiot + 3 Tr BqﬁRaﬂbg}

X exp [; Tr Vroid?r — %Tr VquLalgbg}

n(n4+v—1) n(n+v)

ma? 2 ma’ 2
(7)) .
QQ T 2 0/2 T 2
X /[dq/)] exp [_1632 Tr (01¢1,61)" — 162 Tr (01050R) }

2

X exp [;ﬂ Tr ioo(¢]0r + dhoR) — 8@ +s—1)

Tr 01¢€¢L01¢£¢R] :

The Gaussian matrices A, B and V" have been integrated out, which gives an extra s-dependent

normalisation factor. This makes no difference for the polynomial )

i (), because the monic
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normalisation cancels out any factor in front. But for qj('/) (x), the differentiation with respect to

s also acts on this s-dependent prefactor as well as on the integrand, see Equation (3.48). How-
ever, the term from differentiation of the prefactor is proportional to the polynomial p§u) (x),

so it just contributes to the constant cg»”) (a) in (3.45). This shift is denoted by making a shift
cgl’) (a) — é;'j) (a). The previous constant is arbitrary, so the precise value of this shift is irrele-
vant. This modification allows me to drop the s-dependent prefactors in as well.

To perform the Grassmann integrals, I rewrite them as contour integrals with bosonisa-
tion [50, 51} 52]. The crucial observation is that the right-hand side of only depends on
the combinations gb%qﬁ 7, and ¢£¢ R, and that these two matrices are two-dimensional and an-
tisymmetric with the only non-zero entries being two nilpotent scalar variables which can be
represented by Tr o2¢? ¢1, and Tr 02¢%ér. Taylor expanding the function in these two vari-
ables, the Grassmann integrals removes all but the highest order, because it involves the prod-
uct of all Grassmann variables. This term may also be written as a contour integral over two
phases. One can therefore replace ¢ ¢, — ie"¥Loy and ¢phor — ie'¥Roy with o1, R € [0, 27,
which picks out the j’th and (j + v)’th power of these phases, respectively. This identification
is exactly the bosonisation trick [50, 51} 52], and leaves the result for the generating function

27 N 27 o 2 ) .
QW(r,5) /0 f% o—iivr /0 AR —i(j+v)en oy {_gs(e%% + ezl‘PR)} (3.53)
2
o (PL L PR a i(pr+eR)
Xexp{ x(e"Pr + e'PR) 4(a2—|—s—1)e .

The polynomials are then obtained via (3.48) by setting s = 1 for the polynomials pg.u) (x),

Wy _ U+ / Tdor i, / AR i v)en
p; (x) = )7 )y 2n e . on e (3.54)
2

X exp [_C;(GQWL + eBPR) _ gL 4 eiPR) iei(mﬂpa)} :

where the normalisation and ™" have already been added. The normalisation is determined
by expanding the two z-dependent exponential factors —ze'?L and —ze#® in two Taylor se-
ries. The highest contributing powers in 22 are j and j + v, respectively. The rest contributes
only unity for the highest order, and the Taylor coefficients cancel the factorials in (3.54). The
polynomials are therefore

pg.y) (z) = 2% + O(z¥ 7). (3.55)

For the polynomial q](.”) (x) one has to differentiate (3.53) and set s = 1 which yields

Wy _ G+ / oy ijg, / T APR iiiv)en
qj (x) = )7 )y 2n e . on e (3.56)
2

X exp {—6;(621“ + e¥PR) — ("L + PR — lee"(‘“w’%)]

2 a* 2ipr, 2ippR 1 i(er+er) 4 =)
x| x —1—6(6 +e )—ge +¢; (a) ] ,
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where the constant 6§V) (a) is modified as explained above.

The relation between p§y) () and qj(-y) (x) from (3.14) is more clear in this form. The polyno-
(

mials qj”) () may be generated with differential operator in z and a from p§.”) (x), and not with
respect to an auxiliary variable like s, i.e.,

a*—1
2

1 —v ]- ~\V v v
q](- )(x) =z <x2 — E@% + O0p2 + cg» )(a)> (:z pg» )(x)> . (3.57)

The normalisation of (3.56) is also clear from (3.57) and (3.55) as only the multiplication by 2
contributes to the highest power. Equations (3.54), (3.56) and the relation (3.57) are the main
results of this subsection.

3.3.2 Equivalent Representations of sOP

There are other ways of representing the polynomials and that give a sense of how
they relate to known polynomials, and are also useful for taking limits. In this subsection, I
derive 3 equivalent representations: The Gaussian integrals given in as well as sums or
integrals over classical Hermite or Laguerre polynomials.

Representation as Gaussian Integrals

Applying two Hubbard-Stratonovich transformations to linearise the angular dependence in
the exponent of (3.54), the polynomials are

I / . / . / AL i / T dbR it+en
p; (z) = (—2)” av/i—al _oody _Ood)\ . on e . on e (3.58)

4, 4
1+a2? 1=

X exp [— - N — iy + X+ x)eP — (iy — A+ x)ei“"R] .

The angular integrals are now possible to do

4

P () = 2 — / " ay / T e T T iy 4 A v 2y — A+ 2. (359)
J aV1—at )  Jooo

This is the form stated in (3.14). The normalisation is checked by looking at the limit for large

x. For q](.”) (x) the relation (3.57) is used

__4 2 _4 ., 2 . .
dyrdys e 1+ T gy + yo + 2)7 (i1 — yo + 2)7 T (3.60)

v —v 4 *°
q](- )(ac) - /1 —a? /_oo
" (43;2_ U +v =10 +v) (G —=1)j i +v)

Az +iy; — y2)? Az +iyr +y2)?  2(iy1 +y2 + o) (iys — y2 + )

_2a6 — 4y + 4yo? — dat (1? + y2?) + a*(8yr? + 8yo? — 1)>

at—1

This form is useful for taking limits, see Section
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Representation as Hermite Polynomials

Taylor expanding the term coupling the two angles in the second line of (3.54), the two angular
integrals decouple. They are represented as complex contour integrals, integrating counter-
clockwise around the origin.

.' . 'OO
W) = BEEES i e f e SO G

(—af)V =0 —4)kk' 211 Zi_k—’—l 211 Z]R+V_k+1

- <C§>j+y/2 m_yzj: kI —.k()j(jf)k +0)! <_a22>kHj_k (@x> Himtar (@x) '

k=

The sum terminates at £ = j because the poles at the origin disappear for higher £. Identifying
the contour representation of the Hermite polynomials and cancelling some signs for v = 1,

the second step is achieved. The polynomials ¢; w )( ) are found through the relation (3.57) as
before.

Representation as Laguerre Polynomials

Starting from the Gaussian representation (3.59)

5 Ax~V ) oo 4 » .
W) = f e [ e Gy ) - 0+ o=
™1 —a*
4 2 J ]
= d d\e Tz < > iy + 2)20TRHV ()
1 — a* / y/ kzo Y ( )
27 —2k+v
- / dre 1—2A2i 7Y (Yt (3.62)
\f\/ —a? = \k 4

2x . k
XHa(j ky+v (W) (Z)\)Q .

The parity of the integrand in A allows the term (iy + « — A)” in the first line to be replaced
by (iy + z)”. In the second line the binomials expansion and the integral representation of the
Hermite polynomials orthogonal with respect to exp|—x?]

Ho(w) — \2/:; _Oo dt(it + z)e " (3.63)

have been used. The following identity is also needed
o ) o ) o n n
(21)2 n! / dye w )\)QLn(xz + y2) - / dye (=" Z <m) Hy(n—m) (z) Ham (y)

- m=0

_ fz ( ) (202" Hyy oy () (364)
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where the first line is given in [86, Eq. 18.18.40] and the second line follows from [54, Sec.
7.374]. Inserting this into (3.62) at v = 0 yields

(0) _ ( 1+a .y 2i)\a2 71_41(12)\2
p; () = %%W/ /d/\L<1+2 )e(ﬁ)

j1+a )J'H/Q / 42 9 ”‘323/2
Caivama ) dy L; T+ a2 +y 2a . (3.65)

The last line is obtained by completing the square in A and integrating it out.
For v = 1, a slightly modified version of the identity (3.64) is needed. Apply the well-
known relations for Hermite and Laguerre polynomials for £ > 0

(0)
L
aH’fafx) = 2kHy_1(z) and agx(x) =L (2), (3.66)

to (3.64) by differentiating with respect to = and shifting n — 1 — n to obtain

2:5(2@')2”71!/ dy e~ LM (2% 4+ 4?) fz < > (2\) 2mH2(n m)+1(T) - (3.67)

This can be inserted into (3.62)) to obtain the following representation of polynomials for v =1,

W = S

(. 2ix _ 4 2
1+ a?) / dy / dx LY ( 2)e (y maz) =7’(3.68)
223 17‘(‘\/1*&2

So the two cases of ¥ may be unified and, after integrating over ), it reads

, i 1+6L2 j+1/2  poo 5 412 14a2 2
o= E S [ () ew

Using the leading order coefficient of the generalised Laguerre polynomial, given by L(a)( )=

Eo x) + O(2771), it is easily shown that the normalisation is monic for both values of v = 0, 1.

The polynomials qj( (z) are again given by the relation (3.57), but as I will need the explicit

form later, I state it here

Y L o A BN E o (e A N A
q‘y (x) _ W - dy e 2a2 m[/]_2 1 + aQ + y (3-70)

1 1y [ 4z’
— (2w —1-4(1 - a?)2?) LY 2
+2(1+a2)(y (1=a)e?) L gz

+ [ﬁ - M(zjcﬂ BRI “4)y2 + 55,”)(@)} L < A y2> } .

4a? 4at

Laguerre polynomials with negative subscript are formally set to 0. The expression may be
simplified slightly by absorbing the term (1 — a?)(2ja? — 1)/4a? in the constant Eg-") (a).
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3.3.3 Determination of the Normalisation

Now that the various representations of the skew-orthogonal polynomials have been estab-
lished, I turn my attention to the normalisation constants hg-y). These are needed for the three

kernels (2.57) and (2.73).
Direct evaluation of the constants through evaluating the integrals in (2.54) and (2.67) turns

out to be unrealistic, and I therefore use a different method. Because the normalised jpdf can

be written as a product of the polynomial normalisation constants, I can simply compare it to
the known normalisation of the jpdf (3.11). This is a well-known feature of the jpdf [8].

Even Dimensionn = 2m

For even n = 2m the product is

Comy = / d)\l.../ dhomAam ({N°}) PEL Gy (A Ab) 1 k1 om
0 0

m—1
= (m)! [] n%) . (3.71)
k=0
This is inverted
h(,,) _ (2m)! Comw
2m (2m + 2)! Copmian

21_ 2\4dm+-2+v 1 4
_ a*(1 —a?) F<2m+3>r(2m+u+ >F<2m+ >F<2m+u+2>

(2m + 2)(2m + 1)24m+5+v 2 2 2 2
7TCL2(1 o a2)4m+2+u

T 2m)!(2m +v)!. (3.72)

In the first step (3.11) has been inserted, and in the second step the I'-functions have been
rewritten.
Odd Dimension n = 2m + 1

For odd n = 2m there is an additional contribution to the product from the integral over the
extra row and column denoted by g, in (3.10)

HI/()\j7 )‘k) ‘ gu()‘j)

Comiry = /O d\i ... / dAom4180m+1 ({A\*}) Pf

0 —gu (k) ‘ 0 Jk=1,...2m+1
= em+ 0[]0, o7
k=1

Because g, is independent of m, it is cancelled in the ratio Co 41, /Com+3 0

2 2\dm+4+v
v _ Cm+ 1) Copy1,  ma*(1—a”) | |

Pomi1 = (@m +3) oz S8 2u T Cm+D!2m+v+1)!. (3.74)

The procedure is the same calculation as for n = 2m. The normalisation constants may now be

written in the following unified form for even and odd index j alike,

7Ta2(1 _ a2)2j+2+zx

B = s+ V)L (3.75)
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This is the final piece needed for the correlation functions of this transition ensemble. The
remainder of this chapter will be dedicated to showing that the limits of a do indeed give the
corresponding limiting ensembles and analysis of the smallest eigenvalue.

34 Limitsa — 0,1, 00

Let me briefly address this ensemble in the limits of a. As stated above, the limit a — 0 should
lead to the chiral orthogonal ensemble and @ — 1 to the antisymmetric hermitian ensemble.
This is clear on a matrix level using the relation

li 2 EE 3.76
myrae T = o, (3.76)
for a — 0, the limit

N ] 2 % 1— 2 —n(ntv)/2
lim [ [dY]P(Y,X) = lir%H/ dH, (”;) e (”(a)> T
a— a—
i<k T
—n(n+v)/2
= (%) exp [~Tr X?] | (3.77)

is obtained. The same may be done for a — 1. The limit a — oo also leads to the direct sum
of two GAOE’s, which is better seen where when rescaling the spectrum in Equation (3.16),
as (3.3) is not defined for a > 1.

Note that while the transition ensemble is a Pfaffian point process, one of the limiting en-
sembles (antisymmetric hermitian) is determinantal, similar to the classical interpolating en-
sembles [14} 15]. The limit a — oo also yields two independent spectra, each of which are
a determinantal. This limits the quantities that may be compared. In this section I verify the
limits for the jpdf and the polynomials. For @ — 1 and a — oo, only the polynomials pgy) (x) are
considered. For the GAOE the polynomials are orthogonal rather than skew-orthogonal. They
should, however, agree as they are obtained from the same Heine-formula. The determinantal
point processes, especially the § = 2 random matrix ensembles, may be written as a Pfaffian
point processes in a non-trivial way and solved in terms of skew-orthogonal polynomials [87].

This has not been worked out in detail for GAOE, so I do not consider the limit for qy’) (x).
These limits act as a consistency check of the results in the previous sections.

3.4.1 Limiting JPDF

Consider the jpdf and the weight function (3.8). For a — 0 the variable v = /(1 — a?)/a?
diverges, which means the limit

lim erf(yz) = sign(z) (3.78)

Y—00
is needed. The constants C,, , in (3.11) provide sufficient powers of n and a to ensure conver-

gence. The two-point weight function is

lim %Sg,y) = I(J:y)”6_2(”624'3’2)sigm(yQ —z?) (3.79)
a—0 a 8
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for both cases of v, as the second term in (3.8) vanishes as a exp[—4(min{z,y})*/a?]. The one-

point weight function (3.9) is
lim 90(y) = \/?y”e_Zy2 , (3.80)
a—0 @ 8

where sign(y) = 1 comes from y > 0. The identity [88]

P[sign(A} — A1y n even
2_ )| 7 n o 2
- [ sign(\? — A2) ] C nodd (= SEnAa()) (3.81)
—17 0
a,b=1
may be used to find the limit
n—1 n
n 1 5 2
lim P (Ay,...,A,) = 2364 T Ave Y An({N? An (N
ali% ( L ’ ) ’ jzor(%)r(j-‘ru-‘rl) ( ) Jl_Il i€ { })Slgn( ( ))
= 5(ntv) .5 3 v, —2X2 2
. " H ol <J+3) F<J+u+1) H)‘ AN
]:

for both even and odd n. This is the expected limit, namely the jpdf of the chGOE (in terms of
squared singular values) for v = 0, 1.

I omit the overall constants for a — 1 because the jpdf is normalised, so appropriate factors
of 1—a are provided by (3.11). The weight functions G, (z, y) and g, (x) are expanded in powers
of (1 —a)

Gulz,y) B (1—a) ¥ (ay) e @D 37 (1 - a)tHaky, (3.83)
k=0

a1 242
g,,(x) ~ ( )(1—1—1/ /2 2v =2 Zd k 2k (384:)

The expansion reflects the fact that the weight functions are even in x and y. The coefficients
c,(:l) = _Cz(? are antisymmetric because G, (z,y) = -G, (y, z).

I first consider n = 2m even. The expansion of the Pfaffian is

2m

i e’} 2m
m v)m v r r v —2)\2
PEG, (e WPy = (1= a)TmpE | 3 (1 - a)+ A?t] [TAe ™"
| r,t=0 fi=1 =1
- 2m
aml = (v) ty 21\ 2t el 2w —2)2
~ (1—a)*mpt Z e (1= a) TN H Aje
| r,t=0 f=1 =1
2m )
— (1 — o) @mt)mps |, (u) Azm A2 A2V 2N (3.85)
=0 J
7, ]:1

to the lowest order in (1 — a). In the first line I have pulled out some factors, and then I
have truncated the sum where the terms start to become higher order. The final line comes
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from identifying the sum as a matrix product BTAB, with A = {c%)}ryt:o,,_’gm_l and the
Vandermonde matrix B = {(1 — a)'A\?!},—,.._2m—1, and the identity Pf[BT AB] = Pf[A] det[B].
l

=1,....2m
The same is possible for n = 2m’ + 1
2m/+1
Pf [ v M) QV(A’C)] (3.86)
—gv(A) 0 Jrim
m! v r " m! (v 2 2m/+1
e [ R e (L= o) AR [ S0 4 (L — ) X ]
~Sd 10y 0 -
2m’+1
x(1 = a) 1M T N2
j=1
) (2 R Ol g .
= (aCmaEnpr | S S Ay () TT ae
_dt 0 r,t=0 J=1

except the matrix A is the matrix inside the Pfaffian in the last line and

B = diag ({(1—a)t/\12t} t=0,...2m/ ,1) )

I=1,...2m'+1

that is, a block diagonal matrix with a (2m’ +1) x (2m’ + 1) block containing the Vandermonde
matrix and a 1 x 1 block of unity.
These may be combined to yield

lim P (AL, ..o An) o HVV 25 AL ({22, (3.87)

a—1

where the expansion of the Pfaffian provides the extra Vandermonde, and the normalisation
constant cancels all but the lowest order. This agrees with the jpdf of the GAOE for
N =2n+ v, see [8]168].

The final limit is a — oo. I first rewrite (3.8) and fora >1

Gy (z,y) = 7m2(‘§1)(xy)u —2(z24y )(erﬁ [ a2a2 1 (y — x)] erfi [ a2a2 1(:75 +vy)
2(a2 1 )/a%y _ )
Vlf/ N = duerﬁ! Q(Gilzl)(:b—i—y)—u] e“), (3.88)
2,2 _ 2 _ v
ay) = it 7”1(‘;1) exp [~2y7] <y orfi [ 2(“(121)yD , (3.89)

The function erfi(z) has the following asymptotic relation for large positive, real argument

2

erfi(z) = erf(iz)/i = \F/ e’ . (3.90)

Z
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The spectrum is rescaled z — axz’ to accommodate the scaling in (3.16)

a2(1+1/) /2V+x/2u

a>1 v Yy _ IE/2 72
Gylax',ay’) &= (-1) TR 22"y (3.91)
Atv 2 2
a1 1 Va® m oY
aw(y) = (QW)V/Q\/;GXP[ 2a2(1/—1):| . (3.92)

The two-point weight function formally vanishes for 2’ = ¢/, and was obtained through (3.90).
The second term of it, the one involving an integral, was dealt with as follows

V2(a? -1y’
/ duerfi [\/2(a2 -1 (2 +vy) - u} e’
v/2(a2-1)z’'

4(&2 1) v ! ! / / ! 2 12 / / N2 2
N /;p' u/o v(m +y u)exp[(a u'= + (2" +y u)v]]
1Y du/

a%l ) ) 2
S el R R RS |
a>1 1 y’ + x 2(a271)(x,2+y,2)
) ' 3.93
First the definition of the erfi-function is used and a rescaling u = /2(a2? — 1)u’ is done. There-

after a saddle-point approximation is performed for the integrals. The maxima are v = 1 and
v = a’,y’. The integral is therefore a sum of the two cases.
These weight functions are inserted in the jpdf. For even n = 2m

PP (@], aNyy,) R a2 O Ag ({a2A%))

Q2140 N2 4 N

2 2
16 X7

2m

x Pf

(1 —dj)(=1)"

6—2(A;2+A;2)]

k=1
2m—1 2m

azl m(2m+v—1) 1 2 —2)\"2

2 ]1_[0 . (M) . <#> JAD ({)\ }) jl_{e J
A;€2IJ + )\‘/jQZ/ 2m
ST A B . (3.94)
)\%2 o )‘92 G k=1

x Pf

The Kronecker ¢ ensures that the weight function disappears for equal argument. I expand the
Pfaffian

2m
N2 4N 1 . " M) + W)™
LI NT R — sign(w I |
( ik) 2mm) Z @) (A;(zj))z - ()\:J(Qj—l))2

j,k=1 wESam J=1

()\:.; )21/

_ . - (24)
= 5 Z sign(o) Z 51gn(w)H 2 _ 2
(m1) oESm wES2m j=1 Wa@j)) (/\ZJ(G(%—l)))

. (3.95)
G k=1

1 ()‘;(Zk))zy
= sign(w) det
P 2 W ~ Wy
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Here Sy, is the symmetric group permuting 2m elements and sign(w) is —1 for odd permu-
tations and 1 for even ones. The first equality is the definition of the Pfaffian. The second
one exploits the invariance under pairwise permutation of each pair (X 25) A (2]‘71)) and the
invariance under the permutation of the variables A/ (1) A @y A (@m—1)"
overall combinatorial factor. In the final line the sum has been identified as a determinant.
Denote by A« and A the set of odd and even eigenvalues )’ w(1)r e N (2m—1) and

This changes the

m'Hm 1\f2 4j-20-3/2(2j 4 )]

Ay(2)r -2 Mo(2m)- Tespectively, and pull out the factor (X, (2k)) of the determinant in the last
line of (3.95)). The resulting Cauchy determinant [89] is
! : ALUACPHAL ()]
det = sign(w)—" o . (3.96)
()\L,/J(Qk’)) o ()‘Zu(Qj—l))Q k=1 Ao ({A2})
The additional sign(w) on the right-hand side comes from reordering the arguments of the
larger Vandermonde determinant in the denominator to N, A, ... A,
So far the jpdf reads
5 o 1 A2 (w,0)\2
> Py (), . b)) R > Tl({(A .) ) , (3.97)
@m)! & ml[Ts Va2 4=3/2(2))!
AQ ({()\(w 6)) } ﬁ )\I 23 u w(2])) +(/\w(2j 1)) )

The factor a?>™ comes from the Jacobian of the rescaling A — a)’. The contents of the sum is
the product of two GAOE jpdf of dimensions 2m and 2m + v. The sums reflects the fact that
the eigenvalues from the two ensembles cannot be distinguished. This is exactly the expected
limit.

The limit for odd n = 2m/ + 1 is similar. The Pfaffian is

(14w 7 2v 12V A4 , 2m’+1
(1— &) (-1)"= A 3 % e 205 (2 ; 2 724602(3_1)%2
16 )\’ —\. 2m)v
Pf i
it \/7m46—a2<3_1>/\22 0
v/2 8 .
(2m) Jik=1
m’ 2m/’
AT (1) et [ @204Y) 1 . (A ) + (N )2
= (7”)2 - i DY Z sign(o)Pf )\/( ) —v G) 5 (1 — k)
(2m) 8 6 @mI (Nouy)* = (o) jhet
e a2(u a1 (X, a(2m/ +1)) H —2(X, (k))
J=1
(=)™ [rat [ a20HY) ™ 1 [ ()‘17(2’6))% ]ml
= —\ 5 sign(o) det
(2m)v/2 8 16 (m/1)? Uegw No(am)? = (i) |y
2m/
><eia2(u#fl)(/\Zr(zm'-u))2 H 6_20‘;(1@)2 _ (3.98)
j=1

First the Pfaffian is expanded in the last row, and the expression is symmetrised with respect
to the symmetric group Ss;,,v41 which gives the normalising factor 1/(2m’)! and (3.95) is used
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again. The sum over the permutation w € Sa,,, is absorbed in the permutation o. This gives a
combinatorial factor equal to the number of elements w takes, (2m’)!.

m v=0
a? +1P2(m O (X, -y aN 1)

£ > o= T a0 AU T () = Wyo)?)
(2m +1)! +1 oS m! [Tyt Va2~4-7/2(2j 4 1)!

2 o,e) ! 2 2\ m'
X Am/({()\( ) b Hk:l(()\;(%)) ()\:7(2771""1)) ) H 6_2(0\;(2]'))2"'()\;(23'—1))2)
m/ [ V/r2—4-7/2(25 + 1))

j=1
a1 s =2((N\L )2+ )2
~ 2m +1)! Z I\, (2m/+1) H )‘/ o (25) )‘, o(2j—1) )%e Qo)+ (3.99)
0E€Sym/ 11 J=1
Az, ({(A=o)2)) A2, ({22}

/N 1 m2=4=72(25 + DI/ ]G /m2=4-7/2(25 + 1)1
The cases v = 0 and v = 1 have to be treated separately. Denote again the set of eigenvalues
)\/

b1y ")\;'(Qm’—l) and )\:7(2), . .,A:T(Qm,) by A7) and \(©¢) respectively. The jpdf for
v = 0 becomes

m v=0
2 +1P2(m +)1( M 2m +1>

a1 Z 8a? _za o'(2m +1) )2 Afn/({()\(”’a))Q}) Hzlzl(()‘i;(gk_ny - ()‘i;(Qm’-i-l))Q)
2m +1)! b, V o m/! H?:El VT2 4T/2(25 4+ 1)!

2 o,e ! av 2\ m’
A OIS (W) = (e )He (¥ 45+ X 071)))
m/ Tt /w2 4=7/2(25 + 1))

j=1
a>1 m Zo((N V24N 2
SO S 5 mreny) [T NoapNoayory)?e 2 Vo) o)) (3.100)
€8 11 j=1
A2, ()2 A2, ({(\@)2)

m/ TG Va2 4-72(25 + DI/ ]G /a2=4-7/2(25 + 1)1

Note that in the jpdf represents three ensembles, two GAOE of dimension (2m’+1) x (2m/+1)
and one of dimension 2 x 2 on the scale 1/a. The latter acts as a perturbative coupling of order
1/a between the larger ensembles. Compare with the structure in (3.16). This is the only case
where the topology changes, see Chapter {4/ for treatment of such systems.

For v = 1 the Pfaffian (3.98)) is modified to

9 2 2m’+1
(5; _1)14)‘2 + A —2(\; 2402 _ajefw\;? ,
pe| 167 - N7 | _ _(=hmte? (ﬁ>4m/ (3.101)
P = I+ 1) \2 '
T )
4 k=1
m )\/ )
N )2 (Ao (2r) -
X Z sign(o H o) det [ V7= (VN 2 1 ] ' /
€S 41 Jj=1 o(2k) o(2j-1) J;i" m+l
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Figure 3.3: The spectral density is shown for n = 4 with v = 0 (left) and v = 1 (right). The
parameter a increases from the most narrow distribution at a = 0 (red), corresponding to
the density of the chGOE in (2.65), to the broadest distribution at a = 1 (blue), corresponding
to the density of the GAOE in (2.47). This figure is also published in [AKMV].

The factors (A, (2k) )? are now pulled out of the determinant. The Cauchy determinant is instead
a Cauchy-Vandermonde determinant, see [90],

1
()‘:7(%))2 - ()‘:7(23'71))2

AZ, ({9 HAZ, L ({(AF)2))
Agpri1 ({A?}) ’

(3.102)

det = sign(o)

wit}} /\(""") = diag()\;(l), e )\;(2m,+1)) and \(@¢) = diag()\;@), e A;(Qm/))' The asymptotics of
the jpdf is

2m’+1 p(v=1) ’ /
a/ P2m/+1(a)\1, ... 7a;A2m/+1)

m/

m/+1
a>1 1 VRS o2
~ @i 2 |6y e[ 7o) (3.103)
! 11

0€Sm/1 \J=1
- (65050 AU
T /257122 + D) (md + VT /2 5-3/2(2))]

The contents of the sum is two GAOE of sizes (2m’ 4+ 1) x (2m/ + 1) and (2m’ 4 2) x (2m/ + 2)
respectively. It is clear that the zero mode of ] comes from the matrix block A4, see (3.16).
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Figure 3.4: The spectral density for odd n = 3 from is plotted for v = 0 (left) and v = 1 (right).
As in Figure 3.3} the parameter a varies from a narrow distribution at a = 0 (red, chGOE) to
the broad distribution which corresponds to a = 1 (blue, GAOE, see ). This plot is also
published in [AKMV].

3.4.2 Limiting Polynomials

I 'again start with the limit @ — 0. The Laguerre representation of pg»'/) (x) (3.69) and the identity
(3.76)) leads to

1 o) = I [T g T (402 4 902 Sl — D 1) (42
lim p; () = Ca /_OO dy L;” (42® +2y%) (y) = =y L7 (427) . (3.104)
These agree with (2.62) as they should. Starting from (3.70), the same may be done for g\ (x)

J
to arrive at (2.63).
For the limit a — 1, I use the Gaussian representation (3.59) to write

lim 2" S-V)(x) = V%/wdy/oodze2y2(iy+z+x)j(iy—z+a:)j+”5(z)

a—1
1 [ 2 (i 20ty
= — due™ | —=+z
\/7?/00 <\/§ )

= ¥H2j+y (\/5 IE) , (3.105)

23(2j+v)/2
In the final line the integral representation of the Hermite polynomials has been used.
These are the orthogonal polynomials of the GAOE [8]], only the even or only the odd Hermite
polynomials for v = 0, 1, respectively.
The final limit @ — oo is taken for the Hermite representation (3.61). The spectrum is again
rescaled z — ax’, which yields

. —27 v 1 1
Tim o~ %a*p (az) = St (\@x) Hj.\ (\/ﬁx) . (3.106)
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Figure 3.5: The approximate distribution of the smallest eigenvalue pY(s), see (3.109), (curves) is com-
pared to Monte-Carlo (MC) simulations (symbols). This plot shows the results for n = 4
with v = 0 (left) and v = 1 (right). The ensemble size is 10° and the bin size is 0.05. For a = 0
the exact curves for p¥(s) are drawn, see (3.111) and (B.112). This plot is also published in
[AKMV].

The overall constant (3.11) provides the convergence. The rest of the terms are suppressed by
1/a?. The factorisation of (3.106) reflects the factorisation of the model into the matrices A and

B, and the polynomials H; (v2xz) and Hj, (v/2z) represent these two matrices respectively.

The polynomials qj(-y) (x) are omitted for the same reasons as above; these are determinantal

point processes.
This concludes the consistency check of the limits of a. The final two sections will deal with
an analysis of the smallest eigenvalue and the limit of large matrix size.

3.5 Spectral Density and Distribution of Smallest Eigenvalue

In this section I take a closer look at the spectral density of the transition ensemble. All the k-
point correlation functions are given by inserting the polynomials (3.14) in the standard form

(2.57) and (2.73).
Spectral Density for Even Matrix Size
For even matrix size the density is

RY(N) = Sam(\N). (3.107)

See Figure |3.3| for a plot of this for n = 4 even and different values of a. The local maxima
roughly correspond to the individual eigenvalues. At a = 1 the eigenvalues have the greatest
repulsion, corresponding to Dyson index 3 = 2, and the local maxima are therefore most
pronounced. The density flattens out when decreasing a, and for a = 0, the level repulsion



3.5. SPECTRAL DENSITY AND DISTRIBUTION OF SMALLEST EIGENVALUE 51

n=3 =0 251 n=3 v=1
3.5 ---a=1 JR——
0 a=1MC 0 a=1MC
—a=0.5 —a=0.5
3 X a=0.5MC| 2F % a=0.5MC|
e g =() e g =()
v a=0MC v a=0MC
25 1
—_ —~ 15F
=< =
o~ 2 -
Lo L.
15 1
1h
05}
0.5 : n
' i =
5, NN
0 L L L R~ Ansmsm 0 P4 L L L L V"’Vw%
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Smallest Eigenvalue, A Smallest Eigenvalue, A

Figure 3.6: The analytical approximation (a > 0) and the exact distributions (3.111) and (3.112)
(a = 0) (curves) as well as Monte-Carlo simulations (symbols) of the smallest eigenvalue
pY(s) for n = 3 with v = 0 (left) and v = 1 (right). As before the ensemble size is 10° and the
bin size is 0.05. This plot is also published in [AKMV].

corresponds to Dyson index 3 = 1 where it is at its weakest. For v = 1 the extra eigenvalue at
the origin also pushes away the spectrum. The density for the limits « — 1 and a — 0 may be

found in (2.47) and (2.65)) respectively.

Spectral Density for Odd Matrix Size
Similarly, the spectral density (2.77) for n = 2m — 1 odd is given by

RV = Som_1(MA) . (3.108)

A plot for n = 3 is given in Figure

Both Figures [3.3| and [3.4| show an interesting behaviour for the smallest eigenvalue (the
left-most peak). It has its maximum peak between ¢ = 0 and a = 1. That is, the behaviour is
not monotonic. I therefore take a closer look at the smallest eigenvalue by itself. It should be
noted that these results are only universal in the limit on N — oco. The support of the density

also changes with a, which may influence the result. I outline the method for doing this limit
in Section

Distribution of Smallest Eigenvalue

I expand the smallest eigenvalue in terms of the k-point density correlation functions.

" (-1
2 (=)

pi(s) /0 dxl...d:cl1R;’(s,w1,...,xl1)—R'f(s)—/0 dx1RY(s,x1) + ... .

(3.109)
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This may be done in general for the I-th gap probability at the origin and the resulting distri-
bution of the I-th smallest eigenvalue, see [91]. The expansion converges quite quickly. For
[ = 1 we have no integral in the sum. More sophisticated methods for the approximation of
Fredholm determinant, see e.g. [78], but for finite (and small) n, is sufficient.

See Figures [3.5| and [3.6] for a comparison of Monte-Carlo simulations to (3.109) truncated
after the first two terms. The expansion breaks down at the latest when the density becomes
negative, though this is almost at the edge of the support, which makes this a good approxi-
mation.

An additional advantage of looking at this expansion is that it includes the 2-point cor-
relation function and thus the off-diagonal kernels I’ (z,y) and D% (x,y) in (2.48), as well as
S (x,y) at unequal argument

Ry(z,y) = Sy(z,2)S)(y.y) — I} (2, y)Di(z,y) — S (z,y)* . (3.110)

The expansion therefore acts as a more thorough numerical check of these kernels.

The non-monotonous behaviour is clear for the smallest eigenvalue, but it is still unclear
whether this is also true for the limit n — oo.

The smallest eigenvalue is known exactly for chGOE for finite n [92,093]]. For v = 1

plle(s) ‘a:O = dnse2ns’ , (3.111)
and forv =0
_ 8 n+1 o2 n—1 1
v=0 _ S 2ns - 2
P (s)‘azo =ny/— r < 5 ) e U < 5 2,28 ) ) (3.112)

where U is Tricomi’s confluent hypergeometric function. These are valid for both even and
odd n. These make up the curves for a = 0 in Figures[3.5and

The analytical distribution of GAOE (a — 1) is an open problem, though it is known that
it is proportional to the expectation value of a characteristic polynomial to half-integer power,
see e.g. [94] for the corresponding expression for the chGOE. The curves for a = 1 in Figures[3.5]
and [3.6| are generated with the significantly simpler k-point correlation functions for GAOE,
see e.g. [8]].

3.6 Limit of Large Matrix Size

The Gaussian choice of weight in the above was arbitrary. Universal results should only be
expected in the limit of large matrix size. At the time of writing these are not finished results,
but I shall endeavour to outline the steps necessary.

The limit I look at is n — oo while rescaling x = \/y/n with different scalings of a. This is
the microscopic limit. The scaling a = «/+/n is a small perturbation of the chGOE. One may
also choose a ~ 1 or a = ay/n. I will focus on a = a/+/n for illustration.
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3.6.1 Rewriting Polynomials and Kernels
The three kernels for even n = 2m and rescaling x = \/\/n, a = a/+/n are
M=l oo @ (= @y @)z @)
S (= =) = Zl/ oo (v N\ (5R) ) ) = af (55) o8] ()
2m nu \/’ﬁ j:0 0 v \/ﬁ7 }

hy

(3.113)
Dy <x y) = G <‘” y>+m_1/oodw1dw2G <x w1>G <y w2>
A\ '/ “\vn'Vn — Jo A\ A\

, (3.114)

(z) - if (2)es (%)~ () o' (35) -

The challenge is to keep the convergence. In this sense, 15, (%, %) is the simplest to calcu-
late. In all cases I will write the sum as an integral

m—1 1
2
lim — = dt 3.116

that is, I look at the integration variable ¢ = j/n for j,n — oc.
I first do some preliminary work on each polynomial. I wish to simplify the expressions

for p,ﬁ”) (%) ,qt(") (%) ,qt(y)(w),pgy) (w) for a = a/y/n in the limit n — oco.

Expression for p.”’ (%)

I use the representation (3.59).

P2 = vt 4 OOdy dy ¢ TV T T Y
¢ \/ﬁ x s 1—a4/n2 —00 e

T J T Jt+v
X (iyl +y2 + \/ﬁ> <iy1 — Y2+ \/ﬁ>
v 41 N N
_ (_l)nt @ L = dyldy2 e 1+z2/n1112—1_z2/ny22
x /1 —at/n? J_«

ot (14 ) () (Vons J2)

I have rescaled the integration variables and now use the relation

Jim (1+§)” — e, (3.117)

n—0o0 n
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and change to polar coordinates

y T " n v 4nnt+1 00
pg ) <\/ﬁ> =t <\xf> - / dyrdys exp {—4n(y1® + y2*) + ntIn (1% + 327 }

2itxy; ) z \”
X - +—
P { Y12 + y2? } <Z\/ﬁy1 \/FZ)
4nnt+l [e%¢} s
= (l)mm_”/ dr 7“/ df exp {74n7‘2 + 2ntln(r)}
™ 0 —7
2itz cos(0) ) [ . x \"
- 0 — 3.118
X exp{ . } <’L\/ﬁr cos() + \/ﬁ> ( )

I now perform a saddle point approximation for the integral over r. As the leading order will
cancel, the higher order terms of the saddle point approximation, see Appendix Along

with the polynomials q§”> (% shown in the following subsection and the constants, these
should then be plugged in to (3.11413.115).

Expression for qt(y) (%)

I again use the Gaussian representation (3.60). First make the same rescaling as before

v nt+1 00 an 4n
a” <$> = (=n" <\/ﬁ) = dy1dy: ¢ TRV T et Y

Jn 2 ) a/1-at/n? )

) ont T nt P nt . T v
X ) (1 * n(iy1 + yz)) (1 " n(iyr — yz)) (Z\/ﬁyl " \/77)
" [4:@_ (nt+v—-1(nt+v) (nt — 1)nt

n dn(xz/n+iy; —y2)?  4An(z/n+iy1 + y2)?

nt(nt + v)

2n(iy1 + y2 + 2/n)(iy1 — y2 + x/n)
a6/n3_4n 2+4’)’L 2_4 4/( 2+ 2)+ 2(8 2+8 2_1/)
_9 Y1 Y2 a”/n (Y1 Y2 a”(oy1 Y2 n }

at/n? —1
X ex _M 1y/nr cos = )
{2} (o) + 72 )
x[‘“"’_ (nt+v—-1(nt+v) (nt — 1)t
n  4nr2(icos(f) —sin(0))2  4r2(icos(6) + sin(6))2
t(nt+v)

 2r2(i cos(0) + sin(6)) (i cos(6) — sin(6))
+2(a®/n® + dnr?(sin®(0) — cos?(0)) — 4a*r?/n + o (8r* — 1/n))]
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4nnt+1 e’} s
= (- — / dr 7"/ df exp {—4nr® + 2ntIn (r)} (3.119)
T 0 -
X oxp {_ 2itz cos(0) } (inr cos(6) N 1> v
T x
" 42 N e 20 (nt + v —1)(nt +v) N 2O (nt — 1)t t(nt+v)
n 4nr? 4r2 212

+2(a®/n? + dnr?(sin®(0) — cos?(0)) — 4a'r?/n + o*(8r% — 1/n))] .

Note that the first two lines are the same as p§”> (%) and rest do not contribute to the saddle

point equation.

Expression for p") (z)

The representation (3.54) is used, including the weight and integral. For v = 0

“+o0o
/_ _dw Gy (jﬁw> P\ (w) (3.120)

= UU;TO‘Q /_ :Odw 2@ /ntw?) opf [ % — 1w — x/\/ﬁ)} erf [\/F(x/\/ﬁ + w)]

2T 2 2
/ der, oiieL / der e~ UPR axp _0‘7(62@'@% + eBPR) _ qp(elPL 4 eiPR) — lei(mﬂm)
o 2 o 2 8n 4

np1 ()’ / T o2 /) / T dor _ijer / AR ijon
0 0

8n oo 27 27
2 , , , 1 .
exp [—gn(em“ + e2PR) — (e + R — 4eZ(W+V’R)]

First the Gaussian integral over w is performed

T Go (= w) (w) (3.121)
w —, .
- 0 \/ﬁ pt

np1 [m(j)?ma’ / oL i, / AR ien [0 sipr | v

- V2 s )y, € Al - G

X exp [1(ei90L + ePr)? 1ei(<ﬂL+<ﬂR)] )
8 4
Rescale e'¥ — 2i4/je?2/% and perform a saddle-point approximation
—+00 T
dw Gy <, w> p(o) (w) (3.122)
/_oo Vo)

<1\ 2 2 2 2 2
nz1 7 (G)7me” / TdoL ijer, / TAPR ijen oy, OE Rier 4 2ivny
28n(—45) J, 2 . 21 2

X exp |:_‘;(ei90L + eiSOR)? _|_jei(<PL+<PR)] )

The saddle-point equations are

0 = ie?PL/r 44, (3.123)
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which have the solutions {¢; = Z,¢p =3}, {¢r = Z,06r =22}, {¢r =L, 0 =2},
and { o1 = 37“, or = 37”} Note that these will give the same for even j, so there will be an
overall factor of 4.

Expression for qt(y) (z)

I again use the contour integral representation (3.56) and include the weight and integral. For
v=20

+00 T
. dw Gy <\/ﬁ’ w> q§°) (w) (3.124)

N2 2 oo
nzl (‘7)&7;0[/ dw e~ 202 /n+w?) opf [1 / % —1(w — x/\/ﬁ)] erf [1 / % —1(z/v/n+ w)]
2 2m 2
/ C;ﬂe—z‘m / PR —ijon oy, [_ % (€200 4 (2i0R) _ yy(eir 4 6wR)]
0 ™ 0 n

27
L itorterm)| (2 Yo 2 L i(or+er)
X exp —2¢ PLTYR w _W(e PL 4 ¢ ‘PR)_ée YLter
n

nzt (1)°mo® / +Oodw ¢~ 2(@? /ntw?) / dpy o—iivL / o AR —ijon
8n —c0 0 27 0 27
2

. , , , 1, 1,
exp [_g‘n(e%m + 2IPR) — q(e'PL 4 ¥R) — 4€Z(LPL+(PR):| (wZ — 867'(<PL+80R)> (3.125)

The Gaussian integral over w is performed

“+oo
/ dw Gy <fﬁw> 2 (w) (3.126)
np1 [m(j1)*ma’ / oL ijpr / *TdOR _ijpn &% gipy . 2ign
~ V2 s ), 2n € Al -l G

1, . A 1 . 1 . : 2 1 1.
X exp [8(GWL + eWJR)Q _ 461(§0L+<PR)] (16 (e'Ld)L + 61¢R> + i 861(50L+<PR)> )
Rescale €' — 2iy/je'L/® and perform a saddle-point approximation

+oo
/_ _dw Gy (\jﬁw) 0% (w) (3.127)

[ () ra’ / oL e, / TdoR o [ sier  2ien
- \/;Sn(—le)j o om . g ¢ e (e e

X exp [_-;(QWL + ¢'r)? +j€i(80L+§DR):| <1 _J (ei¢L + ei¢R)2 + ;ei(ﬁoL‘HpR)) .

4 4

The saddle-points are the same as before {gb L= 7%, PR
and {¢ = 2T, ¢ = 3T }.
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3.6.2 Expression for Constants hi”)

Finally the limit of constants is calculated. Stirling’s approximation yields

h(l’) 7Ta2(1 _ a2/n)2nt+2+u
t - 94nt+2v+T7

(nt)!(nt + v)!

27202 —2ta?

n>1 4at+€2 — t(nt n I/)/nentln(nt)+(nt+u) In(nt+v)—2nt—v
94nt+2v

27 .2 ,—2ta?
n>1 27;47:244_(23”—’—7 entln(nt)+(nt+u)ln(nt+u)—2nt—u‘ (3.128)

This concludes the the list of steps needed to calculate the large-/V limit. The different pieces
are inserted in (3.11373.115).

3.7 Conclusion

This chapter has been concerned with the analytical calculation of a parameter-dependent en-
semble that transitions between two random matrix models, both with real elements. It con-
nects the chiral Gaussian orthogonal ensemble (chGOE), also called the real Wishart-Laguerre
ensemble or Cartan class B|DI, and the Gaussian antisymmetric Hermitian ensemble (GAOE),
Cartan class B|D. Noteworthy is that both the ensemble are invariant under the action of sub-
groups of orthogonal groups, although these are not the same. Because the group integrals
are of real type, this would usually constitute a significant problem. In this case, however, the
integral is already known and computed by Harish-Chandra.

The case n = 2m — 1 odd and v = 0 in the regime a? « n may help describe topological
insulators, especially the disordered system of a quantum wire with two Majorana modes in
Section The Hamiltonian is antisymmetric and real, and it splits into a direct sum of two
identical Hamiltonians with one generic zero eigenvalue each in the unperturbed case. The
perturbations in the systems are captured by the off-diagonal matrices. Note that this model
has independent diagonal blocks, which makes it analytically viable, but it is likely to capture
the important features.

It is also likely that this model will find other applications due to the ubiquity of random
matrices, especially the topological protection.

Going forward, note that this is an example of a system where topology is broken by a
perturbation, namely the matrix X//n. These systems are investigated further in the following
chapter.






Chapter 4

Universal Broadening of Zero Modes in
a General Setting

I now consider broadening of zero modes in a more general setting. It has been observed
[28, 29, 95, 96, 97] that for specific ensembles, perturbed topological zero modes spread out
as a finite size Gaussian ensemble and that the distribution is universal. This is surprising as
universality is usually only found in the limit of infinite matrix size, but with several results in
this direction and corroboration by lattice simulations [32} 98, 99, [100], it is obvious to inves-
tigate the underlying mechanism further. This scaling property was first observed for lattice
QCD in [32] and understood within that context in [28][29]. A similar behaviour was found for
outliers above the bulk of the spectrum, see, e.g., the mathematical review [101]. This chapter
is based on [KMS].

The main results of this chapter are exactly these two statements. Perturbed zero modes
decouple from the rest of the spectrum to first order in perturbation theory, and the modes
spread out according to a finite size random matrix ensemble.

As treated in the previous chapter, systems that transition between two symmetry classes
may be treated with two-matrix models. In the vicinity of one of the symmetry classes, the
other may be viewed as a perturbation. Any properties inherently dependent on the symmetry
class (such as zero modes) are very susceptible to such perturbations. This is heuristically
speaking the reason a decoupling of the spectra occurs to lowest order. The zero modes feel
the perturbation much earlier than the bulk.

In this chapter no assumptions are made about the nature of the zero modes. They may be
of topological origin, like antisymmetry or chirality (see Chapter[3), or be given by peculiarities
of the unperturbed system. In physical terms, the main assumption is that there is sufficient
mixing of the states: The zero modes must be sufficiently delocalised in the eigenbasis of the
perturbation. The physical ensemble average is modelled by an average over the Haar measure
of the unitary matrix that transition between the eigenbases of the unperturbed system and
the perturbation. This could be an average over gauge fields, as in QCD, or an average over
disorder in solid state systems. This framework is motivated by the fact that a perturbation
that affects topology must be on a global scale. That the former zero modes behave like a
Gaussian ensemble is a mechanism similar to the central limit-theorem.

The intuition that the zero modes interacts with a whole ensemble has other applications. It
has been pointed out [102] that it is difficult in experiments to distinguish between perturbed
topological modes and a simple accumulation of eigenvalues around the origin. In [KMS],

59
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we propose to look at the different scaling behaviour of the eigenvalues with the system size.
Accumulated eigenvalues around the origin will be part of the same ensemble as the first
excited state, whereas the perturbed zero modes feel a completely separate ensemble. This
means that the scaling behaviour of the eigenvalues at the origin will only differ from the first
excited state if they are former zero modes.

It is also likely that the limit of large number of zero modes is relevant for analysis of
correlation matrices when applying a power map, see [103].

Because the framework in this chapter is more general, I start out on an operator level
before presenting the random matrix setup. Consider the model where a Hermitian operator
A is perturbed by another Hermitian operator S,

K = A+aS. (4.1)

Of interest is still the spectrum of eigenvalues for K after an ensemble average, though note
that the spectra of A and S are not averaged over. The average instead comes from the change
of basis between the eigenbases of A and S. The coupling « is chosen small enough for first
order perturbation theory to apply.

The approach is as follows. In Section 4. 1] specify what the conditions on « are. I also show
how to relate Equation to a matrix model. The limit NV — oo will relate the matrix model
back to the operator equation. The decoupling of the spectra and the more precise clarification
of the conditions on fl, 5‘, and « is done in Section Section is dedicated to calculating
the central limit theorem for matrices for all symmetry classes, see Section This is then
applied to the aforementioned average over the eigenbasis change between A and S. Further
analysis of the scaling and applications, along with numerical checks, is done in Section

4.1 Estimate of Scales with Perturbation Theory

Consider the general Hermitian operator A. It may be a Hamiltonian, a Euclidean Dirac op-
erator, or some other quantity. It can be decomposed in its eigenvalues \; and its normalised
eigenvectors |1);)

A= ) (1. (4.2)
J

Zeros as well as degeneracies are included. The operator may also have a continuous spectrum,
in which case a UV cut-off is performed and the volume V' is sent to infinity afterwards. On
a technical level, the dimension N of the Hilbert space is sent to infinity, but the dimension is
proportional to the volume of the system N o V. This relation is known from QCD [28) 29,
95,96] and is expected to hold in condensed matter systems [97]. Other quantities such as the
number of colours and the representation of the gauge group or the size of the spins and the
number of particles enter into NV as well.

Assume now that A has a fixed number v > 0 of eigenvalues at the origin. I order them
such that |A\;| > |[Ay|forall £ > N and [¢;) for j = 1,...,v form an orthonormal basis of the
zero mode space. In other words, the first IV eigenvalues are also the N smallest. This means
that the UV cut-off may be written as

N
AN = NN ) (W] (4.3)

j=v+1
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This operator may be represented by a matrix

Sl (] 2 (A =diag“5+h~“fv>g) (4.4
J

The notation “=” will be used to indicate representation of the truncated operator A as a finite-
dimensional matrix. This operator is perturbed by a generic additive Hermitian perturbation
S which broadens the zero modes of A

K = A+aS= lim (AM) +aSM™) = lim KW . (4.5)

N—o0 N—oo

The coupling constant « is small, and the the perturbation S of the form

N

SO =N (] S 14w [5) (] (4.6)

jk=1

Note that |1);) are still the eigenstates of A.

Because I only look at leading order effects of S on the zero modes, I work in a perturbative
regime. This requires an estimate of the scale of « in terms of fl, 5‘, and N, as well as how S
describes a generic perturbation.

I start with an estimate in standard perturbation theory. This does not take into account
that the spectra of A and S may vary over different scales, but gives a sense of the problem.
See Section[4.2] for the full estimate.

The first order perturbation of the zero eigenvalues is given by the eigenvalues of the per-
turbation matrix

Kl = g > Wl Sl lvy) (Wl (4.7)
i'i=1

where the subscript denotes the order of the perturbation. The first order only dominates if it
contributes more than the second order given by the eigenvalues of

N A A
F-(zer Zb 1 l; @b @U f; @b-/
Ky = o Z (Z AT ST ) 1y 1 (48)
'j=1 \k=v+1 K
They become of the same magnitude when the largest singular value of K. ézem) is of the same

order as the smallest singular value of K\*™.

(zero)

Note that each matrix entry of K| can be expressed as a sum

N
(WilSly) = si(slon ailiy). (4.9)
=1
The perturbation matrix for the zero modes is the part j, j' = 1, ..., v. The central limit theorem

says that for uncorrelated and identically distributed summands, the sum would be Gaussian.
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In SectionI show that this may be extended, and that the entries (1/;| S |4;7) follow a Gaus-

R 2
sian distribution on the scale 4/ Tr (S(N )> /N for large N and sufficient mixing between the

eigenbases of A and S. The estimates of the first and second order follow from

R 2
X _ Tr(S(N)>
LT .
op
2
N 3 3 Tr(SW)
(3l S ) (] § o) (s™)
R T T R
=v 7,9'=1,...,v op

where |[|-[|,, denotes the operator norm, the largest singular value of the operator. This leads
to the estimate

N2
/T (50)
—_—a < 1 411
N ol B
for the coupling constant c. )

_ Note that if the non-zero eigenvalues of S are of order 1 and the smallest eigenvalue of
A is of order 1/N, the estimate becomes V/Na < 1, which is a well-known relation in lattice
QCD [28), 29] 95| 96]. For certain ensembles the second order disappears due to symmetry.
Consider for instance the complex Wilson ensemble (1.3)

K = (% O%) (4.12)

and recall that the eigenvalues come in + pairs. This means that denominator of the inner
sum in Equation comes in + pairs as well. That is, there are two eigenvalues k4, k_,
where k. = —k_. So if (1] S i) (r] S |4;1) is the same for these pairs, the summands cancel
pairwise. To show this, note that the perturbation commutes with 5.

(W] S 1) (i | S Tg) = (] S75° [Vry ) (Wny | Sv52 [051)

= (V|57 Yy ) (| 15575 [Y5) - (4.13)
Using 75 [¢x, ) = [¢x_), one can write
(51 S 1ny) (| S Tg) = (il S [Wn_) (Pr_[ 575 [050) - (4.14)
Note that all zero modes have the same chirality 5 [¢)%) = [¢}), which means that
(] S TWry) (| STy = (Wil Slo_) Wr_[ S |byr) (4.15)

In this case the first order has to be compared to even higher orders. The discussion in Section
is unaffected by whether or not the second order perturbation theory disappears.

It should be noted that this approach does not take into account that A and S may have
several parts of their spectra that scale differently. The smallest non-zero eigenvalue of AXY) is
usually of the order 1/N, see [10, 16, 23, 25, 24, 22, 26,169, [70]. The largest eigenvalue of S can
even exceed the one of A as is the case for the Wilson-Dirac operator [27]. If that is the case,
a can never be perturbative for the whole spectra but only for a certain subspectrum like the
zero modes. The scale where perturbation theory applies is set by Equation (4.10).
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4.2 Conditions on Operators and Decoupling

(N)

A crucial quantity to consider is the number of eigenvalues S™) that are of the same order as

its maximal singular value or(n]\;z( = HS’ (V)

when N goes to infinity. This may be estimated
op
by the ratio between the [?>-norm and the operator norm

Tr(g( >)
¢V = = 7 e[1,VN]. (4.16)
S(N)

op

This is akin to a participation ratio for eigenvalues. With this, the following conditions may be
introduced

rSW™ = o, (4.17)
lim ¢ = oo, (4.18)
N—o0
a = o L N72 (4.19)
S(N) Tr(A')
op

The first condition is not mandatory, but makes the notation below simpler. Shifting the spec-
trum by SN — (Tr SV /Ny — SV gives if it is not already fulfilled. It also helps
avoid the completely degenerate case S o 1, where the Gaussian broadening collapses to a
d-function because the spectrum is only shifted. This also means that the results hold for any
exact mode in a spectral gap. (That is, it does not have to be at the origin.)

I will indicate below in Section[4.3|where Condition (4.18) is used on a technical level. On a
physical level, it ensures that there are enough eigenvalues inducing the self-average through
the relative change of eigenbasis between A and S for the Matrix Central Limit Theorem to be
valid. In other words, there is sufficient delocalisation. Since ¢(") is scale-invariant, this con-
dition does not say anything about the strength of the perturbation. This is instead captured
by Condition (4.19). It gives a harder bound than Inequality

N - N - VN
) gy (800) OV T[Sy a0

and is necessary to truncate the series after the first term in Section It ensures that the
former zero modes are unperturbed by the spectrum of A’. (That is, they reside in a spectral

gap.)

. (4.20)

op

4.21 Decoupling of Eigenvalue Equation

In this section I show how the spectrum of the perturbed eigenvalues decouples from the bulk
of the operator. As before I work in the eigenbasis of the truncated Hermitian operator A().
The transformation between the eigenbases of AXN) and SOV is unitary and denoted by U.
That is, diagonalising S?V) = Zl]\il s1|¢1) (], one may write U = {(¢;|#1)}j1=1,....n. The ma-
trices U will be drawn from the Stiefel manifold corresponding to the considered symmetry
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class, see Table To motivate this form of the average, note that almost regardless what the
eigenvalues s; are, the coefficients (vj|¢;)(¢1]1j) behave in a generic case like random vari-
ables. “Generic” here means that these statements hold when averaging over the eigenvectors.
In this basis S(") takes the block form

S| s
UsMyt = < sl 52 > (4.21)
2

Here and in the rest of the analysis I represent the operators as N x N matrices S(\)=5(V),
The unitary matrix U; = (1);|¢x) which changes from the eigenbasis of SV to AN is written
out explicitly, that is,

N

USMU ;= UeSEIU e = (il (ol (3 silonianl ) lowdowles) . 422)

=1

where k and k' are summed over and the zero modes are associated with Ss. It is also useful to
introduce a corresponding structure for U. The part associate with the zero modes is Uy, i.e.,
Uik = Ui = (¥1|ér), wherel = N —v +1,..., N. Similarly, U; denotes the rest of U, i.e.,
Ulmk = [Utlmk = (¥m|dx), where m = 1,..., N — v. Note that I do not require all of U to be
Haar-distributed, but only Us.

Consider now the secular equation of the whole system K V) = AN) 4 U SNt
det (K(N ) )\]1N) — 0. (4.23)

This may be written out in terms of the block structure (4.21)

A+ aS1 — M\y_, ‘ aSs
() _ _
det(K /\]1N) = det( i PERSTY >

(4.24)

J— ,_
— det(4 AnN_,,)det< 5] T aS -,

= det (4= Xy,) det (Ty-y +a(4 = My_,) "' 015U

—1
x det [aUzsUg — A, — alUp8U] (11ny +a(A —y,) U SU] )

xa (A= My-,) " Ui SUj|

In the second line the factor (A’ — A _,) has been pulled out in the first N — v rows of the
determinant. Then the second determinant has been expanded, and S 2 3 have been written
out explicitly. The inverse matrix may be written as a Neumann series

(v +a (A = A1y UlsUlT)_1 - i(—a)j [EEy UlsUﬂj.
j=0

Iny_y + Od(A/ — )\]IN_I,)*Sl ‘ Oé(Al — )\]IN_Z,)fl;SQ )
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This is used to rewrite the terms in that determinant and identifying a new Neumann series

alyS <1NV — U] (11ny +a(A = My_,) ' USU] )_1 (A= Mpy_,) ! U15> Uj

= alS (11N,, +) (—a) [UlT (A= Aly_,) " UlS}]) oA

j=1
= ol}rS []1N_V +aUf (A = My_,) " Uls} “ul
Inserting this result in Equation (4.24), one finds
det (K™ = My) = det (4= My,) det (1 + aSNMUf(A = Ny)'0)  (425)
% det <aU2 [y +aSMUTA - ALy_,) LUy LsMU] - )\]11,) .

So far this is an exact rewriting, but here the bounds on o become relevant. Two mechanisms
come into play at the same time.

First of all the smallest eigenvalues of A’ must not be allowed to interact with the spectrum
of the zero modes. This is achieved if the smallest singular value of A’, which is m, is

much bigger than the largest singular value of alUz[1y + «S™ U] (A))~1U,]-1SUJ. This means
that A’ — M _, ~ A’ for the ) of interest. This leaves

A former zero mode
~

det( K™~ Ay) S det (') det (1y + as™U](4) 7101 (4.26)
x det (aU2 My +aSMul Ay ~to )t sMul — A]l,,) .

Simultaneously, one has to make sure that alUs[1 y + a.S™®) Uf (AN~1Uy 1SV U2T is under con-
trol to justify dropping A1 y_,. The goal is to be left with only S3 — A1, in the final determinant,
so showing that on average 1y + aSW )UIT (A)~1U; ~ 1y is left. Choose an arbitrary vector
|x) € CV. Then the square norm of an(A’)*lUlS(N) |x) is on average

a2 Tr(A) ™2

[ ane? (o SOU) S - = S (1 (52

a? Tr(A) 72| S]]

- N
Each of the groups K comprises the symmetric group of permutations, which leads to the first
equality. (Note the invariance of the matrices (A’)~2 and S, which gives this structure. The
constant comes from considering (A’)~2 = 1.) Note that this gives the condition (#19) and

means that .SV )UlJr (A")~'U; may be disregarded in comparison to 1.
The decoupling

2
P <«1.

A former zero mode
~

det( K™~ Ay) S det (4') det (alS™MUJ - A1, ) (4.27)
is found, which is the main resplt of t}}is section.
The symmetry classes of A and S are still open and will be discussed in the following

section. (See also Section ) This means that the group K from where the unitary matrix U
are drawn via the corresponding Haar measure has not been chosen either, see Table
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4.3 Central Limit Theorem for Matrices

As described above, the ensemble average is an average over the part of the transformation
between the eigenbases of A and S associated with the zero modes. In this section I show the
extension of the central limit theorem for large N, where the perturbation matrix for the zero
modes becomes independent of the exact values of the eigenvalues s; of S. This requires the
inverse participation ratio 31 | |(1;|4;)|* to be sufficiently small for j = 1,...,v. I show that
all matrix entries with j,j' = 1,...,v become Gaussian independent up to some symmetry
relations due to the sum

N
(Wi|S1eby) =Y silwslon) (duliye)- (4.28)
=1

That is, I show that this sum and therefore also the matrix entries are Gaussian. It means that
the eigenvalues obey a v x v Gaussian RMT.

I ignore the overall factor « as the perturbative expansion of the zero modes has already
taken place and simply focus on the distribution of the matrix S3 = Up SN )U;r of finite size
v x v is when N becomes large. The non-chiral, the classical chiral, and the Bogoliubov—de
Gennes classes will be treated separately in Subsections 4.3.1} [4.3.2, and 4.3.3] In all cases a
Gaussian distribution is found for S5 under the conditions and U, Haar distributed.
Results from effective field theory [96,97] suggest that the following statements also hold in a
more general setting such as a deformed or truncated Haar measure.

4.3.1 Gaussian Limit for Non-Chiral S5

Let the distribution of S" = kS3, with k = N/4/Tr(S(V)) ? be defined via a Dirac d-function,

p(S) = /K dp(Us)8 (SI—HUQS(N)U;), (4.29)

where dpu(Us) is the normalised Haar measure of the Stiefel manifold C,.. (See the first five rows
of Tables and2.3]) The scaling is contained explicitly in « to simplify later calculations.
The Haar measure may also be represented as a Dirac measure on the larger set G,,

Jo, dU2f(U)é(1, — UsU3)
Jo, dU25(1, — UUd)

/K dyu(U) f(Us) = (4.30)

with an arbitrary integrable function f. Both Dirac é-functions can be expressed as Gaussian
integrals over the symmetric spaces #, for Equation (4.29) and P, for Equation (4.30), see
Tables[2.2land 2.3

The starting point is therefore the expression

Jo dUs [, dPf.(Us, S") exp [67N Tr(1, — iP)? + 7N’I‘r(]1,, — UsU} ) (1, — ip)}

)

() = lim
p 0 N2 i .
e Ji, AUz [y, dP exp [eyN Tr(1, — iP)2 + N Tr(]ly - UQUQ) (1, — ’LP)}

Jy, dH exp [—eﬁHQ FiTr (5’ - HUQS(N)U;)H}

fe(U2,87) = S, dS [, dH exp[— Tr H? — Tr §2/4] ' (431)
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The shift in P guarantees that the integral over U; is absolutely integrable and the denomina-
tors normalise the integrals properly. The factor vN in the P-dependent part of the exponent is
introduced to simplify the saddle point approximation later. The parameter v depends on the
symmetry class and can be found in Table[2.3] It is essentially the exponent of the determinant
when performing a multivariate Gaussian integral.

The absolute integrability of the integrals means they can be interchanged. The now v x N
Gaussian integral over U can be performed, which gives a determinant with the exponent

dPf.(P,S") exp|eyN Tr(1, — iP)? + yN Tr(1, — iP
Pu

p(S) = lim ,
0 - 15\ 2 . —~N .
- dPexpleyN Tr(1, —iP)" +~yN Tr(1, —iP)| det™ " [yN(1, — iP
Pu

_ dH exp[—eTr H? +iTr S'H| det "[yN1y @ (1, — iP) + irSW™) @ H
fu(pg) = - =
o S, dS [3 dH exp|—Tr H? — Tr 52/4] '

(4.32)

The determinant also guaranties convergence for the integral over P in the limit e — 0 if N
is large enough. The integral over H still needs regularisation. The saddle point is therefore
performed on this slightly rewritten version

(s Jp, dPg(P, 8") exp[—iyN Tr P]det ""[1, — iP] 1.33)
P T AP expl—iyN Tr Pldet V[T, — iP] '
(P.5" i J5 dH exp[—eTr H* +iTr S'H|
g(P,s") = lim .

0[5, dS [,, dH exp[—Tr H? — Tr 52 /4]

xdet [y, + iy~ SM 4/ Tr(SM)? @ H(1, —iP)7],

where « has been written out, and the rescaling P — P/+/vN is done. This implies that the
P-integrand becomes the Gaussian exp[— Tr P?/2] via a Taylor expansion. Integration yields
, I dH exp|—eTr H? +iTr S'H]
lim p(S’) = lim lim ~ —
N—s00 N—ooe=0 [, dS [;, dH exp [— Tr H2 — Tr 52 /4]

xdet [y, + iy LSM /4 /Tr(SM)* © H] .
(4.34)

The limit of the integral over H is done with an expansion of the determinant which is

SIV) SV

=1
— Q@ H| = 'nyTr ———
v/ Tr(SM)? =17 ( v/ Tr(SM)?

The first term (5 = 1) vanishes because of Condition (4.17) and the coefficient for j; = 2 becomes
—1/(2v). The other terms for j > 2 can be estimated as follows

Indet™ |:1Nl/ +1

J
) Tr H? .(4.35)

T (SN’ <\\S(N>\i;2Tr(s<N))2_ U ey .
(Tr(SM))i2| = (Te(SM)*)iz (¢™))i=2 : :
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The limit follows from (4.18). The determinant can therefore be approximated by a Gaussian
and e may be set to 0. The integral over H may now be calculated

lim p(S') Sy, AH exp| = Te H?/(24) +iTx 5'H] exp[— Tr 52 /2]

N S SRR T (437
e Jy0, dS [, dH exp[~TrH? —Tr§2/4] [, dSexp[—Tr52/2] (4.37)

This means that the former zero eigenvalues are broadened by the matrix «.S3 which is dis-

tributed like a Gaussian random matrix with standard deviation \/ Tr(SMV)) ?/(yN?) for large
N, which is the main result of the section.

4.3.2 Gaussian Limit of S; for one of the three Standard Chiral Classes

For the three classical chiral ensembles, can be dealt with in a similar way. The normalised
Haar measure of K, is again replaced by a Gaussian integral over G, and P, and the Dirac -
function in S’ by a Gaussian integral on H,.. Equation therefore still holds, but with the
respective spaces, see the sixth to eighth row of the Table The structure of the matrices is
different for the chiral matrices. The matrix YN (1y—iP) = diag(y(n+v) (L4 —iP1), yn(L,y —
iP,)) is block diagonal, one block is of size (n’ + 1) x (n' + 1) and the other of size n’ x n/, and
the matrices

s = (ah Y aswenasa= (0 ) (4.38)

consist of off-diagonal blocks of size (n 4+ v) x nand n x (n + v) as well as (n’ + /) x n/ and
n’ x (n’ + /'), respectively. The dimensions satisfy n’ + v/ < n+wv,n’ <n,2n+v = N,
and 2n' + v/ = v, and v/ denotes the number of non-broadened zero modes. The two blocks
of YN (1 — iP) are weighted differently to simplify the saddle point later. The integral over
Uy = diag(‘71, 172) may now be performed, which leads to the counterpart of Equation (4.32)
with the appropriate matrix spaces and the exponent v as given in Table The following
identity is also needed

d(‘71, ‘72) €xXp [ - 7(” + 1/) Tr ‘71T(]1n’+1/ - ZPl)f/il - ’)/’I’LTI" ‘7;(]171’ - Z'P2)‘72

G
—ikTe Vi XVaWT —ix Te Vi X TV W
| Y+ )y @ (L gy —iPY) kW ® X
o det [ ikWT @ XT ynl, @ (1, —iPy) (4.39)

To get the statistics of the cut-out S3 I assume that the projection is symmetry-preserving,
which means that S and S3 share the same symmetry class though they are of different dimen-
sions, see Table Therefore the matrix S5 is chiral as well,

. 0 W3
= 44
% ( wi o ) (4.40)

where W3 is (n' 4+ v/) x n’ dimensional. The notation “=" here has the additional meaning
that there is a unitary matrix for the ensemble from which SV is drawn that allows it to be
written in this form. The matrix U = diag(V1, V2) can be chosen in a block diagonal form with
(Vi,Va) e K=0(n+v) x O(n),U(n +v) x U(n), USp(n + v) x USp(n).
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The rest of the derivation is very similar to the non-chiral case. First the limit e — 0 is
taken in the P-integral because convergence is given by the determinant. The limit N — oo
implies that (n + v)/N and n/N are fixed, since the number of zero modes is fixed. After
rescaling P, — Pi/\/7v(n+v)and P, — P»/,/9n, the P-integral can be done. The remaining
determinant is expanded

K

det™ |1y, + ity
N i— " wte xt 0
7V (n+v)n
o, N2 j |
I St Tr(XXT)j. (4.41)
= v2(n + v)n Tr(S(V)

Using 2 Tr(WWT)j = Tr(SW) %/ the same estimate as in Equation (#.36) can be made leaving
only j = 2. The leftover Gaussian integral over H is done, which yields

L exp[—’y(n—i—y)nTr{S’}z/NQ] o
Ngnoop( ) = Jy, S exp[—v(n +v)nTr §2/N?]| - (142)

This shows that the matrix a.S3 again is distributed according to a Gaussian random matrix
with standard deviation a\/Tr(S(N))2/(27(n + v)n).

4.3.3 Gaussian Limit for the Boguliubov—-de Gennes types of S5

The two Boguliubov—de Gennes cases are again very similar to the other three chiral classes
except that for Us = diag( 171, 172) there is the additional condition V5 = X71* Therefore the matrix
P has the diagonal block form P = diag(P, P*) with P € Herm(r/2). The matrices S&¥) and
H have the chiral forms with the additional conditions W7 = +W and X7 = +X,
both relations with the same sign. Start with Equation (4.31) and the corresponding matrix
spaces (the last two rows of Tables and 2.3), replace N by N/2, and set v = 1/2 in the
exponential functions. The counterpart of Equation (4.39) is

/ Vi exp [—N Te V(1,0 — iP)Vi/2 — i Te V{ XVFWT — ik Tr f/lTXTf/lW}

v

N ~
o det™!/? [2]12 ®@Lyjo @ (1,2 — iP) +ik(rs —im1) @ X @ W +ik(r3 +im) @ X' ® W]

N ~
511N/2 ® (1,2 — iP) 2ikXT @ W

= det™1/? , (4.43)

N ~
2ikX ® I/VJf E]lN/Q ® (]1,,/2 - ’LP)

where 7; is the three Pauli matrices. The second line comes from decomposing V; into real and
imaginary part, and the third line is found by performing a rotation with explim (1 — 73) /4] exp[inTo/4].
For the saddle point expansion I rescale P — P/+/7N, and the Taylor expansion of the deter-
minant works as in Equation (.41)). The Gaussian distribution is again found

li S = o [_ TY{SI}Q} 4.44
Ngnoop( ) = fH,, dSexp[—TrS?|’ (1.44)




70 CHAPTER 4. UNIVERSAL BROADENING OF ZERO MODES

i Monte Carlo

‘ I Monte Carlo .
100 ¢ ——Gaussian Ensemble — Gaussian Ensemble
400+
80+
< 2
< 60l <3001
g z
g g
g £ 200/
L 40+ @
2 &
20+ 100 |
0 : w ‘ 0k
-0.02 -0.01 0 0.01 0.02 -4 -2 0 2 4

Smallest Eigenvalue, A Smallest Eigenvalue, A | 193

Figure 4.1: Distribution of the two smallest eigenvalues of Ensemble 1 (left plot) and Ensemble 3 (right
plot) in Section In both ensembles the unperturbed Hamiltonian A is imaginary, an-
tisymmetric and block-diagonal of dimension N = 134 so that it has two zero eigenvalues.
The perturbation S is a full generic imaginary matrix iaW (Ensemble 1) on the off-diagonal
block and a constant matrix ial (Ensemble 3) with o = 0.01. The Monte Carlo simulations
(blue error bars, 10° matrices generated) are compared with the theoretical RMT predictions
that are Gaussian distributions with the variances derived in Section 4.3|(red solid curves).
This figure is also published in [KMS].

which implies that S5 is a Gaussian random matrix with standard deviation a \/ Tr(SMV)) ?/(2N?)
in the limit N — oo.

4.4 Scaling and Application

In this section I take a closer look at the scaling behaviour of the spectra. As discussed in
Section the smallest eigenvalue of AY) is typically on the scale N~!. This means that in
the rescaled eigenvalues

=N\, (4.45)

where ) are the eigenvalues of K (V) in the limit N — oo, one zooms in on the microscopic
spectrum around the origin.

Following (4.11)), the width of the former zero eigenvalues is avTr S?/N and the small-
est eigenvalues of A are 1/N. So rescaling the eigenvalues as in gives a broadening of
aVTr S2. Assuming Tr S2 ~ N and fixed «, the width of the rescaled broadened zero modes
scale as v/N. I will demonstrate the applicability of this in more detail below. See also Figure

(left plot) and Figure
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Figure 4.2: Left: Identification of former topological modes. Plotted is a comparison of the ratio be-
tween the width of the smallest eigenvalue and the position of the second smallest eigen-
value as a function of the matrix size N for Ensemble 1 (v = 1) and Ensemble 2 (v = 0) in
Section The mean of each curve has been normalised, and the coupling constant is set
to a = 0.01VTr A=2|[S],,/VN according to @I9). The ensemble size is 10°. Right: The
density of the smallest eigenvalues for Ensemble 4 with n = 33 and v = 3 from Section[4.4.2]
The Monte Carlo simulation (blue error bars, 10° matrices generated) and the theoretical
distribution of the GUE of size 3 x 3 (red solid curve) are compared, see (¢.50). This figure
is also published in [KMS].

4.4.1 Application to Experiments

Let me relate the scaling with N to physical quantities. As discussed in the Chapter (1, the
matrix scales linearly with the volume of the system V' ~ N. This means that under the above
assumptions, the width of the broadened modes scale as V. This relation is a result from
the e-regime of effective field theory and applies to the low-energy modes around the origin,
where dynamics decouple [16} 17, [18]. The potential term becomes the most important here.

We therefore propose the ratio 0y /1 as an experimental identifier in [KMS]. Here oy is the
width of the ground state distribution, and (i, is the mean position of the first excited state. If
this scales significantly different from 1, it is safe to conclude a system with a broadened zero
mode. This scaling is also found in the literature of lattice QCD and has helped to explain the
unusual behaviour observed in lattice simulations [28) 29].

On a more heuristic note, the Gaussian behaviour of a finite submatrix when the size of
the whole matrix becomes large lends further intuition to the ubiquity of Gaussian distribu-
tions. (It is a priori unlikely that such a chaotic phenomenon as noise comes from independent
sources only.)
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Figure 4.3: The microscopic density for Monte Carlo simulations of an ensemble with a single topolog-
ical mode (left, see (4.46)) and one without (right, see (4.47)) for different matrix sizes. Here
I have also averaged over the spectrum for visual clarity of the bulk. The eigenvalues have
been rescaled as in to keep the distance between the smallest eigenvalues of the or-
der 1. Note the difference between a topological and a non-topological mode, namely that
the former topological mode broadens with N. The ensemble size is 10° and the bin size is
roughly 0.2 for the left plot and 0.1 for the right plot. The density in the left plot is shown
on logarithmic scale to keep both peaks visible in the same plot, but a zoom-in is provided.
This figure is also published in [KMS].

4.4.2 Example Ensembles

For numerical checks I use the following example ensembles. In each case I draw a fixed AV

and S) and then average over U for the Hamiltonian KN = AN) 1+ oSN,

Ensemble 1: Consider a direct sum of two antisymmetric matrices that are the same up to
a sign. This corresponds to particle-hole-symmetry [34, 37, 65] and is chosen to illustrate a
particular condensed matter application. The ensemble is perturbed by off-diagonal blocks in
order to model topological superconductors carrying Majorana modes. This has the form

AL .
KN — <ZO —?M) + a0 <—i%/'T Z‘(/)V> o, M=-M". (4.46)

The matrices M and W are real and of dimension 2n + v, and M is antisymmetric. So for
a = 0 and v = 1 the model exhibits two generic zero modes. This is the ensemble is the one
considered in Chapter[3} but for A = B and in the regime 1/a < 1. The matrices are generated
once via i.i.d. entries uniform on the interval [—1, 1] and then kept fixed. The ensemble average
is only done via the orthogonal matrix O. The full matrix K is of size N = 4n + 2v and
imaginary antisymmetric, and for o > 0 no exact modes are present. For v = 1 the two zero
modes are broadened by the coupling. They form a 2 x 2 imaginary antisymmetric Gaussian
ensemble.
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Ensemble 2: To compare the different scalings of broadened zero eigenvalues and bulk
eigenvalues, I also consider an ensemble for comparison of the form

E™ =A™ 4+ iq0sMOT | KM = gMT = _gT (4.47)

with matrix size N = 2n and no further substructure. This ensemble never has exact zero
modes in contrast to the models covered by our discussion. All matrix entries of A and S are
drawn i.i.d. once, uniformly from the interval [—1, 1]. Afterwards they are kept fixed, and the
average is over the orthogonal matrices O only.

See Figure for a comparison between the microscopic densities about the origin for
Ensembles 1 and 2. In both plots the eigenvalues have been rescaled according to to keep
the mean inter-eigenvalue distance of order 1. To contrast the scaling of the eigenvalues with
the volume V' ~ N, I also average over the spectrum of A and S. As predicted in Section[4.4.]
the perturbed zero mode in Ensemble 1 changes with the volume in the rescaled variables,
whereas the same does not happen for the smallest eigenvalue in Ensemble 2.

It is, however, not necessary to average over the spectrum, see Figure [4.2| (left plot). Here
the ratio o/ is plotted as a function of the matrix size N. This is the experimental identifier
we propose in [KMS]. The rescaling o S|,V Tr A~2/ VN — « has been made to keep the
coupling constant on the same scale for all matrix sizes, see (4.19). As there is no average over
the spectrum, the variance of the individual modes partially obscures the scaling, but it is still
visible. If an average over the spectrum is also performed, the difference becomes even clearer,
see Figure

Ensemble 3: To illustrate that degeneracy of the perturbation is irrelevant as long as it satis-
fies the conditions (4.17}4.19), consider an ensemble very similar to Ensemble 1, except that the
perturbation is proportional to the second Pauli matrix. That is,

W _ (iMi 0 . 0 1\ .r
K ( 0 My + a0 1 0 o, (4.48)
M, =-M"T, My=—M,"T .

M; and M> are real antisymmetric, but independent as the eigenvalues would otherwise be
shifted rather than perturbed. These are chosen fixed with i.i.d. entries on the interval [—1, 1]
while the average is over the orthogonal matrix O. This ensemble emphasises the generality of
the conditions (4.17}{4.19). That is, the matrix central limit theorem stated above describes the
limit for a broad class of ensembles. This similarity is illustrated in Figure[4.Tjwhere I compare
Monte Carlo simulations to the corresponding theoretical curves derived in Section

Ensemble 4: As an application to lattice QCD, where chirality is broken by a perturbation
[28,129,95, 96 98| 99], consider the following model

KM = ( J\ST ]‘04 ) +aUSUT . (4.49)
M is a complex (n + v) x n matrix with no further symmetries, S is a complex hermitian
matrix, and U is unitary and Haar-distributed. As before the only average is over U. The
index v determines the number of exact zero modes, which allows any number of broadened
modes, unlike the antisymmetric ensembles. The v zero modes from the chiral ensemble are
all broadened by the perturbation, which is hermitian and has no further symmetry.
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This means that the former zero modes are distributed according to a Gaussian unitary
ensemble of size v x v

1 )2
peue(A) = 20;% <0> ) (4.50)
1 2
(\) = ———e "2 (A
901( ) 2 /n J( )

with ¢ = a\/ Tr(SW ))2 /(7N?) and Hj()\) the Hermite polynomials corresponding to the

weight e=*’. This may also be found in Equation (2.28) and in [8]. In Figure 4.2/ (right plot)
the broadening of this ensemble to the theoretical prediction is compared to the width found
in Section 4.3.1]

4.5 Conclusion

In this chapter I presented a general mechanism for the universal decoupling and broadening
of former zero modes under a generic perturbation. The broadened zero follows the statistics
of finite-dimensional Gaussian random matrix ensemble, which is surprising because one usu-
ally expects that spectral universality only holds in the limit of large matrix dimensions. The
new universality relies on a self-average of the change of basis Us = {(¥j|¢1) }ji=N—v+1,..N
between the unperturbed operator A and the perturbation S associated with the zero modes
of A. I worked under the assumption that all bases transformations U; are drawn from the
Haar measure of the group associated to the respective symmetry class, but lattice simulations
in QCD [32} 98,199, 100] and special cases from effective field theory [96, 97] strongly suggest
that the measure can be relaxed to something non-uniform.

I quantified under which conditions this decoupling and universality applies. This in-
cludes an extension of the central limit theorem to the elements of a finite submatrix when the
size of the whole matrix becomes infinite. The three conditions are rather mild and
have natural physical interpretations such as whether the coupling strength « allows a spectral
gap. The critical scaling of o found in lattice QCD with Wilson fermions [32} 98} 99, [100] and
in the RMT-models for Majorana modes in disordered quantum wires [97] is recovered here.

Note that the limit v — oo may be taken naively by letting the Gaussian ensemble of the
former zero modes go to infinite size. This does not take into account how v scales with N,
and the limit may therefore be viewed as N — oo, v — oo while keeping v < N. At the time
of writing, we are also working on extending these results to non-hermitian perturbations.

A possible application of these results is to distinguish topological modes in the bulk from
modes in the bulk. The two kinds of modes scales very differently with the system size and the
coupling parameter «. The scaling may therefore provide a useful indicator for experiments.



Chapter 5

Universal Spacing Distributions in 2D
and Comparison to Data

Let me now focus more on the nearest neighbour spacing distributions of eigenvalues. As
discussed in the introduction, the spacing distribution of random variables holds informa-
tion about the degree of correlation. For real eigenvalues, the uncorrelated variables (Poisson)
follow an exponential distribution, whereas the correlated ones (Wigner) exhibit a repulsion
between each other. This behaviour has been observed in nature several places and is very
characteristic. For quantum chaos, the spacing of eigenvalues also identifies integrable and
chaotic systems, because they behave as Poisson and Wigner variables respectively. This was
proposed in [3, 4] and observed in [6]. The was also better through a semi-classical expansion
[104].

It is important to emphasise the universality of the spacing distributions, but also that this
only applies to a uniform spectrum. If an area is more dense, the average spacing will naturally
be smaller. A non-uniform spectrum will therefore give several overlapping distributions,
which cannot be compared meaningfully to Wigner and Poisson. It is therefore necessary to
make a change of coordinates that makes the density uniform. This process is called unfolding.

It is natural to extend these notions to the complex plane. For correlated variables, this
corresponds to processes in 2D and for quantum chaos, it is relevant for open systems. The
extension for quantum chaos was proposed in [105], where it was suggested that integrable
and chaotic systems should have the same repulsion as Poisson and Ginibre respectively.

In this chapter I further extend this result to the full distribution as well as consider dis-
tributions between Poisson and Ginibre. I also compare to other real-world data. First of all,
I go through the known results for Ginibre ensembles (non-Hermitian matrices with no sym-
metries) and I show how the complex spectrum differs from the real one. I then discuss how
to unfold in 2D, and show how to apply this to the relevant datasets, of which there are two:
Simulations of an open spin chains that transition from integrable to chaotic and buzzard nests
from the Teutoburger forest. The goal for the first set is to see the transition in the eigenvalue
spacing of the Liouville operator, and the goal of the second set is to get a sense of territorial
behaviour.

This chapter is based partially on [AKMP]. Section is based on unpublished work with
Oliver Kriiger and Rebecca Werdehausen and became part of the latter’s bachelor’s thesis [40].

75
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5.1 Spacing Distribution of Eigenvalues

As discussed in Chapter 2.1} the spacing approximate distribution for real eigenvalues is given
by the Wigner surmise, see Equation (2.15). I repeated here for convenience

T (52 s (52 2
pp(s) = 2FEB;§6+2566XP (Fgl;%s) . (5.1)

This also works as an approximation for the intermediate values of 5 given by the correspond-
ing log-gasses, which I will return to in Section See Figure (left plot) for a plot of the
Wigner surmise for different 5 along with the corresponding log-gasses. Also included is the
exponential distribution that arises for Poisson variables. Remarkably, although it is only an
exact result for 2 x 2-matrices, the Wigner surmise is a good approximation for larger matrices
if either 3 or the spacing is small. It of course does not hold very close to 3 = 0, as

}gl%)pﬁ(s) Fe . (5.2)

For the interpolation between Poisson and Wigner, other approximations are used instead,
such as the Brody distribution [106]

Pq(s) = cgs?exp (—qiqls“l) , where ¢, = %}))q“ , (5.3)
and ¢ € [0, 1]. See for instance [107].

That the IV = 2 result is a good approximation for N — oo does not hold in the complex
plane, and therefore the whole expression for the spacing distribution is needed. I first show
the analytic result for complex Ginibre and argue that this distribution should also hold for
real and quaternion Ginibre as long as only the bulk is considered.

5.1.1 Nearest Neighbour Spacing Distribution for Complex Ginibre

The approach for complex Ginibre is as follows. Fix an eigenvalue at the origin. The distribu-
tion of the smallest non-zero eigenvalue for this ensemble will then correspond to the nearest
neighbour spacing distribution at the origin of complex Ginibre without a fixed eigenvalue. I
start with the gap probability, because it is a simpler object to work with. The distribution of
the smallest eigenvalue may be found by taking the derivative. From here the translational
symmetry of the spectrum generalises the result at the origin to the whole bulk.

The starting point is therefore the gap probability of complex Ginibre with 1 eigenvalue
fixed at the origin, see [9]

N-1

oo 2m N1
Gn(s) / d?“l?“l---dT‘N—17“N—1/ d; ...d0N_re” i1 T§|AN—1({Z})|2 H ri? (5.4)
S 0 X
J=1

Note the structure similar to GUE. Applying the Andréief identity [108]

[autendutan) der fosta] det o] = N der | [auos @] |

]’kzlz'"v =1, ],k—l,...,N
(5.5)
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Figure 5.1: The spacing distributions for Coulomb gasses at different inverse temperature § showing
the transition for 1D (left) and 2D (right). Plotted is the numerically computed spacing
of Coulomb gasses with the method described in Section The number of particles
considered is 200 for 1D and 300 for 2D. The ensemble size is 10*. For 1D the Wigner surmise
(WS) has also been plotted (Equation (5.1)), which is an approximation of the spacing in 1D
for N > 2, but a good one for low 3. The analytical spacing distribution for Poisson variables

(8 = 0) is also plotted in both cases.

Equation (5.4) may be written as

o0 2
Gn(s) o det [/ dr r3+j+’f—26—7’2/ 20 e’if)(j—k)} .
s 0

Gk=1,. . N—1

The angular integral enforces j = k and reduces the expression to
N-1
; 2
Gn(s) H / dr r?te™r
j=17%

N-1
= J[TG+1s) .
j=1

The normalisation is G (0) = 1, which gives

N-1 .
L(j+1,s2
oxe) = [[PEEET)
Jj=1 '

To find the distribution of the nearest eigenvalue, the derivative is taken

pn(s) = —0sG(s)
N—-1 25 N—-1 )
B s I(1+k,s°)
- jzl Wexp{kzo In (m

)}

(5.6)

(.7)

(5.8)

(5.9
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Figure 5.2: Left: A comparison of the bulk spacing distribution for real, complex, and quaternion Gini-
bre to show that these agree. Plotted is Monte Carlo simulations of the respective ensembles
along with the analytic distribution from (5.10). The matrix size is 500 and the ensemble size
is 1000. Only eigenvalues away from the real line and the edge have been included. Un-
folding is trivial in this case, because the density is flat in all cases. This figure has also been
published in [AKMP]. Right: The effect of the unfolding method described in Section
Plotted is the spacing distribution of a product of two 200 x 200 complex Ginibre matrices,
which does not have a uniform macroscopic spectrum, but has the spacing after un-
folding and therefore serves as a good check of the method, see Section[5.1.5] The ensemble
size is 1000 and the width has been chosen as 4.5 times the mean level spacing. This figure
has also been included in [AKMP].

The zeroth term in the exponential along with the term s? come from the derivative of the
I-function in front. I normalise the first moment to 1 numerically when implementing it. The
limit N — oo is easily taken

ps) = 2821“ eXP{Zhl( 1+ks)>} (5.10)

and converges very quickly. Note that G (s) is the cumulative distribution, which is needed
later when comparing distributions.

5.1.2 Extension to Other Ginibre Ensembles

As it turns out, the real and quaternion Ginibre ensembles have the same bulk distribution
as the complex case. This may be realised heuristically as follows. Consider the jpdf of both
ensembles [8, 9,109, [110]

M
Preal(V) o [An({z)PA{z)) ] Gi — 2 HHm—m He 2% (5.11)
1,j=1 i=1j=1

M 1
<[ sien () erte (VEnn() ) exp (5 (2 +5%) )

Jj=1
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N
Pouae({2}) o [T 1z =2’z — 2l [T 12 — 2 Pexp (<12[) (5.12)
j=1

i<k

where for the & real eigenvalues are denoted x and the 2/ complex ones ), and the matrix size
is 2M +k = N. For the quaternion ensemble there are no real eigenvalues, so £ = 0. For the real
ensemble the eigenvalues are ordered such that the density is positive. Note that the factors
including the complex conjugate cannot vanish far away from the real axis. As discussed, the
origin of the level repulsion is the vanishing jpdf, which means the dominant local effect in
the bulk is [[, 4 |2 — 2i|? for the real and quaternion ensembles as well. The more rigorous
statement would be on the level of the kernels, see [[111] for real Ginibre. This means that the
different symmetry classes cannot be distinguished in their bulk. It is possible at the real axis,
however. See Figure 5.2| (left plot) for a numerical check of this. The macroscopic density is
flat for both real and quaternion Ginibre [9], and the unfolding discussed in Section [5.2|is not
needed yet.

5.1.3 Coulomb Gasses

The spacing distributions may be extended beyond matrix ensembles by considering Coulomb
gasses. Consider the following for real eigenvalues: Rewriting the partition function of GOE,
GUE, and GSE in one

2 o [TLane 2% an@nr
j=1
N B N
_ /Hd)\jexp DRI SRR TIVESHE (5.13)
J=1 j=1 N>j>k>1

it may be identified as the partition function of a static gas with logarithmic interaction in a
harmonic oscillator potential and inverse temperature 3, confer with Z = [ e~##. For general
j, the rescaling 8\? — A2 such that the limit 3 — 0 is meaningful. It is of course slightly
artificial to call it a Coulomb gas for real eigenvalues, because the Coulomb interaction is only
logarithmic in 2D. Nonetheless, it is a useful picture for understanding the local and global
interactions. See for instance [112] for more on Coulomb gasses. The complex case has the
same structure

N N
VAN /Hdz)\jexp —§Z|Aj\2+5 > loglhi =Ml g (5.14)
j=1 j=1

N>j>k>1

and here the logarithmic interaction is more natural. For 1D some approximations are avail-
able, but for 2D there is neither analytic result nor approximation for the spacing of eigen-
values for general /3, and I instead generated the ensembles numerically with Monte Carlo
simulations through what is known as the Metropolis algorithm, see [114] for more details.
The idea is to generate a random configuration X (in this case they are picked Gaussian) and
explore the space as follows. Let H(X) be the energy associated with the configuration X.

e Generate a new configuration X’. (In this case as a small Gaussian perturbation of X.
The width of the Gaussian is chosen as N !/ in accordance with [114].)
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o Accept the new configuration with probability

. (5.15)
1 otherwise

{e<H<X’>H(X>> if H(X') > H(X)

p =

e Repeat this process until convergence. (In this case I simply make 100N perturbations
of individual points, corresponding to roughly 100 iterations of this process. I can verify
convergence comparing 3 = 2 to Ginibre.)

See Figure for a plot of the spacing distributions for different 3 as well as the Wigner sur-
mise for 1D. Again, unfolding is not necessary here, because the macroscopic density is flat,
see for instance [113].

5.1.4 Poisson Variables in 2D

As they will be relevant for later comparison, I briefly go through how to derive the spacing
distribution of 2D Poisson variables, see also [115]. Assume a uniform distribution of N in-
dependent points on a disk of radius R and look at the gap probability at the centre. (As the
points are uncorrelated, it is unnecessary to place a point there.)

Gn(s) (/Serr/O%cw)N = (R%r (1 - ;))N : (5.16)

To keep the density uniform in the limit N — oo, I rescale R = Rv/N. This leaves

. . 2 \V 52
]\}gnoo Gn(s) A}gnoo (1 — §2N) = exp <_§2> . (5.17)
This makes the nearest neighbour spacing
p(s) = —0s lim Gy(s)
N—oo
52
X Sexp <_}A§2> . (5.18)
Normalising both zeroth and first moments leads to
_ T _Te2
p(s) = 5 S €XP ( 15 ) . (5.19)

Note that this is the Wigner Surmise for § = 1, though in this case it is an exact result. The
above approach works in any dimension if the scaling is taken into account.

5.1.5 Products of Ginibre Matrices

Because they provide a good test for the unfolding method I present in Section I want to
emphasise the following properties of the product of k£ independent Ginibre matrices. Firstly,
the macroscopic density in the limit NV — oo takes the form [117,141}[118]

A2

POy = O —1AD, (5.20)
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where ©(x) is the Heaviside step function. Note that the spectrum is flat for £ = 1, but for
k > 1 a singularity is present at the origin, which grows in strength for larger k. Secondly, they
share the same microscopic spacing distribution [118]], so the result for £ = 1, Equation (5.10),
may be used for all & after unfolding. This means the product of independent Ginibre matrices
are an example of a non-uniform spectrum which follows a known local nearest neighbour
spacing. I therefore use it to judge the validity of the unfolding method.

5.2 Unfolding of the Spectrum

Let me now turn to the problem of making a density uniform, which is necessary for compari-
son with the spacing distributions. In 1D, the transformation is understood and, as I will show,
it is simply the cumulative distribution. In 2D, some work has been done, see for instance [116],
but I will take a different approach than the literature.

5.2.1 One Dimension

Let me start by going through the methods already known for 1D. The goal is to find coordi-
nates T = f(z) such that

pun(®) = p (f71(@) ()@ = 1 (5:21)
up to normalisation. This implies
1)) - 1
PUT@) = Fym (5:22)
= (@) - (5:23)

Rearranging and integrating on either side yields

_ %o p(f7H(7))

rg = ) Wd% (5.24:)
1 @o)=z
= / p(z)dz
0
= N(z),

where N(x) is the cumulative distribution. If this is known analytically, it can be applied
directly, but otherwise it can be approximated by a smoothing of the empirical cumulative
distribution. I denote this by N(z), and the smoothing method is

. ol 1+ erf(a(z — x;))
N(z) = , 5.25
(v) ; 5 (5.25)
where a is a smoothing parameter to be chosen. Note that come from the regularisation
O(z) ~ (erf(z) + 1)/2. The parameter a may be chosen by applying the transformation to
a known spectrum such as GUE. It will in general depend on the amount of points and the
support of the spectrum.
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5.2.2 Two Dimensions

For two dimensions it is natural to extend the above result, which would mean to find a set of
coordinates
z fl (.f, y)>
~ = , 5.26
(y> <f2($, Y) (5.26)

1 = punl@ ) 27
_ 1~ Oxf (Z,9) Oyfi (E,7)
= p(f71(7, 7)) det <35f;—1(5,§) agfl‘l(a?,ﬂ)) '

that satisfies

I now make the ansatz

1@ = 7, (5.28)
which leaves
L= p(f 1@ 9)0:1, (7, 7) - (5.29)
This is then solved as in the 1D-case, which leaves the transformation
OyN (x,
fay) = ( s ”) , (5.30)

This was proposed in [116]. The implementation in [116] is to unfold in strips and fit a low-
order polynomial in 1D along these strips. A different implementation is to choose an empiri-
cal cumulative density in two dimensions

N
Z O(x —z;)O(y — y;) - (5.31)
7=1

This is not unique as it may be taken from any direction. If a symmetry is present in the data,
it is advisable to take the cumulative distribution along this symmetry (this should be done in
the ansatz). The empirical distribution is then smoothed out as before (5.25)

Nz,y) = LN Z + erf(a(z — 2,))] [1 + erf(aly — y,))] . (532)
j=1

where a is again a smoothing parameter chosen appropriately. This leaves

OyN(z,y) = 2Nfz +erf(a(z — z;))] exp {—a®(y — y;)*} . (5.33)

which is numerically simple to implement. The parameter a may be determined by consider-
ing the unfolding of a product of two complex Ginibre matrices. Because the spacing of the
unfolded spectrum is already known, an appropriate smoothing parameter will map the raw
spectrum to an unfolding, where the spacing is correct.
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A crucial part of the above derivation that I unfold on a global scale. This is not a prob-
lem in 1D, but when extending to a manifold such as a 2D density, a global transformation
is not guaranteed to preserve the local behaviour. This is a fundamental result in differential
geometry and is known to all who have tried to make a flat map of the Earth that faithfully rep-
resents local distances. It is simply not possible. The method presented above should therefore
be viewed as an approximate unfolding that is only applicable to distributions already close to
uniform.

A general unfolding has to be on a local scale. That is, the measure

ds> = p(z,y) (dx2 + dyQ) (5.34)

is used rather than a change of variables. The density at each point is estimated the same way
as in (5.32). That is, assuming each point is a Gaussian with a given width

i 1 < (z—2)* + (y — y)*

plz,y) = 902N ]Zl exXp <— 902 > . (5.35)
I use the products of Ginibre matrices to determine o by requiring that all products have the
same unfolded spectrum, see Section I find that a width of 0 = 4.5u, where pu; is the
mean spacing, gives the best result. See Figure 5.2 (right plot) for the effects of unfolding the
spectrum for a product of 2 matrices. The products of 3-5 matrices give similar results, which
supports the choice of unfolding and parameter o.

5.3 Comparison to Data

These methods are applied to two different data sets, where the spacings are expected to hold
information about the system. First I consider an open spin chain and investigate the extension
to complex eigenvalues of the integrable/chaotic distinction proposed in [3} 4]. Secondly I
look at buzzard nests in the local forest around Bielefeld. Here the spacing may give some
understanding of their territorial behaviour. It is expected that the nests should at least not
follow Poisson spacing, but the strength of the repulsion is still to be determined.

5.3.1 Fitting of Distributions

Let me give a short introduction on the fitting techniques used for comparison in this section,
see also [119, 120] for more on data analysis. The main measure I use for comparing two
distributions f, g is the Kolmogorov distance

D = max|F(z)—G(z)| €[0,1], (5.36)

where F' and G are the cumulative distributions of f and g respectively. The Kolmogorov
distance is a more natural choice for fitting distributions than something like a x2-fit, because
it already takes normalisation into account. The downside is that it becomes more difficult to
quantify the uncertainty on /3 than it would be for a y?-fit.

As I only fit the same distribution to each dataset, I can simply minimise the distance. I gen-
erate Coulomb gasses for equidistant values of 3 (intervals of 0.1) and compare each to the data
to find the smallest Kolmogorov distance. The Coulomb gas ensembles I use for comparison
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consist of 200 particles and the ensemble size is 1000. If I had to compare different distribu-
tions to the same dataset (as may be necessary for extending the analysis), the goodness of
fit (GoF) would be required. It is defined as the probability of getting a larger Kolmogorov
distance with a data set of the same size. If the distribution is known, this may in principle be
calculated analytically. For a fit, however, the curve and data will be correlated, and therefore
bootstrapping is needed. Generating a data set of the same size according to the fitted distri-
bution and fitting the result, the correlation may be circumvented. Regarding the amount of
test ensembles, [120] states that a precision of € on the probability requires ;e tests. So for
e = 0.01 it is necessary to generate 2500 test ensembles. However, the Kolmogorov distance
without the goodness of fit will suffice here.

5.3.2 Integrable and Chaotic Systems

The spectral distinction between integrable and chaotic proposed in [3] 4] was extended by
Grobe, Haake, and Sommers (GHS) [105] to dissipative open quantum systems, but where
[105] consider the exponent of the repulsion and only Poisson/Ginibre, I here extend the com-
parison to both the full spacing distribution and to repulsions between Poisson and Ginibre.

The physical operator under consideration here is the Liouville operator of an open spin
chain consisting of N spin 1. Open systems may be viewed as part of a larger closed system.
Given a dissipative system S connected to a heat bath R and starting with the equations of
motion for S+ R, one may derive a general form for the equations of motion for S [115]. Exactly
this property allows description of S on its own. Consider the Lindblad master equation

dp I
o = Lot), (5.37)

where L is the Liouville operator and p the density operator. This describes the time evolution
of the density operator, and it is exactly the eigenvalues of L viewed as an operator on the
vector space of density operators I analyse to find a spectral signature of chaos. See [115] for
more on chaos in dissipative quantum systems. The Hamiltonian of this open spin chain is

N-—1
H = J Z(legﬁl + o]0,y + Aojofyy)
=1
N-2
+J (of o] g + alyalerZ + A/O'ZZO'IZ+2) , (5.38)
=1

where J, J', A, A’ € R, of* and o = x,y, z the Pauli matrices for each single spini{ =1,..., N.
To each spin a I associate a dephasing operator

Ly=\/yo;,l=1,...,Nandy > 0. (5.39)

A dephasing at the two ends of the spin-chain is introduced via the Lindblad operators

L—l =V ’Yﬂ_afu LO =V ’71:01_ )
N+1 TRON> LN+2 TRON > (5.40)
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where ,fyR > 0and 0" = of +io}. Going back to the master equation (5.37), the Liouville
operator L acting on a density operator p is given by [121} 122]

N+2

Lp = —i[H,p|+ Y (2LipL] —{L]L,p}) (541)
I=—1

where the commutator and anticommutator are denoted by [, ] and {-, -}, respectively.

I consider the Liouville operator Lasa (4N —1) x (4 — 1) real matrix acting on the vector
space of density operators. This missing dimension results from the fixed trace condition of p.
The operator Lis real because p — Lp preserves the Hermiticity.

For~v = ’yL = 7R = 0 (no dephasing noise), the operator L is a real antisymmetric (because
Tr p1[H, p2] = — Tr[H, p1]p2) and chiral (because [H, p]’ = —[H, p’]) matrix, which means the
spectrum is completely imaginary and symmetric around the origin. When the next-to-nearest
neighbour interactions are switched off as well (J' = 0) the spectrum is completely integrable.
With increasing J' the system becomes more chaotic and one would expect Wigner statistics
with 8 = 1 in the bulk of the spectrum.

When including the dephasing noise (7, fyL ,'yR # 0), the Liouville operator L becomes a
real asymmetric matrix and its eigenvalues spread into the complex plane. There is still a good
quantum number to consider, namely the total spin polarization S = Y1 | 7, which satisfies
[H, S] = 0 and gives the Liouvillian weak symmetry [122]

[L(p),S] = L(lp,S]) - (5.42)

This is equivalent to the vanishing commutator of the (4" —1) x (4 —1) matrix representations
of L and of [S, -].

Let |s, n) be an eigenstate of H with S|s,n) = s|s,n) where s = —N/2,—(N —2)/2,...,N/2.
This makes the eigenvalue equation of the state |s, n)(s’, n’| under the adjoint action of S

[S,[s,n) (s, 0[] = (s —=)]s,n)(s', . (5.43)

Defining M = N—s+s' € {0,1,...,2N}, the dimension of the eigenspace of the fixed quantum
number s — s’ = N — M is given by (2]\]4\[) — 0p N, where the Kronecker § represents the missing

identity matrix which belongs to the M = N state space. The operator L therefore decomposes
into block matrices and it becomes necessary to study the spectral statistics of each of these
matrices separately. To get a good statistical error one should choose M close to N.

I analyse four situations of the Liouville operator where N = 10 and M = 7 for all
cases. This gives 77520 eigenvalues in total per case to analyse. I study only the bulk of the
first quadrant, which reduces this number.

Ensemble A The boundary driven XX-chain with bulk dephasing The numerical parameters
arechosenasJ =1, J/=A=A"=0,~+ =05, =12, 74 =1, 7z = 0.8, v = 1. The
model is equivalent to the Fermi—-Hubbard chain with imaginary interaction U = iy with
off-diagonal boundaries, see [123]], which is known to be Bethe ansatz integrable. From
the natural extension of the Berry-Tabor conjecture Poisson statistics of the Liouvillian
spectrum should be expected, see Figure [5.3|(top left plot).

Ensemble B The isotropic Heisenberg (XXX) chain with pure-source/pure-sink driving. The
parametersare J = A =1, J' = A" =0, %{ = 0.6, 75 = 14, 771 =14 =7 = 0. The
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System || Poisson | Fitted Coulomb 3 | Ginibre

@) 0.015 - 0.15
(b) 0.10 | 0.0092 (3 =1.0) | 0.058
© 0.15 - 0.012
) 0.16 | 0.0094(3=1.9) | 0.012

Buzzards | 0.12 | 0.052(8=0.8) | 0.092

Table 5.1: The Kolmogorov distance between the empirical data shown in Figures[5.3|and the Pois-
son distribution (5.19), fitted value for 3 (specified in the parenthesis) of the Coulomb gas,
and Ginibre spacing distribution (5.10). The best fits for (a) and (c) are 3 = 0 and 8 = 2
respectively.

steady state (zero-mode) of this problem is known to be exactly solvable [121], but the
full Liouvillian spectrum shows non-integrable behaviour. Note that though the next-to-
nearest interactions are removed, part of the dephasing noise is non-zero. See Figure
(top right plot), where it is clear that the spectrum is partially chaotic.

Ensemble C The XXX-chain with arbitrary polarizing boundary driving. Here the parameters
areJ =A=1J =A =0,+ =05 4 =03, % =03, 7g =09, v =0. The
bulk Hamiltonian of this model is well-known to be integrable via Bethe ansatz, but with
the boundary driving not even the steady state seems to be exactly solvable. Compared
to Ensemble B, the dephasing noise is larger, and the spectrum in Figure |5.3| (bottom left
plot) confirms that its dynamics is chaotic.

Ensemble D The XXZ-chain with nearest neighbour and next-to-nearest neighbour interac-
tions. The parameters are chosenas J = J' =1, A = 0.5, A" = 1.5, vf =05, v =
0.3, ’y;{' = 0.3, vz = 0.9, v = 0 in this case. This time, even the bulk Hamiltonian is
non-integrable (quantum chaotic), though it seems the spacing follows roughly the same
statistics as Ensemble C, see Figure5.3|(bottom right plot).

See Table |5.1| for the Kolmogorov distances of the comparisons to Poisson, Ginibre, and the
best Coulomb gas fit.

The dataset and description of the system (also printed in [AKMP]) are provided by TomaZz
Prosen and the eigenvalues are treated as follows. As the spectrum is symmetric around the
real and imaginary axes, these areas are special and therefore not a part of the bulk. The edge
is excluded by considering an ellipse with principle axes proportional to the width of the data
in the respective directions.

These nearest neighbours of each of these points is then found with the unfolding method
from Section 5.2 and compared to the spacing distributions found in Section The com-
parison to the Coulomb gasses is done by generating a number of realisations for different /5
and finding the one that gives the smallest Kolmogorov distance. See Figure |5.3|for the com-
parison. It should be noted that this is no guarantee that the analytic spacing of the Liouville
eigenvalues follow the exact same spacing as 2D Coulomb gasses, but the indicators presented
here give strong reason to suggest this.
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Figure 5.3: Comparison of the nearest neighbour spacing distributions for eigenvalues of the Liouville
operator described in Section[5.3.2]to the analytical expressions in Section[5.1} Top left is the
integrable system, Configuration A, top right is the slightly chaotic Configuration B, and the
bottom row is the chaotic Configurations C and D, all from Section[5.3.2] These have been
unfolded with the method described in Section[5.2and are compared to Ginibre and Poisson
spacing, see Equations and respectively. A fit of the spacings of the Coulomb
gasses generated with the method in Section is also provided, where the best fit is
neither 5 = 0 nor 5 = 2. Note how the transition from integrable to chaotic corresponds
to a transition between Poisson spacing and Ginibre. These figures are also published in
[AKMP].

5.3.3 Buzzard Nests

The data set of buzzard nests is provided by Oliver Kriiger and has the following form. 266
active buzzard nests have been observed in the Teutoburger Forest and their longitude and
latitude noted. As longitude and latitude do correspond to the same length far away from the
equator, I use the mean of the points as a reference and find the coordinates in kilometres with
this as the origin instead. This is joint work with Rebecca Werdehausen [40].

When comparing the positions to a map, it is also clear that smaller villages are responsible
for some of the holes in the data, which makes it much less clear what constitutes the bulk than
for the Liouville operator. I therefore employ a more complicated method. Drawing a circle
around each point (radius here chosen as twice the mean spacing), I exclude each point whose
circle touches the edge of the shape described by the circles. See Figure (left plot) for an
illustration of this method.
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Figure 5.4: The behaviour of the buzzard nests described in Left: The positions relative to the
middle point. The blue circles denote all positions, the black area is the mask used to de-
termine where the bulk, and the red crosses are the considered points. Of the original 266
points, 215 are included. Right: The nearest neighbour spacing of chosen points unfolded
according to the method described in Section and compared to the analytical expres-
sions from Section 5.1} Even with the low statistics it seems clear that though the repulsion
is wealk, it is decidedly stronger than Poisson.

The distances are again calculated as described in Section and the result can be found
in Figure5.4|(right plot) with the Kolmogorov distances in Table Despite the low statistics,
it seems the nests repel each other (a fit to the Coulomb gas gives = 0.8).

A possible extension of this analysis would be modelling each point with a different charge,
which would give the option of accounting for each territory’s attractiveness. This would be
at the cost of integrability, but as the analytical expression for the 2D Coulomb gasses is not
known either, this would be an option if a reasonable way of fitting the charge of each point
can be found. (The space to search here will be very large.)

5.4 Conclusion

The goal of this chapter has been to investigate the understanding that can be gained from
analysing the spacing distributions of random points. This is well-understood for real vari-
ables, and some results are known in the complex plane. I have endeavoured to extend these
by considering the spacings of Ginibre matrices and Poisson variables compared to data.

The first result is a slightly more precise statement of universality for the bulk of real, com-
plex, and quaternion Ginibre ensembles, where all three are found to have the same spacing
distribution. This analysis is done on the level of the jpdf and numerically. This universality
of course makes distinctions between different matrix ensembles more difficult than the Her-
mitian cases, but the transition between the Poisson and Ginibre spacings can still be explored
numerically through Coulomb gasses.

For comparison to non-uniform densities, it is also necessary to understand how the den-
sity affects the spacing. In other words, the spectrum has to be unfolded. In this chapter, I
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present a new way of treating this, namely a Gaussian broadening of each point to approxi-
mate the local density and let the corresponding distances be calculated.

These methods were then applied to two different data sets to ascertain their behaviour.
Firstly, the eigenvalues of a Liouville operator for different open systems that transition be-
tween integrable and chaotic. Here the goal was to see the transition reflected in the spacing,
reminiscent of the Poisson/Wigner-distinction found in Hermitian ensembles. Here it does
indeed seem that an integrable system corresponds to Poisson spacing in two dimension and
chaotic to Ginibre. Secondly, the territorial behaviour of buzzards in the local forest was inves-
tigated with the same methods. It was expected that the points would not be Poissonian, and
the comparison to the Coulomb gas supports this.

For both of these dataset, it may also be interesting to consider other observables such as
the statistics of the number of points within a local area, which can serve as another way of
distinguishing Poisson and Ginibr It also takes advantage of the different repulsion, though
notably it would be an area measure rather than a length measure, which may be numerically
more stable.

Nam grateful to P. Forrester for this suggestion.






Chapter 6

Concluding Remarks and Outlook

Random matrix theory provides insight into a number of physical and statistical systems
through universality results. The topics under scrutiny are as diverse as quantum chromo-
dynamics, solid state physics, quantum chaos, information theory, number theory, and bio-
logical or financial data. Especially the microscopic spectrum of Hamilton or Dirac operators
is of interest. The eigenvalues here are of the order of the inverse system size and therefore
hold information about large-scale properties. The modes exactly at the origin are of special
importance here, as they are determined by the topology.

Further understanding of the local scale can found in the spacing between eigenvalues.
In general, the spacing distribution is a feature that distinguishes correlated and uncorrelated
variables, and in the context of quantum chaos, it shows the difference between integrable and
chaotic systems. The spacing distribution known as the Wigner surmise has been observed
in many different parts of nature, the separation between bus arrivals and between neutron
resonances in heavy nuclei among them.

In this thesis I have presented a number of results within the application of random matrix
theory in statistical physics. The focus of the first part was topological superconductors and
how to model them. In Chapter 3|1 introduced a matrix model that can transition between the
chiral Gaussian orthogonal ensemble and the ensemble of antisymmetric Hermitian Gaussian
matrices. This transition has been conjectured in conjunction with these systems, and the goal
was to establish the k-point density correlation functions. This is done by showing that the
ensemble builds a Pfaffian point process and calculating the corresponding skew-orthogonal
polynomials using supersymmetry. The behaviour of the smallest eigenvalue was also studied
through an expansion. I sketched the method needed to find the limit of large matrix size as
well. At the time of writing this is still work in progress, but it is expected that the exact choice
of distribution for the elements will be irrelevant. That is, the microscopic spectrum is expected
to be universal.

The ensemble exhibits a preserved topological mode throughout the transition. It also al-
lows for an analytical extension to a regime where a direct sum of two antisymmetric matrices
is perturbed by off-diagonal generic ones. Zero modes arising from the two antisymmetric
matrices are spread out by the perturbation, and this regime in particular is expected to be
relevant for topological superconductors. It also ties in well with the framework established in
Chapter 4, where I consider perturbed zero modes in a general setting. The results there hold
for all ten Altland-Zirnbauer classes and the perturbative regime from Chapter 3|is therefore
naturally a part of this.

91
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Observed is a decoupling of the former zero modes from the bulk spectrum to leading
order in perturbation theory. This becomes exact in the limit of large matrix size. Akin to a
central limit theorem for matrices, the former zero modes spread out according to a finite size
Gaussian ensemble.

The results rely on a sufficient mixing from the unitary matrices that change between the
eigenbases of the unperturbed and perturbed system. In this work the full Haar measure was
assumed for the unitary matrices, but a natural extension would be to see to which extend this
assumption may be loosened while still obtaining the same results.

Taking a step back, there is also work to be done on understanding the full scope of the
role RMT may play in making predictions for topological superconductors. As discussed in
Section 2.6} it is possible to construct random matrix models that have the same symmetries as
the solid state Hamiltonians, and as shown in Chapter [4 observables may also be calculated,
but to my knowledge, a full analysis and comparison of the spectrum is still an open problem.

The second part of the thesis, Chapter[5|was dedicated to the study of spacing distributions
for eigenvalues of non-Hermitian random matrices. As for Hermitian matrices, the spacing
allows one to distinguish between correlated and uncorrelated variables as well as between
integrable and chaotic systems. The biggest challenges when going from 1D to 2D are the
lack of a Wigner surmise, which necessitates the simulation of the log-gasses rather than using
the approximate analytic distribution, and a consistent unfolding procedure, which in general
cannot be on a global scale. For 3 = 0 and = 2 one may look at the full expression for
the distribution at large matrix size, and the result for complex Ginibre in the bulk also holds
for a number of ensembles, such as real and quaternion Ginibre. These have the same corre-
sponding log-gas, which makes it obvious to conjecture that this is the distinguishing feature.
Comparison of numerically generated log-gasses to data supports this idea. The unfolding
procedure in 2D suffers from a well-known problem in differential geometry; it is not in gen-
eral possible to flatten a manifold while preserving the local distances. I presented method
that provides an unfolding on a local scale by weighting distances by the local density, which
in turn is estimated by considering each point as Gaussian with a tuned width.

The spacing distributions were compared to simulations of a Liouville operator that shows
a transitions between integrable and chaotic, and the simulated log-gasses seem to describe the
cases between the two. Also the nests of buzzards in the local forest around Bielefeld seem to
somewhat follow these distributions as well, though there are artefacts in the data that are not
explained by the Coulomb gas alone. More data will of course help, but it is interesting that
some similarities with random matrix ensembles already occurs, which shows the ubiquity of
random matrix theory.



Appendix A

Technical Calculations for Chapter 3

A.1 Simplification of the Weight Functions G, (z,y) and g, ()

I first look at one-point weight function g, (z) from (3.40). Inserting from (3.33) it reads for
v = 0 (1) with upper (lower) signs

1, _2 &0 2 42/ 4 _4
Gv=01(z) = ix”e a2“"’2/ dt ¢~ @@a-an" (ecﬂ“ie a'ﬂ“) (A.1)
0

1 _ 2 0, 20-a% o 2(t—a(1- a2)>2 2(t+a(1-a?))?
= gle 2%t a2 dt e a?(-a?) dte - a?2(1-a?)

2
\/ —a2 +1Ferf |z (1—a2)]> .

\f (1—&) 1/—290 <1—|—erf
The first equality is completion of the square. The last one comes from the definition of the
complementary error function

erfc(x) = \/27? /00 dte ™ =1— erf(x) , (A.2)

and the parity of the error function, erf(—xz) = — erf(z). The last line of is equivalent to
because v = 0, 1. Note that g, (x) is an even function in x for both values of v = 0, 1.

The simplification of the two-point weight function G, (z,u) is as follows, starting from
(3-39). For v = 0 L use sign(y — =) = sign(y? — 2?), valid for z,y > 0, which means the integral
can be extended to all of the real line

1 _2 22 4 4yt
Gty = R [ o [ st o () o (1)
1 — 5. o, \U v

€ — (&) / du/ dv sign(u)sign(v)e a2any ()

x% (ea 5 (v—u)s +e 5 (v—U)S) (e;%(v-i-u)t +e—§(v+u)t)

201 _ 2 — 2
= B9 (1=d%) e 2" H) gpf [(t—s) d-a )] erf

8 a2 a2

(t+s) (1_“2)] . (A.3)
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The integrals decouple after a change of variables v = (y — x)/2 and v = (y + x)/2 in the
second line. The sign-functions may be evaluated in this way. Multiplying out and completing
the square leads to forv =0.

For v = 1 the addition theorem sinh(x) sinh(y) = cosh(z) cosh(y) — cosh(z — y) is needed.
This leads to

Gi(s,t) = stGo(s,t) — él(s,t), fora < 1, (A.4)
where G| (s, t) still has to be calculated,
Ci(s,t) = ste” a2+ / d:c/ dy sign(y — x)e 20 @) Goan (W)
— st a2 () / da:/ dy e_m ¢ +y2)% {—e%me_%yt P L
+ea2ys R ste«;%xt} . (A.5)

Here the cosh has been written out and the sign-function have been evaluated. The term for
the region y >  was rewritten using [, dxz [~ dy = [;° dy [; dz and exchanged the labelling
of the variables z < y.

Now each term of is calculated separately by completing the square

_ 1 9 o 9 z4+(s+t)(1—a?) 00 z—(s4+t)(1—a?)
Gi(s,t) = —=ste 2"+ / d:p/ dy+/ dz:/ dy
2 “s(1-a?)  Jt(1-a?) s(1—a?)  J—t(1-a2)
oo z—(s+t)(1—a?) 9] z+(s+t)(1—a?)
—/ d:z/ dy—/ dx/ dy 67“2<12*a2)(x2+y2).
t(1—a?) —s(1—a?) —t(1—a?) s(1—a?)
(A.6)

All the compact inner integrals over y can be computed with

;% /ba dye*y2 = erf(a) —erf(b) . (A7)

Half of the integrals over x cancel. With the definition

—swﬂa;&),B—tM%a;ﬁ), (A.8)

and the rescaling u = x+/2/(a?(1 — a?)), the remaining terms of (A.6) become

" oo 00
Gi(s,t) = *£a2( a?)ste 257+ {/ du erflu+ A+ B] + / du erflu — A — B]
A A

_/ duerf[u—A—B]—/ duerf[u—l—A+B]}e_
-B

B -B
—£a2(1 - a2)5t6_2(32+t2) {/ du erflu — A — B] + / du erflu + A+ B]} e
A

—A

2(1 a
2

VT 2 e (A9)

— _y7 _ —2(s%41%) _
= 4a(l a?)ste /\/ﬁduerf[u (s+1t)

2(1 - ag)
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All parts of the integrals over [0, 00) cancel in the first step, and in the second step the par-
ity of the error function has been used. The integration boundaries brings the antisymmetry.
Inserting this result for G (s, t) in gives forv=1.

The integrals over the weight functions are also needed for the modification of the scalar
product for odd n = 2m + 1, see (2.68). I start with

Go(t) = /OoodsGl,(s,t) (A.10)

and work from the definition (3.39). The integral over s is done by completing the square

= 1 [ o0 o 2 (2442)— 2 (22442 + L sz
Guolt) = 5 / ds(st)” /0 dx/o dy sign(y — z)e T TEEA CHOTE )

2
2 [ 00 242 2 .2 2 2
- 7;% / dm/ dysign(y — z)(zt)’e = T EEAY [ y) . (AL
0 0
For v = 01 perform the integral over = and rescale y = /a?(1 — a?)/2u

¢ —a Tyt 4
Go(t) = \/> t2/ dx/ dy sign(y — z)e - 2 2mm Y cosh [2 }
(1— a?)
= 27/2 a’(1 —a®)e” =t / du(2erf(au) — 1)e™*" cosh [2\/7a ]
0
_2 e (1—a?)
= %a2(1—a2)e a22t2/ du erf(au)e —u? cosh \/7a
25/ 0
—LCLQ(l—QQ)e*a%tQ /OO due_UQ+2\/2(1“;7tu
29/2
2
a2
CLQ(]__(LQ) o2 _<“_\/2(l(ljt> 7'('3/2@2(1—6L2) o2
_rrevzma), ‘

T o0
= ——Qm ¢ /Oo du erf(alul)e 5972

—00

(A.12)

The second line comes from extending the integral over x to the whole real line and evaluating
the sign-function. The terms can be simplified by writing out the cosh as exponentials and
completing the square. The term without the error function can be evaluated directly.

For v = 1 all the integrals can be performed completely

_ 2 2 2
Gi(t) = %6 a 252/ dm/ dy sign(y — z)at e a7 reE ¥ sinh [ty]

(1— i 2 2 201+a?) 2 4
fa27/2 o te az” / dy (6 2(1-a?)? _ 9¢” (1-a?)? ) sinh [ty]

0
_ ma?(1 — a2)3/2t672t2 orf 2(1 - a2)t B ma?(1 — a2)3/2t€_1fa2t2 orf 2(1 — a?)
25 a? 24V/1 + a? a?(1+ a?)
(A13)

The second line is obtained by evaluating the sign-function and using that the integrand for
the z-integral has a known primitive.
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The integral over the one-point weight function is g, can be done directly from (3.40)
—2?_2a® ] oase _ase
gy = / ds g,(s / ds/ dx s'e o a2(1*a2)§ (e 2 +(—1)"e a2)
2z sz S 222 S
= 1/ dss”e a2/ dre (- a2)e4a :1/ dre <1a2>/ dss'e a7
2 0 —00

_ 1/7“‘2/ B IAVAC Gt ) (1_a2>5. (A.14)

8 T

The s-integral is extended to the whole real line and the square is completed. The shift s — s+x
gives the term z”. The odd moments in s vanish.
A cross-check can be done by considering the normalisation of the jpdf (3.7) for n = 1,

which
1
_ . a(l—a?)2H) 73 1+v
= == - . A-l
This agrees with (A.14).

A.2 Heine-Like Formulas for the Skew-Orthogonal Polynomials

For completeness I show how the skew-orthogonal polynomials of Chapter|3jmay be obtained
from the following representation

P @) =2 (detlalyy — J)iw = (T (2 - Ag)>j o (A.16)
qj(y) (z) = 55_"< det[z12j4, — J] <£L'2 + 3T J? + cg.y)(a)) >j )
_ < (a2 A2) (mz 3 A2 ) (a)> >jy , (A.17)

for N = 2j+v given. The averages (.. .);,, are over a random matrix J of size (2j+v) x (2j+v)
or over its singular values.

The constant cg-l') (a) is arbitrary and reflects that the polynomials qj(y) (x) are not uniquely
defined. For this derivation I set them cg-”) (a) = 0, but they may be reintroduced by adding a

multiple of p( )( ).

The relations are reminiscent of the form for general sOP in [44], where a gen-
eral potential Hizl e‘V(’\k) was considered. An important difference from [44] is that the poly-
nomials in Chapterare in the variables 22. This leads to the term % Tr J? in (A.17) rather than
Tr J (J is traceless). This calculation follows [85] closely, see also [56].

The goal of this appendix is to show the skew-orthogonality relations (2.54) and (2.72) by
showing that both p('j) () and qj(.l') (x) are skew-orthogonal to all polynomials of degree up
to j — 1. They are already skew-orthogonal to themselves because of antisymmetry. It also

required that the product of p( )( ) and q( )( ) is non-zero.
That is, to be shown is that with e, (x ) e

<p§1j)|6a>e/o =0 for a:O’]""'aj ) (A18)

(¢lea), ), = 0fora=0,1,....5—1. (A.19)
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The subscripts “e/0” denotes even or odd j, corresponding to (2.54) and (2.72) respectively.

A.2.1 Even Dimension j = 2m
The representation (A.16) for j = 2m even with m = 0, 1,... may be written as

2m

P(2) = Comy /Ooocml.../ooo dAZmH(x2_Al2) Az ({A2}) PE[Gy (Aay M) 25y

(2m)!/°° / u“
= Comp——"r dAr ... Ao, Ao, /\ Gy(A21-1, A1)
2,2mm!0 1 ) 2 2+1{}$£[1 20—1, A2
2m+1
2
oA LUk Pf[ (eatles-1)e €a-1(z) ] . (A.20)
2m —ep-1(z) 0 a,b=1

The product Hl ™ (22 — A?) has been combined w1th the Vandermonde determinant to yield
a new Vandermonde determinant in both A\? and z2. The Pfaffian has also been expanded.
Each term gives the same contribution [];", G,,(Agl_l, Ag1), and the sum therefore only gives
a combinatorial factor. The last line is obtained with a generalisation of the de Bruijn integral
identity [90, Appendix C.2]. The skew-orthogonal product

(o= [ do [ ayGute. i@ ) (A21)
for two functions f1, f5 for the final result and the monomial e._(y) becomes
0 leen), = [ do [ dy @G e (A22)
= szV(Qan:), Pf [ EZ i{zz i;e <ea—1’0€c—1>e }ZT:;I =0, for c=1,...,2m+1.

The integrals are pulled into the Pfaffian. The right-hand side vanishes for equal rows and
columns as claimed.
This may also be done for q](-l/) (x) in Equation (A.17)

00 00 2m 2m
@) = Comy / ... / o H(x2 % <x2+2)\§) (A.23)
0 0 =
X D ({A%}) PE[GL (Aay M-y -

The variable z is again pulled into the Vandermonde determinant Ay, 1 ({)\2}, CL‘Q). The iden-
tity [85, Eq. (4.12)]

2(5—1 2(5+1
it 1 )\% . )\1(1 ) Al(]'i‘ )

STNZA (N =det | 1 : : =AM\, (A29)
2i—-1)  \2(j+1)
LA N N
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is used to deal with the sums. The rest of the procedure is the same as the previous case

y 2 | [%S) [e'e) — m
@) = Com, 2t [ [ dan Bani (020,09 [] Gulharms )
0 0

2mm!
=1

| (ea—1lep—1), (ea—1l€2m+1), €a—1(x)

2m
“om €2m+15 €h—1), 0 e2m+1() } . (A.25)
—ep—1(z) —e2m+1(2) 0 wbel

The Pfaffian has again been expanded and the generalised de Bruijn identity. The equal rows
and columns again give

<Q§172|€cfl>e = /0 d:v/o dy ¢)(2)Gy (2, y)ec1(y)

2
(2m)! (ea—1lev—1), (ea—1le2m+1).  (€a—1l€c—1), "
= C2m,1/27m Pf | (eam+1lep—1), 0 (e2m+1lec—1),
(ec—1lep-1)  (ec—1leamt1), 0 abe1
= 0forc=1,...,2m,2m+ 2. (A.26)

This concludes the proof for j = 2m. It is assumed that the product is non-degenerate and

that the normalisation constants are non-zero hg;) = <pé’;) |q§§)>e # 0. These are determined in

Subsection[3.3.3

A.2.2 0Odd Dimension j = 2m/ + 1
For odd dimension a rewriting of the jpdf is needed first. The skew-symmetric product has a

different weight function (2.67)

Filfa), = /0 e /0 Ty Ho (e, 9) 11 (0) foly) (A27)

where f1, f2 are two suitably integrable functions and

H,(z,y) = Go () — gg(f”) /O Gyl y) g;y) /0 TG ey).  (A2)

Because the Pfaffian is invariant under simultaneous addition of multiples of rows and columns,
the jpdf for odd j = 2m’ + 1, with m’ = 0,1,..., can be written in terms of the new weight
function

GV()\aa >\b) gu()\a):| 2ml

Py ) = czm/H,VAszH({A?})Pf[ oy g

a,b=1

HV()\aa /\b) gl/()‘a)] B
= Comri1 Dot ({N? Pf[ . (A.29
2m/+1, 2 +1({ }) _gu(/\b) 0 bt ( )
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Note that zeroth-order polynomials are automatically skew-orthogonal to all other polynomi-

als
(llea), = / dw/ dy H,(z,y)y”
0 0

[e.e] o0 d v
= / dm/ dy G, (z,y)y** — fo :cg /dy/ do'G (2! )y

dz/
fo yg /d:v/ dy'G,(z,y)

. (A.30)

The first two terms cancel, and the antisymmetry of G, (z,y) removes the last term. With
this construction, the zeroth order polynomials are projected out for odd n. The rest of this
appendix is dedicated to showing the skew-orthogonality of the remaining polynomials. The

polynomial p('/)( ) of odd degree j = 2m’ + 1 reads, see (A.16),

00 00 2m/+1
v = Coyp / d\ / Agyr o1 Dgr o ({N2Y, 22)PF Hy(da: M) gv(Aa)
p2m+1($) 2m/+1,v . 1 ; om/+1 82 12({A7}, 27) —g, (M) 0 ot
(A.31)

Here I have again combined the product HQm *1(22 — \?) with the Vandermonde determinant

Agpmr+1({\?}). The generalised de Bruijn integration identity [31, Appendix A.1] yields

0 0 g, | 1 1t
) _ / | / 0 | {ealer), | Gap | €al®)
Pgm/+1(x) (2m + l)CQm _‘_17VPf _gy _gb’y 0 0 . (A32)
-1 _eb(x) 0 0 a,b=1

The entries involving the zeroth order monomial eg(x) = 1 have been spelled out. I have also
defined go, = [, dz eq(2)gy(2) with g, = gy It follows that

0 o |g | o ™"
() _ / To 0 | {ealev)o | Gaw | (€al€r)o
<p2m/+1‘€k:>o (2m + 1)02m +17Z,Pf -y _gb’y 0 0
L 0 [ (exles), | O 0 a,b=1
C 0 0 3, 0 2m’+1
0 eaqlep 0 | (eqler
= (277’1/ + 1)!C2m’+17’/Pf —Ggv < a‘o >o 0 < a‘() >
| 0 | (exles), | O 0 bl
= 0, for k=1,...,2m' +1, (A.33)

which proves the skew-orthogonality for pg:,)l, 4+1(z). The second line comes from simultane-
ously adding multiples of rows and columns. The identical rows and columns makes the
Pfaffian vanish for the given indices.
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The relation (2.72)

| ) @a) = o (A34)

is also needed for the skew-orthogonality. This can be seen by pulling the integral into the
last row and column in (A.32). The last two rows and columns are identical, and therefore the
Pfaffian vanishes.

The relations for the polynomials qj(.”) (x) follow in a similar way. Note that these are now
of even order j + 1 = 2m/ + 2 in 2%. Writing out yields

HV()\aa)\b) gz/()\a) 2

) B / 0o o0 / ~ ) 2 2

0 0 0 3, 1 2m’
0 (ealen), (ealeam’+2), Ya,v ea(7)
= 2m +1)!Comg1,PE| 0 | (eapriolen), 0 Gom/'+2,0 | €2m/4+2()
—Gv — b —Gom’'+2,v 0 0
-1 _eb(x) —€2m/+2 (SL‘) 0 0 a,b=1
(A.35)
The product has again been absorbed in the Vandermonde and the identity has been
used, following the same steps as above. The skew-symmetry also follows
0 0 0 G 0 2’
0 (ealev), | (eal€2mi42), | O (ealer),
<qgr/2b’+1|ek‘>o = (2m/ + 1)!02m’+1,upf 0 <62m’+2|6b>0 0 0 <€2m/+2‘ek>0
G 0 0 0 0
0 (exlen), (exleam+2), | O 0 a,b=1
= 0, for k=1,...,2m',2m' + 2.
(A.36)

Adding rows and columns in the Pfaffian has removed most of the second to last row and
column containing the constants.

Finally, the relation (2.72),
/0 dr gy | (x)g,(z) = 0 (A.37)
follows from pulling the integral into the last row and column of (A.35). The last two rows and

columns coincide, and the Pfaffian vanishes. o

As for the even case, the norms must be non-zero hgj’-)_l = ( 2?_1, qé?)_ﬁo # 0, see Subsec-
tion[3.3.3]

A.3 Saddle Point Approximation

Given the integral

b
I = /dx exp{nf(x)}g(z) (A.38)
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for n > 1, Taylor expand around z, such that the first derivative vanishes f(!)(xo) = 0. Switch

coordinates to & = xg + \‘5/"5

P i 00 oot (s ) b (0 )
ST eXp{"f<xo>+f(2)(°””°><a >2+f(g)(x“)@z)ﬂf(4)(””°)<5$>4}
aa:o)

g (o)
\/ﬁ

Vn(b—x0) 2) M (2 2 (g
St / o exp{nf(xo) 0) (5)? }<g<mo>+9 g 4 L °><6x>2)

2
x (1 +f (Z)\/(?) () + (24(50)(5@4 +% (f (Z)\%O) () + (24(7::0)(596)4) ) . (A39)

5:L“+g 556

X <9 (zo0) +

Terms smaller than % are disregarded in the last parenthesis. Assume lim,,_, v/n(a — xg) =
—oo and limy,_,o0 v/n(b — 29) = oo. Otherwise the limits are at a or b and the antisymmetry
cannot be used to remove the odd powers of dx.

7 "zt \/lﬁ /+OO d(dx) exp {nf (z0) + e (xo)(éx)Q} (9 (o) + o (@0) 5, + g (o) (55U)2>

2 Vn 2n

(3) (4) (3) 2
X <1+ / 6\/(;0)(590)34- ! 5 4f°)(5x)4+;Jc3éZ(J)(5w)6> : (A.40)

I expand the parentheses and again disregard lower orders. I also disregard the odd powers

oo @) (4 @) (4
12 o [ aen) exp{nf(fro)+f . °)<6x>2}[g<mo>+;(9 0) 0y

2
N <g(1) (@0) £ (@) , g (w0) /Y (x0)> 2yt 4 90 & (o)’

6 24 72 (59”)6)} - (A4D)

I finally perform the Gaussian integral

npl |21 (e 1/ 9% (@) | g© (w0) fO (x0)
I = nf@ (z) [g(a:o)+n(2f(2) @) T 2/® (m0)? (A.42)

g (z0) fY (o) 4 59 (z0) &) (20)” )}
812 (20)? 2452 (z9)? '

This is the saddle point approximation with next-to-leading order included.

_l’_
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