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Abstract

We investigate the microscopic eigenvalue spectrum of two quenched chiral systems coupled
in such a way that we preserve a common chiral symmetry. The coupling gives rise to a unique
term in the lowest order effective Lagrangian and also links the topology of the two systems,
which allows exact zero modes to cancel each other if they are of opposite chirality. The would-
be zero modes spread out on either side of the origin as near-zero modes. For small coupling,
the near-zero modes are distributed according to a finite size chiral random matrix model
where the width scales as the inverse square root of the volume.

This is done for both the chiral unitary ensemble and the chiral orthogonal ensemble, and
we consider the two coupled flavours in both two separate gauge fields and in the same gauge
field.

We also introduce a random two-matrix model with the same coupled chiral symmetry. It
agrees with the effective theory in the microscopic limit, both analytically and numerically, for
all considered cases.
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Chapter 1

Introduction

Because the Hamiltonian of a p-wave superconductor carrying Majorana fermions belongs
to the symmetry class BDI (chiral orthogonal) [1} 2], it is possible that interactions between
these Majorana fermions may be described as the coupling of two quenched chiral orthogonal
ensembles, provided that coupling preserves a combined chiral symmetry.

The chiral orthogonal ensemble is well-described both in mathematical and high energy
physics [3,14}, (7,15, 8], which opens up the possibility of calculating any property uniquely deter-
mined by the symmetries of the solid state system with high energy techniques. This proposed
connection between high energy and solid state physics was the motivation for considering the
consequences of applying such a coupling to two chiral systems.

In this thesis, we lay the groundwork for treatment of coupled chiral ensembles by consid-
ering the effect of the coupling on the small eigenvalues and especially the topological eigen-
values in exact zero.

Chiral theories and chiral symmetry breaking has been studied in great detail in the low-
energy regime of QCD [9, 10, 11} 12} 13]. The massless Lagrangian of QCD allows for separate
transformations of left- and right-handed quark fields. The spontaneous breaking of this sym-
metry

SULeft(Nf) X SURight(Nf) — SUVector(-]Vf) (11)

where Ny is the number of quark flavours, gives rise to Goldstone modes [13]. As the symme-
try is also broken explicitly, these modes are light rather than massless and therefore technically
pseudo-Goldstone particles rather than proper ones. They are, however, significantly lighter
than the rest of the composite particles, and this mass gap allows us to set up a low-energy ef-
fective theory in terms of these light pseudo-Goldstone modes only, see Figure [2.2/in Chapter
2

In a quenched ensemble we have added a bosonic determinant with the same mass to
cancel each fermionic determinant in the QCD partition function. In QCD, this approximation
suppresses virtual quark loops [14], but still allows us to derive many aspects of QCD. In solid
state physics, this is not an approximation, because the entries of the Hamiltonian, unlike the
massless Dirac operator, are not weighted with the determinant of the entire operator. The
quenched ensemble is also significantly simpler to treat numerically. For further discussion of
the quenched approximation, see [14, (15} [16]].

Our primary concern is the eigenvalue spectrum in and around zero, which is universal for
any system that displays a spontaneous breaking of chiral symmetry [4} 7, 18,10, 11} 12,13, 17,
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CHAPTER 1. INTRODUCTION 2

18,119]. Because of this universality, we may calculate the spectrum in an effective low-energy
theory if it breaks chiral symmetry the same way as the underlying theory.

In QCD, this study of chiral symmetry breaking through effective Lagrangians has also
lead to calculation of propagators and loop diagrams of the aforementioned pseudo-Goldstone
modes [9] and a greater understanding of the QCD chemical potential [20, 21, 22, 23], apart
from the derivation of the microscopic eigenvalue spectrum. This microscopic is in turn con-
nected to the spontaneous breaking of chiral symmetry [24].

The spectrum is obtained as follows: We start with the full, partially quenched partition
function

det

(-0
det(—ilD—i—m’)

Z(m,m') = /dA e~ Svm(4) (1.2)

where ) = v#(8,, + A,,) is the massless Dirac operator, m and m' are the masses of quark and
the bosonic ghost field respectively, Sy ys(A) is the Yang-Mills action, and A is the gauge field
we integrate over. We may use this as a generating function for the quenched chiral condensate

1 , 1
The eigenvalue spectrum is finally obtained as the discontinuity across the imaginary axis of
the quenched chiral condensate [11,12]

lim [S(iA+ €) — S(iX — ¢)] = <5(—up + i/\)> = <5()\ - )\k)> = p(N), (1.4)

e—0
k

where ), are the eigenvalues of ). Calculating is the challenging part, and this is where
we use the effective field theory. Once we have an expression for , the rest is a straight-
forward calculation, although not necessarily simple. Note that we in QCD are interested in
the eigenvalues of the massless Dirac operator iIp, whereas we in solid state physics want the
spectrum of the Hamiltonian H. The procedure is, however, the same.

The coupling should preserve a combined chiral symmetry of the two systems, so we con-
struct an effective Lagrangian containing all possible terms that link left- and right-handed
fields respectively of the two ensembles. There are of course an infinite amount of these
terms, but, by establishing a counting scheme, we can consider the lowest order terms only,
where there is a unique term to describe the chiral coupling. We work in a counting scheme
that favours the light pseudo-Goldstone modes, which corresponds to the low-energy regime
where the generating function can be calculated in its entirety [10,12].

The numerical counterpart to these analytical techniques is random matrix theory. The
study of random matrices and their eigenvalues originates in mathematical statistics, but has
since found its applications in physics [5]. As with effective field theory, the basis of random
matrix theory is the symmetries of the underlying theory. By creating a large amount of ma-
trices with the given symmetries, we may find the universal part of the eigenvalue spectrum.
The partition function of a chiral random matrix theory takes the form [5,[17, 25| 26} 27, 28]

7™ (m) = / AWP(WWT) det™ ( Z.V”;T "WVK ) (1.5)
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where W are general (n + v) x n matrices, and v is the number of exact zero modes. The
choice of weight P(WWT) is arbitrary in the microscopic limit n — oo as long as it supports a
non-zero density of eigenvalues around the origin [18]].

As the microscopic eigenvalue density depends on the symmetries only, we can make a
two-fold investigation of it; numerical and analytical. The chiral orthogonal ensemble (chOE),
of which we wish to create a coupled version, corresponds to real entries in (1.5). In the lan-
guage of effective field theory, complex entries (called the chiral unitary ensemble or chUE)
correspond to the standard chiral symmetry break of QCD, seen in (2.17). The chiral orthogo-
nal ensemble follows the pattern [7]

U(QNf) — Sp(QNf) (16)

where Sp is the symplectic group. This gives the orthogonal ensemble a larger broken group,
which makes integration over the Goldstone manifold more complicated. We therefore de-
velop much of our framework in the more simple case of the unitary ensemble, before we turn
to the orthogonal one.

The main focus of this thesis is to analyse the effect on the exact zero modes of coupling
two chiral ensembles to lowest order. The amount of these exact zero modes are equal to the
absolute value of a topological invariant called the winding number [29], so, by analysing the
zero modes, we implicitly see the combined topology of the coupled system. The eigenvalue
density of two coupled unitary ensemble can be seen in Figure[6.2]in Chapter 6| where we run
through different coupling strengths of the corresponding random matrix ensemble.

We there see what we show throughout this thesis: For zero coupling, the total density is
merely the sum of the two single ensembles with the amount of exact zero modes preserved.
For small, but non-zero, coupling, the exact modes are smeared out as near-zero modes if
the zero modes are of opposite chirality. These would-be zero modes follow a well known
distribution, namely that of finite size chiral random matrix ensemble (1.5) with a Gaussian
weight. This may come as a surprise, as the finite ensemble, unlike the full coupled partition
function, is not universal because of the arbitrary weight. The Gaussian weight is, however,
a direct consequence of the quadratic nature of the unique coupling term and is therefore
universal.

As the coupling strength increases, the topological modes become part of the bulk eigen-
values. In the strong coupling limit the coupled system behaves as a single, uncoupled system,
but with A — 2. The most important result to take from this is that the total amount of exact
zero modes is counted with sign, and, even to lowest order, any coupling of chiral systems that
preserves a combined chiral symmetry will couple the topology of the two systems.

We apply the coupling to two very distinct cases. First we consider two separate single-
flavour ensembles that are completely independent before the coupling, by which we mean
that the partition function factorises. This also implies that they interact with two different
gauge fields, and so they may have different topologies. Otherwise the ensembles are taken to
be identical when averaged over gauge configurations.

We then consider an ensemble with an inbuilt two-flavour structure. Here we have the
option of rotating the flavour basis, which gives rise to an extra symmetry that is only partially
broken by coupling the two flavours. These two flavours are born in the same gauge field,
which forces them to have the same topological charge. The aforementioned cancellation of
topological zero modes can therefore only occur if we couple the left part of one flavour to the
right part of the other. Although these two cases have different physical interpretations, the
effect of the coupling on the microscopic eigenvalue spectrum is to a large extend the same.



CHAPTER 1. INTRODUCTION 4

Some differences between coupled chiral orthogonal ensembles and the superconductors
carrying Majorana modes are still present. The most important distinction is that, in the super-
conductor, only the zero modes are Majorana modes, whereas as the bulk modes are regular
Dirac modes [30]. This is not the case for the chiral orthogonal ensemble where all modes are
Majorana. We therefore require a different approach. We briefly discuss alternative ways of
treating the superconductor system in random matrix theory by adding a substructure to the
matrices.

The thesis is organised as follows: First, in Chapterwe examine the relevant mathematics,
including effective field theory, random matrices, and topological zero modes. In Chapter
we introduce the coupling and derive its properties from symmetry considerations. This is the
groundwork for the calculation of the eigenvalue spectrum in Chapters [l and 5] We finally
compare these analytical results to numerics in Chapter [f| and summarise our conclusions in
Chapter[7]

The chapter on the mathematical framework should be considered a review, while the new
contribution is the treatment of coupled chiral systems with a coupling that preserves a com-
bined chiral symmetry. The main results of this thesis have also been published in [31]].



Chapter 2

Mathematical Framework

Let us begin by reviewing the relevant mathematics. This chapter should be considered a
toolbox, which we in Chapter 3(and onwards apply to the coupled system.

We start out by going through the terminology and properties of symmetry. We then intro-
duce low-energy effective field theory and discuss the role of exact zero modes. During most
of the thesis, we will treat topology and the amount of exact zero modes as two sides of the
same coin, but in Section we give a short introduction to topology in QCD to show some
of its origin. We then elaborate on the partition function’s role as a generating function of the
eigenvalue spectrum, which shall be our analytical stepping stone.

We also need the understanding of topology before turning to chiral random matrix theory,
as we will calculate one topological sector at a time. These chiral random matrix ensembles also
have a close relation to the ensembles of effective field theory, which we return to in Chapter
We use random matrices as the backbone of our numerical analysis in Chapter 6]

We finally compare Majorana modes in high energy physics and solid state physics with
the intention of establishing a working model of the superconductor system that first inspired
this coupled chiral system.

2.1 Symmetry

For the purpose of later discussions, let us begin by briefly reminding ourselves of the termi-
nology and properties of symmetry. Similar discussions can be found in [32] or any other book
on the subject (or on Wikipedia).

A symmetry is a transformation that leaves some quantity invariant. Since parts of a system
are uniquely determined by symmetries and the breaking thereof, we can gain a lot of infor-
mation through this analysis. We will consider invariances of the Lagrangian and partition
function, and how they affect the microscopic eigenvalue spectrum.

Breaking of Symmetry

Let us consider two classic examples: The charged particle in a uniform magnetic field and the
so-called Mexican hat potential. We look at these two systems, because they are good examples
of explicit and spontaneous breaking of symmetry respectively.
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Explicit Break: Consider the Hamiltonian of a 2D free particle with charge ¢
2
H free = 2pim

This is invariant under rotation

() = (Sme) o) ().

If we apply a magnetic field

2 -
p p
Hmagzi"i‘q

£ x B,
2m m

(2.1)

(2.2)

(2.3)

we break this invariance. This is called an explicit break, because it changes the equations of
motion. The explicit break will often remove degeneracies of the system. In this case, the spin
degeneracy will be lifted. (We have not included the spin-part in (2.3), but it would be a term

proportional to S - B.)

Spontaneous Break: Consider a system, whose equations of motion have a symmetry that
the ground state does not. This could be a ball sitting atop a rotationally invariant potential
with a ground state further downhill, see Figure This is called a spontaneous break, be-
cause the equations of motion are left unchanged. To investigate this mathematically, we make

a small perturbation of the system and see if the ball remains stationary.

Figure 2.1: Example of a spontaneously broken symmetry. A ball in the Mexican hat potential where
the midpoint is an unstable equilibrium. The equations of motion are rotationally invariant,

but the ground state at the bottom of the well breaks this symmetry.

Nambu-Goldstone Theorem

The Nambu-Goldstone theorem states that if a system has a spontaneously broken continuous
symmetry, there exists a massless mode for each broken generator [13]. By writing our theory
in terms of these Goldstone modes, we may calculate results otherwise impossible in QCD.
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The Goldstone modes can be viewed intuitively as the freedom to move along the bottom
of the potential well in Figure Mathematically speaking, this potential corresponds to a
Lagrangian of the fornﬂ

1 1
L= —0"9'0,0 — ;m’eTo — 19(60)? (2.4)
where ¢ is a complex scalar field. This has an obvious global U (1)-symmetry
b — e"o. (2.5)

Assuming m? to be negative, we have the right potential. The potential has the minimum

, 2
o(x) = \}ﬁvew , v= 4|ZL| (2.6)
where 0 is an arbitrary phase.
If we use the parametrisation [33]

6(2) = =0+ )X, @7

where p and x are real fields, we get the Lagrangian

P\? L 2 1 4
= 9+ _ P\ gu _Z _

L oM pdyup <1+ v) oM xOux ik (v+p) 169(v+p) . (2.8)

Notice that a U(1)-transformation of ¢ corresponds to a shift in x and that x has no mass
term. We can interpret this as a massless field along the broken symmetry. Note that we have
only shown this for a broken U(1)-symmetry. To show that this holds for all symmetries is
beyond the scope of this work, see [32] for more details or [34] for the original article.

2.2 Effective Field Theory

Now that we understand symmetry and the consequences of a spontaneous break, let us apply
it to effective field theory (EFT). EFT was first introduced in [35], and the idea is to construct
a Lagrangian containing all terms that satisfy the symmetries of a given system and, by estab-
lishing a counting scheme, take the terms of lowest order. With this, we can express the world
in terms of the lightest composite particles, which allows us to access the non-perturbative
regimes of a theory like QCD.

The basic principle is as follows:

The effective Lagrangian must satisfy the same symmetries as the original theory, but must
also break any broken symmetries the same way. Which terms are picked is based on the
chosen counting scheme. This approach defines the effective theory up to constants that
must be determined by experiments.

EFT based on the chiral symmetry breaking in QCD is often called chiral perturbation the-
ory (chPT) and is used to describe the low-energy limit of QCD, because the full partition
function of QCD cannot be solved perturbatively in this regime. Instead of expressing our
theory in terms of the quark fields, we express it in terms of the light Goldstone modes, which
dominate the spectrum at low energy.

'This derivation follows chapter 32 of [33] quite closely.
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Figure 2.2: Mass spectrum of the lightest
composite particles of QCD.
The mass gap between the pi-
ons and the rest is what al-
lows us to express the low-
energy theory in terms of the
pions only. The masses are
taken from [36].

n
P

K +/-

TI:+'F'
Tr 0

For it to be meaningful to make a cut-off at low en-
ergy, a well defined mass gap is necessary. This is also
the case: The kaons, the lightest hadrons after the pi-
ons, are roughly a factor of 3.6 heavier than the pions
[36], see Figure Because the quarks only appear
in deeply bound states, we need only consider them
in terms of pions. Note that kaons and n-mesons are
pseudo-Goldstone modes as well, so our approxima-
tion is really that only the two lightest flavours exist
and that they can form pions only.

In this case, we require the quark mass to break chi-
ral symmetry in the effective Lagrangian the same way
as it does in QCD.

Counting Schemes

Taking the low-energy limit corresponds to taking the
two limits my; — 0 and V' — oo. A counting scheme
is introduced to control the relation between m, and
V' while taking these limits. There are two common
choices here: [10} [13]

e p-counting:

;:o@,i:amezow (29)
e e-counting:

Lo, Loow, Mm.=0o@@) (@10

gL T ’

where L? x 3 is the 4-volume of our box and M, is the mass of the pion. We let ¢, p — 0.
As we can see, the difference lies in how the mass is counted. These choices are illustrated

in Figure 2.3

The choice of counting scheme is a central part of our analysis:

Because we look at zero modes and near-zero modes, the low-momentum modes dominate
and we therefore work in e-counting [10, 12].

This counting scheme factorises the derivatives and mass part of the partition function, so
we may treat the derivatives as normalisation. This opens up the possibility of calculating the
partition function in its entirety and use it as a generating function of the eigenvalue spectrum.

We show this below in Equation (2.23).
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Chiral Perturbation Theory

The effective field theory used to calculate the chiral coupling is an extension of chiral pertur-
bation theory, so let us establish the principle. Because there is a large mass gap between pions
and other composite particles, they dominate the spectrum at low energy. We can therefore
write our theory in terms of these Goldstone modes.

Construction of the Lagrangian works as

follows: Consider the chiral transformations p—counting e-countin g

Gr — grAR , gr = e2'1F8)0n

qL = grqL . gr=ex T (211)
where 0r, 01, are Ny x Ny hermitian, traceless
matrices. These are a symmetry of the mass-
less QCD Lagrangian

Locp = —iqgPq+ Lyy  (2.12) 1 1
/ ~ L / >> L

where Ly ) is the gluon field part, which we Mn Mz
will omit in the following. These would also Figure 2.3: [llustration of the two counting

be a symmetry of the Lagrangian with mass

Locp = q(—iD+mg)q  (2.13)
if the mass transformed like
mg — ngquT (2.14)

at the same time. (Recall that we can write
out the mass term as

m,

schemes. Because the wavelength of
our Goldstone mode goes as the inverse
mass, taking O(M,) = O(L7'), the
wavelength becomes the same order of
magnitude as the size of the box, and
the kinetic part of the Goldstone particle
becomes significant. On the other hand,
taking O(M,) = O(L~2) freezes out the
dynamics of the system and allows us
to consider the mass part alone.

0

_ _ q dr
2.15

(@ %0<0 mQ(%) (219

in chiral basis.) This approach is called the spurion technique and (2.14) the spurion transfor-

mation of the mass, see for instance [13].

Introducing the Goldstone field U which transforms as [13]
U — g Ugr", (2.16)

we can construct a Lagrangian consisting of invariant Goldstone terms. The chiral symmetry
breaking takes the form [13]

SUR(Nf) X SUL(Nf) —>SUv(Nf) (2.17)
so the Goldstone modes live on the manifold
U e SU(Ny) x SU(Ny)/SU(Ny) ~ SU(Ny) (2.18)
Since Tr(UUT) = Ny, the basic building blocks are
2
Lppr = %ﬁ@ﬁym+%ﬁWW+mww (2.19)
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where f and Y, are the aforementioned constants that cannot be determined by symmetries.
(In QCD, f can be found through scattering experiments [13]. ¥ is related to the spontaneous
breaking of chiral symmetryE[)

To identify how the quark mass should be counted, we must first find the relation between
it and the pion mass. With the parametrisation U = e?V211/f [13], where IT is the pion field, we
can expand the last term to

2m
SoTr[miU + mgU'] &~ SoTr[2m, — f—;fn?], (2.20)

making the pion mass M, = 7@) [10; 37, 138]. The important part of the result is of course
my = O(Mz?).

To see the factorisation of derivatives and low-momentum modes, let us now split U into a
local and a global part [10]

U = ue®@y (2.21)

with uu' = 1. Inserting this, we can expand (2.19) to

2 | | 2 te2(g)ut

Lorr = L ud,e()e @ untore(a)e @ut) + 20y [“ Fal? -8 éx)u - ;@u }
2 2

= T TO.E(@)0"E ()] + 202% Tr [Uo + Uﬂ - Wﬁ [Uo + qu (2.22)

where Uy = 42| The action is

SerT = /d49€ﬁEFT
2

- L / A2 Tr]0,6(2)0,E (x)] +

Eomq
4

V¥omyg

Tr [UO + Uﬂ (2.23)
/d4x§2(:c)Tr [Uo + UOT] .

Since f = O(1), %9 = O(1), [dz = O(e71),d, = O(¢), and m, = O(e*), the first term forces
¢ = O(e) if the action should stay convergent for ¢ — 0. Knowing this, the first two terms are
both O(1) and the last is O(€?). So for € — 0, the last term is suppressed. If we only care about
the low-momentum modes, we can treat the first term as normalisation.

From here on we omit the subscript on Uy. We let V' — oo and m, — 0, while keeping
V¥omg = m constant. So our EFT partition function is

1
Zprr(m) = / dU exp {QTr[MTU + MUT]} (2.24)
SU(Ny)

*This can be realised by considering the chiral condensate >(m) = &, In Z, where X(0) is a measure of the
strength of the spontaneous chiral break. The derivative pulls out a 3 in front, for ¥(0) # 0, the scale of the break
is determined by o.

*It is not completely obvious that the first order terms cancel in the last trace of the first line, but because
U+ U' = 2R[U], the imaginary terms must cancel.
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where we have introduced the mass matrix M = mly +- Notice this change of variables to the
dimensionless variable m. We work in these dimensionless variables throughout this work.
We later find the numerical equivalent.

Let us generalise this result. Given a Lagrangian of the form

Loop = Loep + @ (vu +vsau)q — 4(s — ivsp)q (2.25)

where g, g are the quark fields, and v, a,, s, p are external hermitian fields, we can write up
the most general effective theory in p-counting [13]

2
Lgrr = fZTr [DNUTD“U + Uy +x'U (2.26)
where

DU = 0,U—i(vy+a,)U+iU(v, —ay)
DU = 9,U" +iU' (v, + ay) —i(v, — a,)UT
X = 2By(s+ip) (2.27)

and f and By are constants that are not determined by symmetries (f is the same as in (2.19)).
We can obtain the same result in e-counting by simply setting the derivatives to 0. We can

quickly verify that considering a source of the kind gmq leads us to (2.24) with By = szz .

2.3 Topology and Zero-modes

The exact zero modes play a crucial role in our system, so let us start by illustrating why they
are special. A chiral operator €2 anti-commutes with some operator 7, that squares to unity

{Qn}=0 , n*=1 (2.28)
This means we can rewrite the eigenvalue equation Q |¢)) = A [¢) as

nQ ) = nA[Y) = —Qn ) = An[p) = Q) = —AY) (2.29)

where [¢)') = n|¢). So all eigenvalues A appear in pairs, symmetric around zero, unless A = 0,
which is why the topological zero modes stand out. In QCD, the chiral operator is the massless
Dirac operator 2 = 1), which anti-commutes with 1 = .

The number of exact zero modes in a given system is equal to the absolute value of the
winding number v, which is a topological invariant [28, 29, [33]. This is why we can treat the
number of zero modes and topology on equal footing. Because the topology of a system is not
easily changed, it is often fruitful to consider topological quantities. We shall briefly discuss
the role of topology in QCD, but our main focus will be zero modesﬁ

*For a thorough treatment of the winding number in QCD, [29] is highly recommended.



CHAPTER 2. MATHEMATICAL FRAMEWORK 12

2.3.1 Topology in QCD: Winding Number and Vacuum Angle

In QCD, the winding number stems from the U(1)-axial anomaly as follows: The massless
QCD Lagrangian

. 1 a a

has a classical axial symmetry

¢ = "
¢ = e, (231)

by which we mean that the Lagrangian is invariant under this transformation. For now, 0 is
just a transformation parameter. However, a change of variables shows that this is not a true
symmetry of the theory, because the partition function is not invariant. This is what we call an
anomaly. Regularisation of the Jacobian leads to the term [33]

Ar = etrog

3 25G, (2.32)

in the Lagrangian. Here 6 is called the vacuum angle. Interestingly, this is an exact term (not
subject to higher order corrections). So the full partition function with mass is

Z(m,0) = /DquDA exp {i/d4xq(—ilﬂ+mq)q} (2.33)

1 0
X exp {—4G35G35 + 353 eaﬁfMGgﬂGga} :

Because the additional term can be rewritten as

0 0
aﬁpaGa
‘ 1672

3272 apCpo =

1
N <€uupa (AgapAg +3 fabCAﬁAl;Af,)) , (2.34)
it appears as a total derivative, and therefore a surface integral of the field in infinity. It is
tempting to neglect the contribution of this term in the action, because one would expect the
gauge field to be 0 at infinity, but this turns out not to be the case. The contribution to the
action from this term is the aforementioned winding number [28} 29, 33]

/ d4x—l e*Broga

o 156G = v, (2.35)

which is a topological invariant and equal to the number of exact zero modes of I in the given
background field [28, 29, 33].
Inserting the integral over the additional term in the partition function, we find

1 .
Z(mg,0) = /DquDA exp {i/d4:vcj(—ilD +mg)q — 4G‘;5G‘;5} e, (2.36)

In the full partition function, we integrate over all gauge field configurations, so we im-
plicitly sum over all topologies. We wish to consider ensembles with a given number of zero
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modes, which makes it important to understand how they appear in the partition function.
Define [ DA as an integral over all gauge field configurations that have v zero modes, we
may write

o0

, 1
Z(mg,0) = Y eZa"/DquDz‘leXp {i/d4wQ(—ilD+mq)q— 4G35036}

V=—00

i e 7" (my), (2.37)

V=—00

which means we can switch between the full ensemble and an ensemble with a specific number
of zero modes with a Fourier transformation.

Relation to the Quark Mass

As we shall see, a change in the vacuum angle ¢ corresponds to a U(1) transformation of the
quark mass.

Consider an ensemble with certain topological configuration, where we integrate out the
quark fields (see Appendix and write ) in terms of its eigenvalues

Z¥(my) = / DAdet™Nr (=il +my)eSr M = / DA [(=ixe + mg)Nr ey (2.38)
v v k‘

where Ny is the number of flavours with equal mass, and Sy is the Yang-Mills action.
Defining [], as the product over non-zero eigenvalues and remembering that the system
has |v| zero modes, we may write

Z"(mg) = / DAH'(AkA,’; + mqm;)mefff”eSYM. (2.39)
v k
For v < 0 the factor mév ™ is replaced by (my) =N [29].

Making a U (1) transformation of the mass, we can see it transforms the partition function
in the following way:

2" (mge'®) = ewouNf/DAH’()\]C)\Z_i_mqm;)meéVfuesYM = N1 7V (m,) (2.40)
v k
This makes
Z(mqewo,H) = i ei(9+Nf90)VZV(mq) = Z(myq,0 + Nybo)
= Z(mg,0) = VZ_(;:@”/NJ”, 0), (2.41)

which is why it is the sum
0 + arg(det(M)) (2.42)

we should consider, rather than 6 alone. M is the quark mass matrix also used in the rest of
this thesis [39]. Because of this relation, however, we shall refer to them collectively as 6. We
will use the U(1) transformation property of the mass from Equation later to analyse the
effective partition function.
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2.3.2 Zero Modes in EFT

To analyse zero modes, we must incorporate them explicitly in the effective theory. The effec-

tive theory we derived in (2.24) is for all topologies. Reversing (2.37) and applying it to (2.24),
we may write

Zpr(m) = /d@ew”ZEFT(mew”,O)

) 1 . )
= / doetNsov / dU exp {Tr[MT e U + MUt ]} (2.43)
SU(Ny)

We can combine the two integrals to a U(Ny)-integral by absorbing a phase ¢ into U and
rewriting the exponential as det”(U). (The determinant of the SU(Ny) part is always 1.) Note
that this changes the manifold of U. So the partition function is

1
Z%pr(m) = /U (clj\(f];iet"(U) exp {2Tr[MTU + MUT]} : (2.44)
f

This shows that the zero modes appear as det”(U), which we shall also see later.
Returning to the representation in (2.39), the zero mode part can also be written as the
determinant of the mass matrix M = mly,
ma?’ =det’(M) , v>0 (2.45)
This will lead to a ¥0(\) term in the spectrum of eigenvalues as wanted. For v < 0 this must
be det™”(MT), if the amount of zero modes is to be positive while retaining the transforma-

tion property from (2.40). We will use this relation later on to remove the zero modes from
ensembles.

2.3.3 Distribution of Topologies

We mainly look at ensembles with a specific topology, but let us examine how the different
topologies should be weighted in the total ensemble. This weighting depends on the vacuum
angle.

Notice that § = 0 simply yields the sum of all Z”. Because of this, we may interpret the
probability of a certain topology v as

_ Zy(mq)
We can also identify the mean topology and topological susceptibility
0pZ(6, mq) o ive 27 () _;
Z0mg) gy AC) o i(v) (2.47)
RZOm)| s oremzimg)| o
Z(Tan) o = Z(mq,0) o = —<I/ > (2.48)
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Let us derive an example. Consider a single fermionic flavour with the parametrisation of the
U(1) Goldstone field given by U = e’®. The partition function of the single ensemble is

v da v 'La m cos(&
Zwpam) = [ Grderr (et

™
— / da elav gm cos(a)
™

_ /7r dﬁ mcos(a)
0 s

= I,(m). (2.49)

The full partition function Z(m, ) is best found in the integral representation of I, (m)

Zenupa(m,0) = Z /_ glow gm cos(a) /_ i eilatO)v mcos(a)

V=—00 V=—00
[e.9]

- [ da 3 ot 6 2mm)enese) = 3 g2 (250)

n=—oo n=—oo

where n is some integer. We can of course disregard the 27n. We can also ignore the sum,
because it just appears as an overall factor (even though it is infinite). So

Zepupa(m,0) = emes®) (2.51)
=pi(v) = L(m)e ™ (2.52)

with
Wy=0 , H=m (2.53)

This discussion of topology is highly relevant because we want to consider the fate of the
topological zero modes, when we couple two systems. It is also necessary to understand zero
modes before we move on to random matrix theory, because these matrix theories have a fixed
amount of zero modes (and therefore also a fixed topological charge).

2.4 Supersymmetric Ensemble as Generating Functional

The primary goal of our analysis is to calculate the quenched microscopic eigenvalue spectrum
of the Dirac operator with the given terms in our effective Lagrangian.

Because the spectrum is prohibitively difficult to calculate analytically from first principle,
we instead calculate it from the effective theory of a partially quenched ensemble. This is done
for uncoupled chUE in [12].

The eigenvalue spectrum is obtained as follows: Consider first the full theory of a partially
quenched ensemble

det(—ilp) +m) _g
DA M 2.54
mmm / det( le—i—m)e (2.54)
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For m = m/, this can be normalised to 1. We can find the quenched chiral condensate by
deriving with respect to one of the masses and setting m = m'.

S(m) — %am In(Z(m, m’))‘ . (2.55)

m=m'

Because
Omdet(—il) +m) = Tr (—MDl—Hn> det(—ilp +m), (2.56)

we can write the chiral condensate in the eigenvalue representation as

1 1
2(m) = v <Z —iAg —|—m>

k
1 p(A)
= V/dA_Z,)\+m, (2.57)

where )\, are the eigenvalues of Ip, and p()) is the density of eigenvalues.
We isolate the eigenvalue spectrum by considering the discontinuity across the imaginary
axis

1 1 1 1
Zlim [S(iA+€) - DA —e)] = —1i -
77 i [20A + ) = 22— ) VL <—i)\k+i)\+e —iAk+iA—e>

2
- Vlgr(l) - <()\k—)\)2+62>
= 27 ) (6(\ — V)
k
= 2mp(A). (2.58)

The challenge is to calculate (2.54), which we do in the effective theory. The structure of the
partially quenched ensemble is very similar to (2.44), except we will integrate over a different

group.

241 Symmetry Group of Graded Partition Function

The Goldstone manifold of involves the possibility of both fermionic and bosonic Gold-
stone modes, so we write our EFT as a supersymmetric ensemble. Let us outline the conse-
quences of this for the group integration. This section follows Section 2 of [12] quite closelyﬂ

Since our fields are not a priori related by complex conjugation, we no longer have the
identity ¢ = ¢'y0. So our theory is no longer unitary, and symmetry group of the massless
Lagrangian is extended to general linear symmetry [16]

qrL — GRLIRL » GrL— drLGRy (2.59)

SFurther discussion of the nature of the supersymmetric group integrals is beyond the scope of this work. It is
discussed in details in [12] and [16].
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with G € GI(N¢|N,), where Ny and N, are the number of fermionic and bosonic flavours
respectively.

This is not necessarily a symmetry of the partition function. Like before, we lose the pos-
sibility of making the left and right transformation independently of each other for non-zero
mass. Convergence of the bosonic integrations reduces this symmetry breaking to [12]

SIr(Ng|Ny) x SIL(Ng|Ny) — Sly (Ng|Ny), (2.60)

which makes the Goldstone manifold SI(Nf|N). Including the axial break, it becomes SI(Nf|Np)®
GI(1). It turns out that this is not a super-Riemannian manifold, and that the proper domain is
GI(N¢|Np). This restricts the fermion-fermion block to the compact domain SU(Ny), whereas
the boson-boson block is restricted to the non-compact domain GI(N,) /U (Ny) [12].

The important conclusion to be drawn here is that the effective theory of an ensemble with
Ny fermions and N, bosons is [12]

1
hUEN N, (M) = / dU Sdet”(U) exp {Str[MTU + MU_l]} . (2.61)
’f GI(Ns|Ny) 2

We will often take M to be real and diagonal. We use this to calculate the eigenvalue spectrum
of the coupled ensemble in Chapter 4

2.5 Random Matrix Theory

In this section, we introduce random matrix theory (RMT) as a numerical tool for calculating
universal properties of a given systemﬂ We will for now focus on the theoretical part of RMT
and save description of the practical implementation for Chapter@ﬂ

RMT has its origin in mathematical statistics, but was first applied to physics in neutron
resonance [B]. It was combined with QCD in [17], [3], and [7].

The basic principle is as follows:

We construct the most general matrix possible that obeys the same symmetries as the op-
erator we want to investigate. The universal properties of the operators eigenvalues (and
eigenvectors) can then be obtained by numerically generating a (large) number matrices
with of random variables that obey the given set of symmetries.

In chiral systems such as QCD, the microscopic eigenvalue spectrum is uniquely deter-
mined by the symmetries [12], which is why we can calculate it numerically this way. We
can consider three different kinds of ensembles: Orthogonal, unitary, or symplectic with real,
complex, and quarternion components respectively.

Let us consider the chiral unitary ensemble a with Gaussian weight to ensure convergence
as an example. The partition function reads [3,7,[17]

n,v mpr i —nTr[WWT]
7Y o(mp) = /deeth < W ) e (2.62)
hGUE Wt m,

®Note that the eigenvalues of random matrices can also be calculated analytically, but that is beyond the scope
of this work. We will, however, show the relation between RMT and chPT analytically.
"For detailed treatments, see [5] and [6] for books on the subject. Reviews can also be found in [25 26} 27, 28].
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where W are random complex (n+v) x n matrices for v > 0 (n x (n—v) matrices for v < 0), and
mp is a dimensionless parameter that is relatable to the physical mass by V3om, = 2nm Rﬂ
The notation v is intentionally suggestive. As we shall see below, does indeed have |v|
eigenvalues equal to zero.

Comparing to the QCD partition function

Zgcp = /dAdeth(—ilD +m)e VM (2.63)

mp W o 0 w mp 0
)y e
corresponds to —iI) +m, and the weight corresponds to the gluon part of the QCD-action. We

have written the operator in chiral basis as becomes apparent below.
The structure of (2.64) incorporates three conditions:

i)t = —ip
{iD, s} = 0 (2.65)
and that the mass should break chiral symmetry the same way as (2.17). The first two are easily

we see that the matrix

0 ?) in chiral basis. The third can be realised by writing the determinant

as a Gaussian integral

114 f W
o (i ) - { () (25 ()

and identify ¢ and ¢ as left and right parts of the quark fields respectively. The mass couples
left and right and so breaks chiral symmetry in the right wayﬂ This identification of chiral
sectors will be important later when we introduce the coupling.

For later use, we also note that also can be written as [7, 17]

realised, as 5 = <

[ dAdet™ (AT + Mp)det™(A + M})en™ AT 1 >0

A - 2.67
chauE(mR) {fdA det™(AT + Mg)det™ " (A + MIT%)e”TrAAT v <0 267

where Mg = mpgly, and A is an arbitrary complex matrix of the same size.
That v really is the amount of zero modes becomes evident when considering the transfor-
mation properties. Let us just consider v > 0.

Zieyp(mre”) = / dAdet" (A + Mpe™)det™ (A + Mpe=)enTrAA!
- / dAdet" " (Ale™ 4+ Mp)det™ (Ae” + ]\/A/'JT%)e”T”AAT

= 0z s(mp). (2.68)

8This is derived in [7], but we also see it in Section
9There is a subtlety here: It looks like the mass links the same chiral sectors to each other, which would be in

violation with 1) but we have neglected a vo = ((1) é) , which can be introduced at the expense of a sign in
(2.62).
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In the last line we have absorbed a phase into the arbitrary complex matrix A.
We can also see this directly by considering the eigenvalue equation for mp = 0.

0o ... 0 Wi ... iWin o 0
0o ... 0 Wit - iWiiun e
W o iW,, 0 . 0 =1: (2.69)
iWin ... Z.WnnJrl/ 0 L. 0 Von+v 0
If welet vp4py1, ..., v2n40 = 0, we obtain n equations with n + v free parameters. This system

must have at least v solutions, making v the number of zero modes. We shall denote the
eigenvalues of the RMT model Ag. Again, these are relatable to the physical eigenvalues by
2nAg = VYA = u.

Let us summarise: We now know that has the same symmetries, amount of zero
modes, and transformation properties as QCD with N, flavours, and we should therefore be
able to calculate the microscopic eigenvalue spectrum from it. We have, however, neglected
one thing: The Gaussian weight is not universal, which is the next step.

Universal Limit

It turns out that in the microscopic limit n — oo the choice of weight becomes arbitrary as

long as it supports a non-zero eigenvalue distribution around zero [18]. We choose a Gaussian

weight because it is convenient, and we shall denote the limit n — oo as Z(EZ%] B

The universality of this limit also has other consequences. Because this model has the same
symmetries as QCD, it of course has the same low-energy effective theory [7, [17]. If we keep
M = 2nMp, constant while letting n — oo, we directly regain the EFT from (2.44), because it is
constructed with a specific amount of zero modes v.

So

mn oo,V m v v 1
Ziéon (mp =5 ) = Z¥ (M) = /dUdet (U) exp {Qﬁ[MTU + MUT]} . (2.70)
n U(Ny)

A simulation of the quenched version of in the microscopic limit compared to the eigen-
value spectrum of the corresponding effective theory can be found in Figure

It turns out the unitary ensemble is the simplest to work with, so we shall develop much
of the framework in chUE, before turning our attention to chOE.

2.6 A Note on Majorana Modes

The coupling of chiral systems treated in this thesis is inspired by superconductors carrying
Majorana modes, so let us go through the properties of Majorana fermions in high energy and
solid state physics. High energy and solid state physics have two different approaches to Ma-
jorana modes, which is also why the coupled theory of this thesis needs further improvements
before it is directly applicable to the solid state system.
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This section therefore stands slightly apart from the rest of the chapter in the sense that it
is not necessary for the understanding of the coupled chiral system. It should more be consid-
ered the ground work needed to bridge the gap between our coupled model and the physical
system.

The most notable difference is that, in the superconductor, only the zero modes are Ma-
jorana modes, whereas the bulk are Dirac modes [1} 2, 30, 40]. This will not be the case in
our model, where bulk modes and zero modes are the same. This section is largely based on
[30, 40 i41].

In Appendix we outline what structure a random matrix model should have to incor-
porate this property.

2.6.1 High Energy: Fundamental Majorana Fermions

In high energy physics, Majorana fields are found as the real solutions to the Dirac equation.
Let us start from the free Dirac equation

(=iy"0y + m)¥ =0, (2.71)

and write this as a real equation. This requires a basis, where all y-matrices are purely imagi-
nary. We require [41]

{2 = 29" (2.72)
Yoruvo = Y- (2.73)

A solution to these conditions, which we shall call the Majorana basis and denote by 7, is [41]
~ 10 1 0 ~ 0 g9 ~ 10 3 0
Y1 = ( 0 iO’l) ) Y2 = <—O'2 O) ) Y3 = ( 0 'i0'3> ) (274)

- (0 o9 - (o2 O
Yo = o9 0 y V= 0 —09 ’

where o, are the Pauli matrices in the usual basis where o3 is imaginary. This choice makes
(2.71) real, and we are therefore able to find real solutions to it. These solutions represent
Majorana fermions, and in the Majorana basis they satisfy

U = U, (2.75)

The Majorana basis is in no way unique, but if two representations of the y-matrices both
satisfy (2.72) and (2.73), they are related by a similarity transformation with a unitary matrix
[41]. So a general representation of the y-matrices can be obtained through

A= UFFUT (2.76)

where U is a unitary matrix. This also implies that if ¥ is a solution to the Dirac equation, then
the solution in this general representation is

U =UV. (2.77)
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When referring to (2.75) in any basis, we call it the Majorana condition. Let us write it in
our general representation. Inserting (2.77) in (2.75) we find

Uty = (UT\I/)*

v = Ut (2.78)
It is customary to write this as
v = ’)/00\If*
= U° (2.79)

where V¢ is called the charge conjugate of V.
Let us examine the object UUT = 4, C. It is unitary and symmetric and satisfies

(uhy =uvrut = (vt = (vut) L (2.80)

In chiral basis, we know C to be [7,42]

C = iy
WC = iy
- 0 109
- <_i02 0). (2.81)

One quickly verifies that i, has the same properties as UU T Notice also that since i, is real,
symmetric, and unitary it must square to 1, which can also be shown explicitly. This is not
at all surprising, since flipping the sign of charges twice should leave any system invariant
(although any UUT not necessarily squares to 1). That a Majorana fermion is invariant under
charge conjugation also means that it must have neutral charge.

Chiral Majorana Modes

As the normal zero modes of chUE are purely left- or right-handed modes, and as the Hamil-
tonian of the superconductor is chiral [1} 2], one might ask the question: Can this be the case
for a Majorana mode? The answer is no, as can be shown directly in chiral basis. Consider a

field in chiral basis
¢L>
v = . 2.82
( i (282)

The Majorana condition reads

(o) = (o T C)

( i02Yp ) . (2.83)

—i0917,

Remember that i is real and squares to —1, so this is just one condition

Y = iR, (2.84)
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which means the components of 7, and iy are related by

d)=0 ) - CF)

= = L) 2.85
() -( ) G - .
If we chose a purely right- or left-handed field (1)1, = 0 or ¥z = 0 respectively), we would find
that the Majorana condition sets both part equal to zero.

This can also be realised without choosing a basis. Considering (say) a left-handed field
[41]

(1+75)¥ = 0. (2.86)
We apply the charge conjugation operation to it, recalling that +5 is hermitian, so v = 57

’700((14—’75)\1’)* =0
(1+7CysH)u* = o. (2.87)

Let us briefly consider [41]]

O_l'WLC = U” UT’YO'Y;/YOUUT

= Uty fou”
T
= U* (U%L U) Ut
T
= (v3vt) (2.88)
In Majorana basis, v, is imaginary, so v,* = =7,
T
0 1q,C = —(UVuUT) S (2.89)
or equivalently
Cvs" = C. (2.90)
Inserting this in (2.87)), we find

Using the anti-commutator relations for the -matrices, we arrive at
(1—75)T° = 0. (2.92)

So if ¥ is left-handed, then ¥¢ is right-handed. We therefore conclude that the charge conju-
gation exchanges the roles of the right- and left part. If we want to construct a mode that is
invariant under charge conjugation (i.e. a Majorana mode), we must have both a left- and a
right-handed part. Equation comes from the spinor indices, which we have not consid-
ered in this last part.
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2.6.2 Solid State: Majorana Modes as Quasi-particles

Though such a particle has yet to be found among elementary particles, Majorana quasiparti-
cles have been used in solid state physics for many years [30, 40]. There is, however, a huge
difference between the solid state and high energy versions of a Majorana fermion. The high
energy Majorana particle is just a fermion with a real Dirac equation and thus obeys Fermi-
Dirac statistics, whereas the solid state Majorana fermion is a non-Abelian anyon, which means
it obeys non-commuting exchange-operations [30]. Anyons are particles that obtain any phase
under parity (instead of just +1). These can only exist in 2+1 dimensions.

Let us examine the solid state case in more detail. Here, a Majorana mode is any fermionic
operator ~; that obeys [30]

[H,%] =0 , {% 7} =25;. (2.93)

Note that the second condition is the usual {fylT Y5} = 205 for %T = ;. It is therefore more a
mode of a particle than a particle in itself.

The Majorana modes must come in pairs, because they are, in a sense, half a fermion Ifn
pairs of Majorana operators exists, it implies the ground state is 2"-fold degenerate [40]. Such
a degenerate ground state can house quantum information [30].

That the exchange-operations are non-commuting is a very important aspect of these Ma-
jorana modes. Clockwise exchange of two operators 71,72 is described by v; — Bm’ij;rQ,
where

Bip = \}5(1 +7172) (2.94)

is called the braiding operator [40]. The braid analogy becomes more obvious if one consid-
ers the world-lines of two exchanging Majorana fermions. In 2+1 dimensions this is a dual
helix, and for several pairs this is a braid (one pair is also a braid, but a slightly trivial one).
A consequence of this is that clockwise and counter-clockwise exchange are two topological
inequivalent operations (a left-handed helix cannot become right-handed without the world-
lines crossing or the endpoints leaving the spacial plane). This is also reflected in the exchange
relation

Y1 — F72
Y2 = M (2.95)

where the top sign is clockwise exchange [40].

Note that the Majorana condition gives a Majorana field half as many degrees of freedom as
a Dirac field. (A Dirac fermion is usually just referred to as a fermion.) This property means we
can write the annihilation operator of a Dirac fermion as the sum of two Majorana annihilation
operators [40]

1 .
b = 5(% +i7y2). (2.96)

°The Majorana states are also not physically measurable, only a pair of them is [40].
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It can be seen as analogous to Majorana fermions being real fields and Dirac fermions complex
ones. The Majorana operators are hermitian, as can be seen when inverting the abov

o= bl +b
v = i(b' —b). (2.97)

This means that a Majorana fermion is its own antiparticle, which is arguably the defining
aspect of them in solid state physics.

2.7 Subconclusion

We have now established the mathematical tools necessary for treating the coupled chiral sys-
tem. First of all, we have have introduced symmetries, through which we will define the
coupling, and the effective field theory applied to a supersymmetric ensemble, which works
as our theoretical stepping stone for calculation of the eigenvalue spectrum. Secondly, we have
introduced random matrix theory as the numerical counterpart and described topology and
the role of exact zero modes in both effective theory and random matrices. Finally, we have
compared high energy and solid state interpretations of Majorana fermions to start bridging
the gap between the coupled chiral system and a physical superconductor.

Let us move on to the coupling itself. We will start out by ensuring that the coupled parti-
tion function indeed has the correct properties. This analysis will in large part be an extension
of the above considerations. We then use these tools to calculate the eigenvalue density and
compare it to numerics.

I This also follows directly from the anticommutator relation in 1;



Chapter 3

Universal Coupling of Flavours

Now that the necessary tools have been introduced, we return to the main problem at hand:
How to calculate the effect of coupling two flavours? In this chapter, we analyse the sym-
metries, effective theory, and random matrix theory of the coupling. For simplicity, we show
this for fermionic flavours and move directly to calculation of the microscopic spectrum in the
quenched cases in Chapters[d]and

We approach the coupling in two different cases: Two single-flavour ensembles that are
completely independent before the coupling, by which we mean that the partition function fac-
torises, and an ensemble with the two flavours built in, where the uncoupled partition function
does not factorise.

First we must ask what characterises the coupling?

The coupling is required to preserve a locked chiral symmetry of the two flavours by cou-
pling the two right-handed and the two left-handed fields.

Let us examine this property in the language of EFT: Expanding the notation from (2.11)) in
Section 2.2} we want to introduce a term in the effective Lagrangian that sets

91R = G2R > Y1L = G2L- (3.1)

This means that it must be off-diagonal in flavour space and transform like the massless Dirac
operator. (We call this a vectorial term as opposed to an axial term.) So we start out with two
coupling constants crr, cr1, that couple right-right and left-left respectively. We set these equal
to each other once we understand their transformation properties. The spurion transformation
of the coupling constants i{]

CRR — G1RCRRY2R' , CLL = gircrrgar’ 3.2)
This follows if we wish coupling terms between the sectors of same chirality. We will use
to construct terms similar to the chPT approach. We will also argue that there are no other
possible terms. This approach used in the case of two single-flavour ensembles. This ensemble
will have the uncoupled Goldstone manifold (U(1) x U(1))? when we have fermionic flavours
only, and each favour has its own topology and mass. We will elaborate on this below.

! As with the mass in Equation (2.14), the spurion transformation of a parameter is the transformation we would
need to make in order to still have full symmetry.

25
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We can also start from an ensemble with the two flavours, where the flavours can be rotated
into each other. This ensemble will have the uncoupled Goldstone manifold (U(2))%. Here we
express the coupling as an anti-hermitian vectorial source of the form

1cqy0T1q (3.3)

where 7 is the zeroth y-matrix working in chiral space, 7; is the first Pauli matrix working in
flavour space, and c is a parameter that decides the strength of the coupling. This coupling
parameter arises from a rescaling of cgr and cr ..

In both cases we will introduce a corresponding random matrix ensemble. The structure
of the random matrices will reflect the structure of the source , and we will regain the
effective theory in the microscopic limit. This strengthens our claim that the terms found are
the only possible ones.

Although (3.2) and (3.3) are equivalent, we stress that the two ensembles are very different:

The U(1) x U(1l) ensemble consists of flavours in two independent topological sectors,
whereas the U(2) ensemble flavours are born in the same sector. This makes the U(2) case
more symmetric and gives an extra degree of freedom to integrate over. For zero coupling,
the flavours of the U(1) x U(1) partition function factorises, unlike U (2).

In this chapter, we establish the partition function of the effective theory and the random
matrix ensemble in the two cases. We also compare the U(2) and U (1) x U(1) ensembles. These
discussions of the coupling symmetries serve as a warm-up for calculating the eigenvalue
spectrum of the coupled case for both unitary and orthogonal ensembles in Chapters @ and

3.1 Two Single-Flavour Ensembles: EFT of Flavour Coupling

Let us start with the two single-flavour ensembles, each with their own topology and mass. As
mentioned above, the partition function factorises.

Zgilli}%,l-i-l (m1,m2)
= Zagup(mi)Ziyp(ms)

1
- / AUy dUsdet” (Uy)det”2 (Us) exp {2Tr [le Uy + MyUT + MU, + MQUJ} } (3.4)
v

The subscript is to distinguish it from the U(2) theory, which we shall denote Z.;,iE 2.
From the spurion transformations (3.2) we can construct the two hermitian coupling terms

»Ccaupl = KiTr {UICLLUQCRRT + UlcRRUQTCLLT} + 1Ko Tr [UJCLLUQCRRT — UlcRRUgCLLT}
(3.5)

where K and K are low-energy parameters that cannot be determined by the symmetries.
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If we make a U(1) transformation of Us, we may absorb the Ks-term into the K;-term

KlTr [U{rCLLUQCRRJr + U1CRRU2TCLLT:| + ’iKng“ [U}CLLUQCRRT — UlcRRUQTCLLT}

— KiTr [UchLLUgemcRRT + UlcRRUgefmcLLT} + 1 K5Tr {UICLLUQGiaCRRT — UlcRRUgefmcLLT]

= KiTr [(cos(a) + isin(Oz))UITCLLUQCM;;Jr + (cos(ar) — isin(a))UlcRRUchLq
+iKoTr [(cos(a) + isim(oz))UchLLUgcRRT — (cos(a) — isin(a))UlcRRUchLT}
= Tr [(Kl cos(a) — Ko Sin(a))UirCLLUQCRRT + (K cos(a) — Ko Sin(oz))UlcRRUchL]L
+i(Ko cos(a) + K3 sin(a))UIcLLUgcRRT —i(Kq cos(ar) + K sin(a))UlcRRUchLT] .
For

a = — arctan (2) . (Kjcos(a) — Ky sin(a)) — K (3.7)
the Ky-term disappears.

In the full partition function, such a transformation corresponds to a difference in phase
of the masses if we absorb an overall constant in the partition function. Because we want to
examine the case where the masses of the two flavours are the same, we will set K3 = 0 and
m1 = mg = m in the following. We will also define ¢ = \/crr.crr as we no longer need the
individual transformation properties.

If we expand our counting to 2V K| = ¢?

= O(1), we may write

Zzﬁi}/%J_’_l(M,C) = /U(%UldUgdet”l(Ul)det”z(Ug) (3.8)

1
X exp {2Tr [MTUl + MU} + MU, + MUQT] +ATr [UJUQ n UQTU@ } .

This is can be considered the basic coupled EFT, to which we shall return numerous times. The
structure of other ensembles will be the same, although the relevant group will change.

3.2 Two Single-Flavour Ensembles: EFT of Coupled RMT

In this section we introduce the random matrix ensemble corresponding to 3.8/ and show that
they agree in the microscopic limit.

To construct a random matrix model with the symmetries of the coupling, we expand the
standard chiral RMT by placing each single flavour in the diagonal blocks of a larger
matrix. These blocks correspond to flavour space. Off-diagonal matrices with off-diagonal
substructure are added to couple the two flavours. Note the structure from (3.3). The 7; in
0 1Y, .

1 O) in chiral
basis, the coupling parameter is placed on the off-diagonal part of these. This takes the form

flavour space places us in the off-diagonal sub-matrices, and, because vy =

mpR in 0 iCR
W mp ick 0 e—nTr(WIWerWQWg)

0 dicg mp W (39)

25t = [ dWiaWade

icR, 0 iW] mpg

(3.6)
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where Wi, W are complex (n + v1) X n and (n + v2) x n matrices respectively, and mp, cr
are dimensionless parameters we shall later relate to physical ones. There are implicit identity
matrices of appropriate sizes padded with zeros where necessary.

For instance, in the case v; = 0,2 = 1, and n = 2, the upper right-hand block is

0 0 0 ecgp O
0 0 0 0 icgr
iec 0 0 O 0
0 4wcrp 0 O 0

(3.10)

and the lower left-hand block is the transposed of this.

We shall return to the symmetries of this ensemble in chapter where we will see that
this is indeed the correct random matrices to consider. (This is also evident from the following
derivation, where we show that it has the right low-energy effective theory, but we will show
it directly from the symmetries.)

Let us derive low-energy effective theory. The following will be analogous to the derivation
from [7] and [17], but with the extra off-diagonal terms. First, we express the determinant as
fermionic integrals:

—n t t
Zerman = / AW dWdg' dPansdy?e ™ (Wi +vaws) @3.11)
wl f mpr tWq 0 iCR ¢1
o leT MR ICR 0 P!
X eXp ¢2 0 ’iCR mp ’iWQ 7,/J2
¢? icp 0 iWl mgp/) \¢?
We then write W; as a; + ib; and perform the integrals over these.
N L = / dardasdbydbodg! dg?dy dy? exp { = n (ad;; + 03, + a3 + ;)
Hia (V7 ¢) — idy ) +iazy (V7 67 — ¢ie))
~bui (Wi 5 + i) ) = bayy (W] 6T +uie})
+mp (! + 06 + U7 YF + 07 9F)
icn(o} U+ vl 0% + 67 Ul + 00l |
1 * * * *
= [ adtacavtav exp { (w1 vlo} o} + v v 6
+mp (! + 0o + 0P YF + 07 9F)
icr(o} U+ vl 0% + 67wl + 00}
1
— / A dd?dep dup? exp {% ( (3.12)

(Wil + 0 0 (W) g + 657 0)) — (W = 6170 (W) — 05 )
e e R O I A )
tme( 0]+ 61 ol + 07 + 67 F)

(ol v + 0l 6 + 62wl + 0 o]}
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This is a slight abuse of notation, so one should be careful here. Because cp is not neces-
sarily square, the vectors ¢! and 12 are not necessarily the same length. Since c is an identity
matrix padded with zeros, it is implied that the spare entries of each vector has been removed
in the coupling terms. We make four Hubbard-Stratanovitch transformations

Z?AEJEHI = /d01d02d61d52d¢1d¢2dw1d¢2 exp { —nTr(o10] + 090) + G161 + 5957 )

+or1(] Y+ 05 6)) + i (W] Y] — ) b)) (3.13)
oo (7 Y] + 67 87) + o (] Y — 65 ¢7)

Amp (] Y]+ 6 o + 7 P + 67 ¢7)

icr(9F VF + 0l 6} + 0 vl + v el |,

where 0, ; are arbitrary real matrices [7]]. See Appendix[B.1|for an introduction to the Hubbard-
Stratanovitch transformation. Defining A; = o, + i5; and A} =0, —i0j, we find

Zyaihin = / dA1dAxdet d*dip! dip? exp{ — nTr(A; Al + 4,A5) (3.14)

+ (A1 + mr)y) + ¢} (Al + mr)o)
+7" (Ao +mp)y? + 03 (A} + mr)9]
icr(ol R + vl 6 + 62wl + 0 o)) .

We first do the n + v1 and n + v» integrals over ¢! and ¢? respectively, and thereafter the n
integrals over ¢! and ¢?, keeping in mind that the cg-part only has n integrals for each

Zpio el = / dA1dAzdg' dg®det” " (Ay + mp)det" 2(Ay + mp) exp { — nTr(A; Al + A A)

+cho? (AL +mp) T 6 + ¢} (Al + mp)o)
+ckoF (Az + mp) 6 + 67 (A + ma)o? |

_ / dA1dAs exp { — nTr(A Al + AQAQ)}det”M (A1 + mg)det™2(As + mpg)
xdet™ (Al +mpg + ¢ (Ag +mg) V) det™ (AL + mpg + (A1 +mg) ™)

= /dAldAg exp { - nTr(AlAI + AgAg)}detl’l (A1 + mp)det”?(Ay + mp)
xdet™((Az + mR)(AI +mp) + ck)det™ (A1 + mR)(Ag +mpg) + %)

- / dA1dAs exp { — nTr(A Al + AQA;)}detw (Ay +mp)det”?(As + mp)  (3.15)

sdet” ((mRAg +mpAl + A, AT + 3) (mrAy + meAl + A AL+ C%)) .

We have ignored terms of O(m?%). In the following, we also ignore terms of the kind c%mpg and
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c}, as these are O(n™?)

2R = / ddrdAs exp { — nTr(41A] + 42A1) bet™ (A + mpp)det®” (4s + mp)
xdet” (mp Az A1 A+ mpAs ALAL + mpAs + mpAf + ch(A24] + A AL) + 1)
_ / drdAs exp { — nTe(ArA] + A AL bet”s (A1 + ma)det? (45 + mp) (3.16)
xexp {nTr [In (mpAsdi Af + mpAs Al AL+ mpds + mpal + h(4,4] + 414)) +1) |}
We diagonalise with the unitary matrices A; = U;A;V;. Using a saddle point approximation
we find that the Gaussian term sets A o 1, see Appendix The Gaussian term is dominant

since it is O(n), whereas all other terms are no higher than O(1). We then absorb V in U and
expand the logarithm.

ZSASJE71+1 = /dUldUgdetl’l(Ul + mR)det”2(U2 + mR)
xexp {nTx [m (mRUUUS + mpUsULUS + mpUs + mpUf + (UoU] + U1 US) + 1)] }
= /dUldUgdet”l(Ul + mR)detW(Ug + mR)

xexp { T [ mpUsUr U + mpUsULUS + mpUs + mpUf + ch(UaU] + 0hU)| |

= /dUldUQdetyl(Ul + mR)det”z(Ug + mR) (3.17)
exp {nTr [mRUl + mRUlT +mgrUs + mRUg + C%(UQU;[ + U1U2T)] } )

Letting n — oo while keeping m = 2nmpg and ¢ = nc% constant yields our final effective
partition function.

2 = / AU AU det” (U )det™ (Uy)
X exp {%Tr [Ul +Ul+ U+ Uﬂ AT [UQUI v UlUﬂ } (3.18)

This is also where we see the relations for chUE

meVYy = 2nmrp=m
ANVYEy = 2n\gp=u
FVK, = nch=c (3.19)

that become especially important in the numerical verification in Chapter [6l The eigenvalues
must be scaled the same way as the mass, which leads to the second line. These relations were
first calculated (although not explicitly stated) in [7]. We refer to as the correspondence
scheme between chPT and RMT. Note that this scheme is not the same for the unitary and
orthogonal ensembles. The correspondence scheme for the chiral orthogonal ensemble may be
found in (3.68).
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3.3 Two Single-Flavour Ensembles: Symmetries

Let us review the symmetries of the coupled ensemble more explicitly. We know the massless
QCD-Lagrangian has a U(Ny) x U(Ny)-symmetry in flavour space for a fixed topology, which
is broken to U(Ny) for non-zero mass. We want the coupled system to share this property.
Let us approach this through the random matrix ensemble. Since we have just shown that the
theory

(wawf+wewf)

20 = / AW dWde! ddu dye ™™ (3.20)

17[)1 f mgr W4 0 ICR 1[;1
ZWlT mp iCR 0 (Z)l
2 0 icg mp Wy ]| |v?
¢ icp 0 iAW) mgp/) \¢?

has the desired effective theory, any symmetry we can show here, will also be a symmetry of
the effective theory. Since the weight is invariant under any unitary transformation, we will
only look at

77[)1 f mpr 1Wq 0 ICR wl
o' | | W] mp icg 0 || ¢
2 0 dcg mp iWa| |¥?]|’
¢ icp, 0 Wl m /) \¢?

(3.21)

which may be directly interpreted as the quark part of the action.

It is worth repeating that each section of the matrix has a well defined interpretation. If
viewed as the outer product of two 2 x 2 matrices, the large structure corresponds to flavour
space and the small structure to chiral space.

Let us consider the following transformations: Vectorial U(1), axial U(1) for both mpr =0
and mpg # 0, vectorial U(1) x U(1), and vectorial U(2).

The vectorial U(1)-symmetry is merely the addition of a phase to all quark fields, so it
follows quite easily for both mr = 0 and mp # 0.

Let us instead look closer at the breaking of the axial symmetry for non-zero mass. For
m = 0 we can make the axial U (1)-transformation

b b b
z2 _y o057 jZ2 = (cos(f5)12 + isin(f5)7s5) ® <(1) (1)> zg (3.22)
¢? ¢? ¢

0 1
Note that we have neglected a 127 in the theory, because the massless Dirac operator is §0q
rather than ¢'q. It disappears in the determinant, but if we are to identify the left and right
tields as we have written them in our Grassmann integral, the transformation of the hermitian

where 5 works in chiral space. In chiral basis 75 = <_1 0) .
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conjugated fields must be

oy
32 N 32 057 — :Z2 (cos(95)12 —I—isin(95)’75) & <(1) (1)> (3.23)
¢? ¢° ¢

because 5 anticommutes with .
We apply this transformation to equation for m = 0 and neglect the vectors for compact

notation:

N .
.. 1 0 iW- 0 ICR 0 .. 1 0
(cos(f5)15 + isin(f5)7s) @ (O 1) 01 icn O W (cos(f5)1z + isin(f5)y5) ® (0 1
icR, 0 W] 0
0 —in 0 —iCR
— . ot :
_ 2 Wy 0 deg 0] Lo —iW/ 0 —iCR 0
= o) 0 e 0 am | T 0 L 0 S
ic,, 0 AWl 0 —ick 0 —iW] 0
0 W 0 iCR 0 —W 0 —1iCR
J— , J— ,
. . —iWy 0 —iCR 0 Wy 0 iICR 0
FieosBs)sin@s) | |00 ey 0 |t 0 —ier 0 -
—icg 0 —iW] 0 ic, 0 iAWl 0

0 in 0 iCR

0 ’in 0 ’iCR

0 W1 0 ICR

o lawf 0 der 0
0 iCR 0 iWQ

icR, 0 iW] 0

(3.24)

Expressed in words, the transformation leaves the matrix unchanged.



CHAPTER 3. UNIVERSAL COUPLING OF FLAVOURS 33

For m # 0, this symmetry is broken

mp in 0 iCR

. 10\ [iW] mp icg O - 10
(cos(f5)1z + isin(65)vs) (O 1) 101 iC}J: mfz e (cos(B5)1z + isin(5)7s) (0 1)

icR, 0 iW] mpg

mgrp W7 0 iCR mr —iWi 0 —iCR
J—_— . x ot )
_ 9 W] mp  icr 0 2 —iW] mpg —iCR 0
= cos(0s) 0 icg mp W sin”(6) 0 —icg  mp —iWs
ic,, 0 W] mpg —icg 0 —iW] mg
MR Wy 0 iICR mr —iWp; 0 —1iCR
ot . i .
. . —iW, —mpgr —icgr 0 W) —mp  icr 0
+ZCOS(05) Sln(05) 0 iCR mp iWQ + 0 —iCR mp —iWQ
—iCR 0 —in —MmQpr iCR 0 ZVVQ]L —Mpr
2mR 0 0 0 mp in 0 iCR
_ 0 2mp 0 0 4 Wy mR ICR . 0 7 (3.25)
0 0 2mp 0 0 icR mp 1Wy
0 0 0  —2mg icR, 0 W] mpg

which shows that the coupling breaks symmetry in the right way. Note that a coupling matrix
MR ICR

of the kind <
iCcR MR

a higher order term of m in the effective theory.
The coupling should force any chiral transformation to be the same for the two flavours.
We have already seen how the axial part behaves in chiral space, so let us just look at the

breaking of individual vectorial symmetry U(1) x U(1) — U(1)

> would also break symmetry in the same way, but would gives rise to

e~ 0 0 mg W1 0 icg eh 0 0 0
0 e 0 0 W] mgr icg 0 0 € 0 0
0 0 e 0 dcp mp Wy 0 0 €% 0
0 0 0 e/ \ick 0 W mp/ \0O 0 0 £
mp W 0 icRei(‘g?_el)
- t - 1(02—01)
Wy MR iICRE 0
_ , 3.26
0 icpei(01—02) mpg 1Wa (3.26)
icRei(QI*GQ) 0 zWQT MR

So for ¢ # 0 we require ¢, = 6.

Let us finally consider the larger symmetry group U (2). Remember that two single flavours
do not have this symmetry. Only if the flavours are part of the same theory are they invariant.
This is also reflected in the RMT: As long as Wy # W> the theory does not have this symmetry.

The vectorial U(2)-transformation can be parametrised by exp {22:0 inTk}, where the
Pauli matrices work in flavour space. We can consider one generator at a time. See for instance
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the k = 1 part:

0 Wy 0 0

10\ .. 0 1 wl 0 0 0
L <COS(01) (0 1>_”m(61) (1 0)) 0 0 0 W
0 0 W 0

X1y ((:08(91) ((1) (1)> +isin(6) (g é))

0 Wi 0 0 0 iWy 0 0
ot i
B wi o0 o - iwi 00 0
= cos’(0h) 0 0 0 aw| T o 0
0 zW2 0 0 0 W o0
0 ZWl 0 0 0 'LWQ
" vl
Wy 0| [ 0 0 Wy, 0
+i cos(61) sin(6) sz 0 0 0 W, 0 0
ZW2 0 0 0 wi 0 0 0

L in 0 0 0
0 0 0 W
0 0 Wl o0

(3.27)

The other generators fail in similar fashion.
The W, = W case corresponds to having the two flavours in the same gauge field config-
uration, which is the next case we consider.

3.4 Two-Flavour Ensemble: EFT of Flavour Coupling

Let us now turn to the case of two coupled flavours, where the flavours can be rotated into
each other, because they interact with the same gauge field. As for the two single-flavour
ensembles, we analyse its properties for fermionic flavours for the sake of simplicity.

Using the source from (3.3) we can adapt the general solution of the Lagrangian from
to the lowest order e-counting. We ignore the mass terms in the following.

2
Lprr = fZTI‘ (<6MUT — CUT(S()MH + C(So,ﬂjUT) (6MU + 50M71U — Uég,m))

2
- J; Tr (a Uto,U + 262 (TlUﬁUT _ 1) te (aOUTnU +UtaUn — 8UT U — UTn@oU))
(3.28)

We use the parametrisation from before U = ue®(®)u. We remind ourselves that £ = O(¢), so
we can ignore the higher order terms when expanding the exponential. The remaining terms
are

2
LEpT = fZTr (@Lﬁ@“& + 262 (7’1U27’1UT2 - 1) + 2¢ (i@ogm'luT - i@gfuTﬁu)> (3.29)
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Although the last two terms are the same order as first two, they appear as a total derivative
of the field £. They therefore disappear when we integrate over the four volume, if the field is
well behaved at the border.

Absorbing a constant into ¢, our effective partition function becomes

Zenvg2(M) = / AU e2 T (MUTMUT) e Tr(nUnUT-1) (3.30)
SU(2)

This is for all topologies. The individual topological sectors can be found through a Fourier

transform of Z(M, ) = Z(Me?/N:,0) = Z(Me?/Nr) as discussed in (2.37). In this case N = 2

ZVhUE2(M) _ /dee—iue / dUe%Tr(MTe_me—&-Mew/QUT)+02Tr(T1UTlUT—l). (3 31)

ans SU(2)
Let us now interpret the factors of €%/ as belonging to U. Such a phase disappears in the
coupling term, and the factor in front is written as a determinant. This means we extend the

integral to be over U(2) rather than SU(2)

chpa(M) = / dU det” (U)es T (MUAMUT)+Tr(nUnUT-1) (3.32)
U(2)
The determinant of the SU(2) part of U is always 1. One quickly verifies that the sign of § and
factors of 2 are consistent.
The vector source calculation involves a U(2)-integral as seen in (3.32). We would like to
compare the U (2)-integral to the integral over U(1) x U(1) from in Section3.1] Adapting
the parametrisation from [43] we can write the U(2)-matrix as

up 0 (e 0\ [1—p2 1 e 0
U pu—
0 us 0 1 o —/1 — u2 0 1

ugpe™ —upy/1— 42
where uy,us € U(1), ¢ € [0,27], and pu € [—1, 1]. The Jacobian is [43]
J=2y1—p? (3.34)
The determinant part of partition function reduces to
det” (U) = det” (u1)det” (uz), (3.35)
the mass term is
%Tr (MU + MUT> = “12’U2Tr(mu1 + muJ{ — mugy — mug), (3.36)

and the coupling term is

—uor/1 — 12 —i¢ T2 T, ig
CQTI"(TlUﬁUT—l) = ATr U2 1@# U2p1e 5 U1T 1_.5 ?2“6 -1
upe ulm ujpe " —u2\/1—,u2

= ¢ (,uz(ulugezid) + uqu{e_Qi(z’) - (1- ;ﬂ)(ulu; + UQUT) - 2)
= ¢ (/ﬂ cos(2¢)(u1u£ + uguJ{) +ip? sin(2¢)(u1u£ - uQuD (3.37)

—(1- u2)(u1u£ + uzuT) - 2)
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So the partition function can be written as

27 1
Zowpo(M) = /0 dgb/ily/[](%uldum/l — p? det” (uqug) (3.38)
" { 1—p? f f
exp 5 (muy + mul — mug — mul)

+c? (u2 cos(2¢)(u1u£ + ugu];) + iy sin(2¢)(u1u; - uzu];)
—(1- ,uz)(ulug + UQUT) — )}

The integral over ¢ is known. We use an analytical continuation of an integral in [44]. The
limits are not the same, but the periodicity makes the difference an overall factor, which we
absorb in Z.

1
Zgupa(M) = /d,u/ duidugr/1 — quet”(uluQ)J()( — ic2u2\/(u1u; + uQuJ{)Z - (ulug - uQuI)2>
-1 Ju)

V1 — p?

2

1
= /d,u/ dujdugr/1 — p2det” (ugug) Iy (262M2) (3.39)
-1 Ju)

X exp{ (muy + muJ{ — mug — mug) - 02<(1 - #2)(2‘1“; + UQUD + 2)}

K exp { V112 g — mad) — (1 — 1) (wrud H 42
p (muq + mu] — mug — mul) — (1 — p?)(wud + uoul) +
Numerics confirm this. If we want to regain a form similar to (3.8), we must let uy — —us
1
Zoupa(M) = /d,u/ duydugy/1 fMQdet”(u1u2)Io(202u2) (3.40)
-1 Jua)
/1 — 12
X exp {Tﬂ(mul + muJ{ + mug + mu;) + 2 ((1 - u2)(u1u£ + u2uT) - 2) }

The pi-integral can then be interpreted as an integral over mass and coupling scales. For ;1 = 0
(3.40) is equal to (3.8). Numerics suggest that, while the maximum of the integrand is indeed
in p = 0, it does not decrease fast enough for a saddle-point approximation. We therefore
primarily evaluate this ensemble numerically, see Chapter 6]

3.5 Two-Flavour Ensemble: EFT of Coupled RMT

The derivation of the effective theory of Z; from the corresponding random matrix ensemble
is completely analogous to the derivation of Z;,, except that we start from the theory
m W 0 icp
v W m 1CR 0 fNTr(WWT)
Zy = / dW det 0 icn m W€ (3.41)
icp, 0 W' m
We reach the same result as in (3.32)

(’;hUE’Q(M) = /Uc(lgdetu(U)e;Tr(MU+MUT)+c2Tr(nUnUT) (3.42)



CHAPTER 3. UNIVERSAL COUPLING OF FLAVOURS 37

except that RMT cannot capture the extra factor of e~2¢, because it does not influence the
symmetries. The details of the derivation can be found in Appendix

3.6 Two-Flavour Ensemble: Symmetries

Let us make the same analysis for Z; as we did for Z;; in Section Now that the two
flavours interact with the same gauge field, we can make a full U(2)-transformation for ¢ = 0.
We only consider the flavour transformation, because we understand the behaviour in chiral
space well. Let us start from the matrix corresponding to the uncoupled ensemble

m W 0 0
iwh om0 0

0 0 m W

0 0 Wt m

(3.43)

Because the matrix is proportional to identity in flavour space for ¢ = 0, it follows quite trivially
that it is invariant under any transformation. If we wanted to do the full calculation, we would
use the same procedure as we did in Equation for all the Pauli matrices. One finds the
same result.

Let us now turn on the coupling

m W 0 ic
iwt m ic 0
0 ic m W
ic 0 Wt m

(3.44)

We can already see from the source term (3.3) that the U(2)-symmetry is broken, because
[7i, 7] # 0. The first order transformations is for instance

1€qroTIq  —>  1CqT2Y0TIT2q
—1CqT2T2Y0T1q
=  —icqvyoT1q (3.45)
and equivalent for 73 and the higher order terms. This can also be seen from the matrix with
the parametrisation of U(2) given by exp {22:0 inTk}. One finds 6, = 03 = 0, because the

source allows for the transformation e¢?17.

3.7 Difference Between U(2) and U(1) x U(1)

Let us summarise what we know of the two ensembles. The action of the two partition
functions has the same kind of terms, but the greater symmetry of two flavours introduces
a weighting of different choices of mass- and coupling scale up to m and c.

Two Single-Flavour Ensembles Z ;175 141

ZenUE,1+1 comprises two flavours that are completely unconnected to each other until we cou-
ple them, by which we mean that the uncoupled partition function factorises. The two flavours
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interact with two different gauge fields, which allows for different topology. They can only in-
teract through the coupling, which also couples the topology. Once we turn on the coupling,
chiral transformations of the fields must to be done simultaneously, so the coupling breaks the
massless Lagrangian in the pattern

U)* — U(1)2 (3.46)

The individual axial- and vectorial transformations break into combined ones.

Two-Flavour Ensemble Z /g o

ZhuE,2 comes from a single ensemble, where the two-flavour structure of the theory is built
in. We can therefore rotate the flavour basis, and the partition function does not factorise for
¢ = 0. The two flavours interact with the same gauge field with a single topology, and so the
zero modes cannot cancelE] For ¢ # 0, the flavours cannot be rotated in the same way, but two
of the generators are broken explicitly. So the coupling breaks the massless Lagrangian in the
pattern

U2 = U1)? xU(1)? (3.47)
The full axial- and vectorial transformations break to locked chiral symmetry and exchange of
the fields, which comes from the final U(2) generator.

Note that in Chapters ] and 5| we primarily look at the coupled single-flavour ensembles,
which for quenched chUE is GI(1|1) x GI(1]|1). These are the simplest to calculate, but also the
only case, where we can see a coupling of topology.

The two flavour theory requires an integral over G(2|2). A parametrisation of this is avail-

able in [45], but the partition function involves too many terms to be practical. This is briefly
sketched in Section 4.3]

3.8 Topology in Coupled Systems

Since the two flavours of the U(2) ensemble already are in the same topological sector, the
coupling does not influence the topology, so let us just consider the topology of the two single-
flavour ensembles.

We can get a sense of the common topological charge of the coupled sectors by looking at
mass transformation properties. Recall the transformation properties from (2.40)

ZV(me?)y = N zv(m). (3.48)

Let us briefly return to the m; # mg case to see the individual transformation of the masses.

Without the coupling we can rotate the masses independently of each other

Vi,V i0 i0 _ _ if1v1+ibave V1,12 _
ZchUE,1+1(€ 'my, e%2my,c=0) = ¢l 2ZChUE,1+1(m1,m2,C—O). (3.49)

The coupling term Tr |U; U2T + UgUlT is only invariant for §; = 63, so the couple partition
function transforms as

V1,2 6 160 _ 10(v1+v2 V1,02
ZchUE,l—i-l(e mi,ema,c) = e ( )ZchUE,1+1(m1’m27C) (3.50)

so it is natural to assume the coupled system has v; + v» zero modes.

2We can redefine left and right for one of the flavours and thus achieve cancellation. We treat this ensemble
numerically in Chapter 6}
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3.8.1 Distribution of Topologies in Coupled Systems

Because the uncoupled partition function of U(1) x U(1) ensemble factorises, we can express
the partition function for all topologies as

ZChUE,l-‘rl(aa 0/7 mi,ma,C= 0) — Z ei(@ljl—l-@/llg)Zg}lli}/QE 1+1(m]_, mo,C = 0) (3.51)

v1,V2

For ¢ # 0 we must have § = ¢, if the Lagrangian is to be invariant under a U(1) transfor-
mation of the quark mass. This leaves us with

Zenvp s (0,m,ma, ) = Y 0WTRIZHEE | (ma,ma, c) (3.52)
vi,v2

which is to be expected from the transformation properties of the coupled partition function.
If we want a form similar to (2.37), we must define a partition function that only depends
on the common topology v = v1 4 v5. We can rewrite (3.52) as

Zenupae1(0,mi,ma ) = €™ Zh g (ma,ma,c) (3.53)
v
where
Zogupi41(mi,me,c) = Z Zgﬁbyfglﬂ my,ma, c). (3.54)
v1+ro=vr

Let us evaluate this as in Section with the parametrisation of U(1) given by U; = e

w
ZIV-I&:TQ (mh ma, C) _ / dapdasy det” (eial) det”2 (eiag)eml cos(a)+ma cos(az)+2c2 COS(OAl—OLQ).

—T
It is convenient touse >, >, ,,_, = >_,, ,, and simply deal with the double sum. We
can then make the same transformation for each topological charge

da1

g dag ,
. 2 2 _
ZChUE,1+1(m17 ms, 9? C) § : 619(1/1+1/2) / 5 5 plaiv giagve jmy cos(a)+ma cos(az)+2c cos(ar —az)
™ Y

vi,V2

_ Z/ dal dOéQ Za1+9),/1 1(a2+9)y26m1 cos(a)+ma cos(az)+2¢? cos(a—az)
-7

21 21
V1,2
= Z / daldagé(al +9—27m1)(5(a2+9—27m2)
ni,ng v
w M cos(a )+ma cos(az)+2c? cos(ag —az)
— Z M1 cos(6—27mn1)+ma cos(6—2mng)+2c? cos(0—2mn1 —0+271n2)) ) (355)
n1,ng

Again we disregard the sum and 2mn

ZchUE,l—l—l(mh ma, 97 C) — M cos(0)+mo COS(0)+2c2' (356)

Although not a main result, this is very interesting. We regain the case of two uncoupled
systems up to a factor. This means that the distributions have the same mean and width. Nu-
merics confirm that the two distributions are the same. Interestingly, the factor would cancel
with the extra factor we get in (3.31).
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3.9 Orthogonal Ensemble: EFT from RMT for Coupled chOE

Before moving on to calculation of the spectral density, let us for completeness also show the
derivation of the EFT from a coupled chOE RMT. The cases are analogous, but we arrive at a
slightly different correspondence scheme, which makes this derivation very important for the
comparison to numerics in Chapter [}

In analogy with [7] and Section [3.2] we start from the theory

m W; 0 ic
PR )
. ZWl m 1 0 — 2T [W W+ W W)
ZehoE = /dWldWQdet 0 ic m W, e 2 1 2 (3.57)
ic 0 Wl m

with W; being n x n real matrices (for simplicity we assume v; = v, = 0).
Expressing the determinant as fermionic integrals, we find

n
Zaow = [ dWidWad!didetde? exp { - (V% + W) (358)
+iW (U] 6] = ¥ig)") + iWai (V6] — vie])
+m(; v + 05 65 + T U] + 67 65)
Hie(g) 7 + 0370} + 650+ o)) )

We integrate out the W; and define
(0 -1 . 0 —m (0 —c
() =0 Y o= (0 ) o
SO we may write
_ 1502701 702 1 b} oI\ ; $2\1°
ZehoE = /dz/z dy=de deo eXp{_%<[<¢}*>I<¢}J*)] —l—[( 3*>I<¢§*)] (3.60)
N AW AN AN AR N
o (o) (0 2 () 0 () = () ()

| 2 2 |
(o) e ()= () e () b
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The squared terms can be rewritten as [7]
Zoow = [ duldvids!de? (3.61)
2
1 Pl > <¢1 > Pl Wl
X exp —_ ( 12* f* +Iggl f* 1]* If/f
2
) () ANE
- [+ i+ | — gy 1 i Iyrg
[(1/% f 1/}] g 1/11 g’ w] f
L (v AW NE &}
1 2 [ ? 1
() e (@) ) e ()
Four Hubbard-Stratanovitch transformations lead to
Tonop = / dA dAydipt dip?detdd? exp{ —onTr (AlA{ + AQA;) (3.62)
L[y} i 1 (¢ Y
+5 (w}*> (24] + a) <w3* iy (of ) QAT 400 (J )+ 2)
1 2 [ ? 1
() e ()« () e () 1
We let 24; — A; and use the relation
/ "0 exp {—;HTAO + JTH} — Vdet Aexp {;JTAU} (3.63)
to do first the n integrals over ¢/ and then 1/

Zaon = / dAyd Agdi) di? exp{ — gTr (A1A§ + AQAg)
NEAYHN Ui\ _ L () roanto (Y
+3 <¢}*> <A1+M) (1!}3* BEAUS CIAI"+M) C e + (1 —>2)}
xdet? (TAIT + M)(TALI" + M)
n
- /dAldAg exp{ - ST (414 + 424]) }
xdet ((IAllT + M)(AL+ M — € (AT + M)~ C))
xdet? ((IAQIT + MYAL+ M — € (14,17 + M) C))
n
- / dA1dA, eXp{ — 5T (AIA{ + A2A§) } (3.64)

xdet’ ((IAJT + M)(TALT — M) - c2>det% ((IAQIT + M)(TATT — M) - 02>.
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We make a saddle point approximation that effectively sets A; = U;, where Uj is unitary.
We ignore terms that include m?, ¢!, or mc? as these are higher order

Zenor = /dUldUgdet’S ((I(U2 + MY(UT + M) — &) (I(Uy + M)(US + M) - 02)>
= /dUldUzdet'é ((UzUlT + MU} + UsM + &) (DU + MU} + UM + 02)>
- /dUldUgdetg (1 + MU} + UsM + MU} + UM + EUUT + c2U1U2T). (3.65)

Expressing the determinant as the trace of a logarithm and expanding that logarithm, we
find

Zenor = /dUldUg exp {gTr<MU1T + MU, + MUJ + MU, + UUT + c2U1U2T> } .
(3.66)

Comparing this to the effective theory of chOE

1
Zonor — / dU1dUs exp {2Tr (MU + MU + MU + MOY) + & (VU] + 01U } ,

(3.67)
we find the correspondence scheme for chOE
mgVYy = nmrp=m
AV = niAg=u
FVK, = %nc% = (3.68)

which is used in the numerical verification in Chapter|f] Compared to (3.19), there is a factor
of 2 in both mass and coupling constant.

3.10 Subconclusion

This concludes the analysis of the coupling properties on partition function level. We found a
unique term in the effective Lagrangian

Loy = T [0 + U] (3.69)
with the desired symmetries, which gives us the basic partition function structure
zhe (Mye) = / UL dUdet” (U )det™ (Uy) (3.70)
’ U(1)

X exp {;Tr (M0 + MU + MU, + MUS| + T 0210, + 010 }

of two coupled single-flavour ensembles. The coupled two-flavour ensemble has a similar
structure, but with integration over mass and coupling scales.
With this in mind we turn our attention to the calculation of the spectral densities.



Chapter 4

Spectral Density of Coupled chUE

With the partition function well understood, we turn our attention to calculation of the spectral
density. In Section we established that the relevant group for quenched chUE is GI(1|1),
so let us directly reuse the structure from (3.8)). The result is

v1,V2 !/
ZchUE,1|1+1\1(m’ m’, c) 4.1)

_ / UL dUy Sdet” (U1) Sdet” (Uy)
Gl(1|1)

1
X exp {QStr [MTU1 + MU+ MU, + MU;l} + St [Uh Uyt + UsUp ] }

where M = diag(m,m’) and Str and Sdet are graded trace and determinantﬂ
We will make use of the parametrisation of Gi(1|1) given by [12]

e 0 ) ( 0 o ) < i (1+ Ja;p;) eia; >
U, = e 7o) = 279 . J 4.2
J < 0 esi *p 5j 0 esi ﬁj e’ (1 — %O&jﬁj) ( )

and

~05 (1 + L, 85) —e Wiy
U= (¢ T\ T o J ) 43
! < €% B; e (1 — 30;0)) (*3)

Here o and 3 are Grassmann variables and the angular variable 6 extends over [— : 7], while
s € [—oo : 00] is non-compact, the Berezinian (a generalisation of the Jacobian) is 1 [12]. We
then evaluate the supertraces and superdeterminants and perform the integrals to find the
partition function. The spectral density is then obtained using the methods introduced in
Section 2.4l
For ¢ = 0, the microscopic density is already known to be [12,[19]
u

Penvpap (W) = 5 (o (u)? + Jys1 (w) Jy—1(u)) (4.4)

where u = V3 like in (3.19). Numerical comparison with the random matrix ensemble can
be found in Figure[6.1)in Chapter|6]

See Appendixfor an introduction to these.

43
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Direct evaluation of (4.1) with the parametrisation from (4.2) gives

V1,02 !
ZchUE,1\1+1|1(m’ m,c)

1 . )
= @ﬂﬁ/@m@wm%ﬁmﬁﬂkM%sﬂ (4.5)

X exp [m cos(#1) + m cos(fz) — m/ cosh(s1) —m’ cosh(sg) + 2¢%(cos(6; — ) — cosh(s] — 52))}
X (1/4(m cos(#1) + m/ cosh(s1))(m cos(fz) + m’ cosh(ss)) + ¢*/2(cos(6; — B) — cosh(s; — s2))
+c?/2(cos(f; — o) + cosh(s; — s2))(mcos(y) + mcos(fa) + m' cosh(sy) + m’ cosh(sz))
—c(sin(6y — 3) + i sinh(sy — 31))2>.

The full derivation can be found in Appendix We check explicitly with numerical integra-

tion that this expression equals 1 when evaluated at m = m’.
Differentiation with respect to m yields the chiral condensate

V1,2
EchUE,1|1+1|1(m’ c)

1 ) )
= @ﬂ?/@m@wm%gmwﬂkM%*ﬂ (4.6)

X exp [ml cos(01) + ma cos(f2) — my cosh(sy) — mao cosh(sz) + 202(005(91 — 03) — cosh(s; — 32))]
X [1/4 cos(01)(ma cos(62) + ma cosh(sz)) + 1/4(m1 cos(01) + mq cosh(sy)) cos(62)
+(cos(61) 4 cos(62)) (1/4(m1 cos(f1) + my cosh(s1))(msg cos(f2) + mo cosh(sz))

+c? cos(61 — 65)
+c?/2(cos(01 — 02) + cosh(sy — s2))(m1 cos(61) + ma cos(fa) + my cosh(sy) + ma cosh(s2))
—ct(sin(f; — 63) + isinh(sy — 31))2)} :

We can now in principle find the full eigenvalue density numerically from

1 .
pZilzJ(ﬁE,1|1+1|1(Evc) = ;‘SR [EZég%,1|1+1|1(ZE’C)] : (4.7)

Equation is a main result of this thesis, but regularisation issues arise when performing
the numerical integral. These are discussed in the second part of Appendix[C.3] The expression
is in itself also rather complicated.

We can, however, obtain analytical expressions for limiting cases ¢ > 1 and ¢ < 1.

4.1 Strong Coupling Approximation of chUE

In the limit of large c the generating function can be evaluated by saddle point approximation,
again see Appendix We integrate out the Grassmann variables in our partition function
and identify the term in the exponential related to c. From (4.5) we find

2(cos(01 — 02) — cosh(s] — s2)). 4.8)
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The maximum of this occurs at 81 = 65, s1 = s9,i.e. Uy = Us. From this we obtain

Zieapan(M > 1) = [ dU Sderr @) SO
= Zoiip2m). (4.9)

Notice that the topology of the coupled system is indeed v = 1/1 +u5 as discussed in Section[3.§]
and that U — 2U compared to (2.61) Using the definitions (2.55) and (2.58) we directly obtain

V1,12 _ v1+v2
'OchUE,1|1+1\1(u’c>> ) = 2pahUE1\1+1|1( u)

= 2u(J31+l/2 (ZU) - JV1+V2+1(QU)JIJH—VQ—l(QU)) (410)
+|v1 + vo|o(u).

where the prefactor of 2 comes from normalisation.
A comparison with the random matrix ensemble for ¢ > 1 can be found in Figure [6.4] in
Chapter|[6} The analytical result is in agreement with the numerical one.

4.2 Weak Coupling Limit of chUE

For small coupling, the coupling only affects the exact zero modes modes, while the bulk
eigenvalues are only affected at higher order in c. The coupled ensemble again displays v + 2
exact zero modes as discussed in Section The remaining |v1| + |v2| — |v1 + 12| would-be
zero modes from the uncoupled system will be spread out as 2n near-zero modes (n on each
side) according to a finite size chiral unitary random matrix ensemble with a Gaussian weight,
where the width is determined by c. In other words, we will prove the factorisation

(2 N )Z{E,jgg“l’“(MM*)Z(”) bulk (A raty (1)

v1,U2 _ n N
ZawpippnM e <) = Zgip

where v = v; + 19, 0/ = w, and the bulk-superscript means we stripped the parti-
tion function of its zero modes.

To save space we have suppressed the 1|1 + 1|1 part of the subscript. Note that the zero

modes are contained in the finite ensemble. As the argument of C(hgjl}glk(M MT) suggests, the

partition functions without zero modes are invariant under rotation of the mass.
To linearise the coupled partition function
V1,V2 /
ZchUE,1|1+1\1(m7 m’, c) (4.12)

= dUldUQ Sdetyl(Ul) SdetyQ(Uz)
GI(1]1)

1
X exp {QStr [MTU1 + MUY+ MUy + MU;l} + Str [U Uy + UsUr }
from (4.1), we make two Hubbard-Stratanovitch transformations
eC2Str(Q2) - /dae_StriQ-i-Str(Qo) (4.13)

—c2Str(Q2) - —Stri-i-z’Str(Q&)
e ~ doe " ac? (4.14)
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. Ur+U7 4 U+U Y = U -U7'4U,-USt
with Q = 2+ ;ﬁ? and Q = —= ;2 2 where

_(a X __(a X
U—<n ib) ) O'—(ﬁ il_)> (4.15)

and a,b,a,b € IR, again see Appendix We ignore an overall constant and get

V1,2 _ 5 Sdet”? Sdet”? S o’ +5° 4.16
Z (M) = Gl(lcllgldUzdada det”! (U1) Sdet (UQ)eXp[— tr( o )] (4.16)

1 1
X exp [§Sm«(MTU1 + MUY + 5Su(MTU> + MU;l)}
X exp [Str(%(Ul YU+ Us + U;l)) + Str(%a(Ul U U, — U;l))].

We define A = o +i5 and AT = o — iG

zvi M) = [ dUydUsdASdet” (Uy)Sdet” (U str(A4°
chUE,1|1+1|1( ) = Gl(1|1U)1 Us et (Uy)Sdet”?( 2)exp[— tr( 10 )}
1
X exp [58‘@((]\4]L + AUy + (M + AT)Ufl)
1
5 Str((MF + ATy + (M + AT)U;)] . (4.17)

Using the graded version of (2.70), we can write this as

w AATNY ) ()
200 (M) = /G e |- se(55) | Zie (M + ANZG (0 + A @18)

Note that by letting A — 2¢v/n’ A and pulling out a factor in front, we can identify the Gaussian
part of Equation 1) for n = n’ and Mg = M. This makes the argument -2 as we have

2¢vn’
written in (4.11).

We can rewrite in terms of Zé;?fgflk(M MT) by noting that
v det” (M) 2% (MMt >0
ey = W Ty TEAT) e v 20, (4.19)
Sdet™ (M) Zyprm (MMT) | v<0

This follows from (2.45). The superdeterminants are then compared to (2.67). We present one
case in detail and refer to Appendix|C.4|for the rest.

For V1,9 Z 0

From Equation (4.19) we have

140y % AAT 1% 1%
ch}beJZE,l\1+1|1(M) = /Gl(ldf)lexp [— Str( 12 )]Sdet 2 (0f 4+ AN (4.20)

x ZUPR (0L + AN+ A ZL R (0 + AT+ A]).

This next step is crucial and very non-trivial. Equation (4.20) is an integral of the form

/dAf(A, c)g(A,c) (4.21)
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with

f(Aje) = Sdetulez(M‘i‘AT)exp[_Str<icfg>}

g(Ae) = ZYRE M+ AN+ ADZS) R (M AN IMT 4], (422)

The Gaussian term sets A ~ ¢, so a Taylor-expansion around ¢ = 0 corresponds to an expansion
around A = 0. Remember that we seek the ¢ <« 1 behaviour.

The Gaussian part suppresses the constant term of f, whereas the rest stays finite. The
leading term is then the zeroth order term from g. The leading contribution from f is the first
order term. Note also that g is even in (M + A"), ¢’(A,0) = 0, which means we would have
to go to even higher order to get a contribution.This is why these choices of f and g are good
ones.

We thus have the approximation

f(A;0)g(Ase) = f(A,¢)9(0,0), (4.23)
which corresponds to
V1,V AAT v 1%
Zs (Mo 1) = /Gl(ldf)l exp [ Ste( Sy ) [ Sdet = (a4 ATy (a24)

x 2t (MM Zg " (M)

This step is common to all cases and is the reason for the factorisation. It is similar to the
continuum limit of Wilson fermions in [8].

Since v; + v > 0, we can directly identify n = 0 and v = v; + v, from Equation (2.67),
which is consistent with n’ = Wﬂ = 0 since v; and v has the same sign. Notice that
n = 0 is not meaningful, which shows that there is no spreading of zero modes for sign(v;) =
sign(rs).

Let us recap: For low coupling, we get the factorisation

ZWbulk gty g2l bulk gty (4.05)

v,V ' v M
Z o (M,c<1) = Z?hUE<2WC> chUE chUE

chUE,1|141|1

with n’ = w and v = 11 + 15 and the width of the finite ensemble 2v/n/c.
This makes the chiral condensate

V1,V . N,v U (v1),bulk (v2),bulk
Sovpapp(me<l) = Ygpg (2\/50) +3g0e (M) +Eg0E (m)  (4.26)
The spectral density then becomes
V1,2 1) = N,v u (v1),bulk (v2),bulk 407
Pervpapsipn (<) = poup i + e (W) + e (0) (4.27)

which is why the spectrum is unchanged far away from zero. Adapting the finite n spectral
density solution from [19] and using the width calculated above, we have
o U n'l

! .2 v v v
pChUE(Q\/Wc) = cF(n’—l—y)e - (ZQ) +1/2(Ln’—1(22)L;'+_11(22) _Ln/(ZQ)LZ’tIQ(zQ))

(4.28)
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where we have used the shorthand

2 _
P =55 (4.29)
We have normalised this to 2n’. Also note that the argument is u instead of ), because we
already have taken the n — oo limit when constructing the effective theory.
A comparison with the corresponding random matrix ensemble for ¢ < 1 can be found in
Figure [6.3]in Chapter[f] As expected, the two are in agreement. Note that, while the width of
the bulk eigenvalues scale as %, the width of the would-be zero modes scale as #, see the

correspondence scheme (3.19).

4.3 Two Flavour Theory of chUE

In this section we investigate what would happen if we worked directly from a two flavour
theory similar to the one derived in Section If we follow (2.61), the quenched ensemble
will be an integral over GI(2]2).

We may again calculate an analytical expression for the small coupling, but finding a good
parametrisation is problematic, and therefore applying a saddle point approximation to the
strong coupling limit is ill-defined. We sketch the problem here and refer to the numerical
treatment in Section 6.3

This theory is less interesting than the two flavours in separate backgrounds, as we do not
have cancellation of topological modes. We therefore only treat the two flavour case for chUE.

The partition function is

C

ZVhUE,2|2(ma m', c) (4.30)

1
= / dU Sdet”(U) exp {QStr[MTU + MUY+ Str [Un U™ 'r] } .
GI(2]2)

In this case, the mass matrix is M = diag(M, M), where M = diag(m,m’).
Let us work from the parametrisation of G(2|2) from [45]].

R Gale )

0 wo —w V1 —ww 0 wo
U-l = wl_l 0 w1 — www —w wl_l 0
a 0 w2_1 w w1 — wow 0 w2_1

where wy, we, w, w € GI(1]1). Notice that the supermatrices do not have one block of fermion-
fermion, one block of boson-boson, and two mixing blocks, but rather four blocks, each with

. . 0 1 . . .
this structure. This means we can take 71 = <1 0>, without destroying the supermatrix

structure.



CHAPTER 4. SPECTRAL DENSITY OF COUPLED CHUE 49

Inserting (4.31) in (4.30), we find

Str [MU + ./\/lU_l} = Str [M (wlmwl + wov/1 — Wwwy (4.32)
+wf1w*1mww1—1 + w;lwflmwwgl)]
Str [UnU*lTﬂ = Str [wlmwlwz_lwflmwwgl (4.33)
—l—wgmwgwfw*lmﬂ)wfl
—wl_lwwg_lwlwwg — wgwwlwg_lwwl_l}
Sdet(U) = Sdet?(wiws)Sdet(v/1 — ww)Sdet(v1 — ww + w(v/1 — ww) '),
(4.34)

Note that each GI(1]1) has two Grassmann integrations, which means that the full partition
function will have eight. This will contribute more terms than is realistic to handle, especially
with four coupled non-compact conventional integrals. We are also not guaranteed conver-
gence, as can be seen with the following consideration.

We set all Grassmannian variables to zero to find the exponent of the partition function
after all Grassmann integrations. This makes the GI(1|1)-matrices

e 0
w = (0 es), (4.35)

corresponding to (4.2) without Grassmann variables.
The important part for the saddle point approximation is the coupling term, which becomes

&2 (cos (2(d1 — d2)) (1 — €@+ — cosh (2(s1 — 52)) (1 — es+§)) . (4.36)

This is problematic, as the bosonic part does not have a definite sign and therefore does not
necessarily converge. This makes the saddle point approximation ill-defined, but may change
with a different parametrisation.

Small Coupling Limit

In the small coupling limit, we may linearise the partition function with Hubbard-Stratanovitch
transformations as in Section4.2l We find

vhrmaja(M, M)

1
= / dU Sdet”(U) exp {QStr[MTU + MUY + *Str [UnU—ln]}
Gl

(212)
AAT
= dUdA Sdet” (U) exp {—}
/Gl(22) ©) 4c?

e exp {;SU[(MT T TlA) U+ (M + TIAT) U +cStr [UnU '] }

= /G lé{é;{A 70 M+ AL MY 14 0). (4.37)
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Let us assume v > 0, as the cases are again analogous.

AAT v
/ dUdA exp{—“} Zéh%]E(M—I_TlAT,MT_‘_TlA?C)
G1(2]2) c
AAT £\ () bulk toagt
_ / AUAA exp  ~“70 b Sdet (M4 mAl) 250 (M4 m Al M+ 14, 0).(4.38)
Gl(2]2) 4e

For ¢ <« 1 we have the factorisation

AAT v)bu
/ dUdA exp {—2} Sdet (M + TlAT> Z(Ehg}l;;lk(/\/l + AL, MY+ 714, 0)
GI(2]2) 4e

T
~ / dUdA exp{—AAz} Sdet (M + A7) 2§ (MM o). (4.39)
Gl(212) 4c

Letting A — A7 we can identify n = 0 from (2.67). This is no surprise. Because we only have
one topological index from the beginning, we do not have any cancellation of zero modes. The
low coupling limit therefore has the same eigenvalue spectrum as the uncoupled case.



Chapter 5

Spectral Density of Coupled chOE

Now that we have treated the coupling of chiral unitary ensembles, we turn our attention to
the orthogonal ensemble. These results follow in analogy with Chapter[d} and we are therefore
somewhat briefer in this chapter.

The Goldstone manifold of chOE is larger, so, although the structure of the EFT is very
similar, we integrate over ¥(2(2) = U(2|2)/UOSp(2|2) rather than GI(1|1) [8].

The single, uncoupled, quenched system is [§]

Zenorap(M) = /Eélg]) Sdet”/2(U) e2Str(MTU+MU™Y) (5.1)

with the mass matrix

. m12 0
M= < 0 m’lg) (5.2)
and 3(2|2) = U(2]2)/UOSp(2|2). The corresponding coupled version is
Z o rap(M0) = / dU,dU; Sdet”'/?(Uy) Sdet”2/?(Us) (5.3)
’ %(212)

XeQStr(MTUlJrMUl*l)Jr Str(MTUz+MUz 1) +c?Str (U Us+U Uy )

Note that the partition function transformations just like chUE under rotation of the mass. So
we expect exactly the same number of exact zero modes and same small-coupling behaviour
of would-be zero modes. One can evaluate the partition function with the parametrisation [8]

e%i 0 af B;
Wi e —f
Uj = diag(].Q, O]) 0 ¢ *J sa-J ﬁj

aj e’ 0

Bi By 0 b

diag(12,07) (5.4)

where O € O(2). We parametrise the orthogonal matrix by adding the possibility of reflection
to the common parametrisation of SO(2)

0; = (ZTS((gj)) _cilsr(l%)ﬂ _01>kj L0, € [—m ], ke{0,1}. (5.5)

51
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The full expression is prohibitively cumbersome because of the many combinations of Grass-
mann numbers, so we do not evaluate the full expression as we did for chUE in Appendix
For the saddle point approximation for large ¢ we will need the action part of the partition
function, which can be found as in Section {4.3| by setting all Grassmannian variables to zero.
We find

4cos(p1 — @a) — 2cos? (0 — By) cosh(sy — s3) — 2cos?(Ay — 0) cosh(t; — t2) (5.6)
—2sin%(#; — 03) cosh(s; — t3) — 2sin?(f; — 63) cosh(t; — s2),

which brings us to the limiting cases.

5.1 Strong Coupling Approximation of chOE

Completely analogous to chUE for large ¢? in Section |4.1| we make a saddle point approxima-
tion, which corresponds to minimising (5.6). This effectively sets 1, s1,t1,01 = ¥2, s2, t2, .
We again assume this to be the same as U; = Us. So the generating function becomes

Z;/;LgQE,72|2+2‘2(M, c> 1) = /dU Sdet(U1+V2)/2(U) eStI‘(M(U+U—1))’ (57)

and it follows from the definitions of the quenched chiral condensate and eigenvalue density,

(2.55) and (2.58), that
pingsz,2|2+2\2(Ev c>1) = 20457 (2u) (5.8)

where[4),46]
v ]' “
phrost) = /2 (F210) = Jusah2(0) + 3w (1= [ aesy@) 69
is the spectral density of a single ensemble. The prefactor of 2 comes from normalisationﬂ

A comparison with the orthogonal random matrix ensemble for ¢* > 1 can be seen in
Figure[6.7)in Chapter[6] As expected, the are in agreement.

5.2 Weak Coupling Limit of chOE

We expect the low coupling limit to behave similar to chUE. So the partition function should
factorise in the way

V1, n' v M (v1),bulk (v2),bulk
ZopongatoeMc < 1) = ZchGOE(mC>Zch1GOq]f? (MM Zy2 s (MMT) - (5.10)

v+ |ve|=|v|

with n’ = and v = 171 + 1v». Like before, bulk means without zero modes. These can

be found from

29 (M) =

v v),bulk
{Sdem(M)ZéhZ)E (MMT) w0 51D

Sdet™ 5 (MT)ZWWRE vty v <0

!'Note that [46] only considers v > 0, which is why we have added the absolute value. It only makes a difference
in the last term.
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To show this factorisation, we makg two Hubbard-Stratanovitch transformations on (5.4), like
we did in 1} except that 0, € 3(2|2), which can be parametrised as [8]

w0 7 Xj

. ~ 0 w —-n —xi| .. ~
o; = diag(1s,0; N J 7| diag(1,, O} 5.12
7 g( 2 ]) n; ,r]J v; 0 g( 2 j ) ( )

Xxi X; 0w

where O € O(2) and u, v, w € RR.

We find
Zgilzg%,2|2+2|2(M) = /i(gd;)l 2(2a\l2U)1dU2 Sdet%l(Ul) Sdet%(Ug) exp {— Str(if;)]
X exp [%Str((MT + AU+ (M + ADUT
+%St1r((MT + A)Us + (M + AT)U;)}
- /2(5154)1 exp | - Str(iCA;)} 20 (M + AN ZY2) (M + AT). (5.13)
In the last line, we have used that the n — oo limit of chGOE is [8]
2 (mp = m/2n) = Z4y), ,(M) = / dU Sdet? (U7)ezSrMTU+MUT (5.14)

Splitting this into zero modes and non-zero modes like before, the factors of § cancel and
we arrive directly at

1 v ' M (v1),bulk (v2),bulk
Zophop oM, c<1) = Z:hGOE(m)ZczloEu (MM Z 07" (MMT), (5.15)

with n’ = w and v = v + 1, and the width of the finite ensemble proportional
to ¢, by the same procedure as in Section Note the different width, which comes from a
difference of 2 in the Gaussian weights of chGUE and chGOE

ZY o p(m) = / AW dets ( e T; )eST“WW*). (5.16)

Again, the transformation properties of the mass are contained in ZZ;(’;E( ;\i —). This fac-

torisation makes the chiral condensate

v,V n,v m v1),bulk v2),bulk
Yhorgatop(m e <1) = Eicop <m> +E£th)E (m)+2£h2(;E (m) (5.17)

and the spectral density

) ! u v1),bulk va),bulk
Ponop 2o ¢ < 1) = pacor ( ) + P((;hlo)Eu (u) + pz(:hQO)Eu (u).  (5.18)

V2n'e
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The explicit results forn’ = 1,y =0and n’ = 1,v = 1 are

i1, 1 u?
=1,0=0 —u
Pencor () = T 1c? (5.19)
and
n'=1,v=1 1 _
Pencop (w) = 12 1e?, (5.20)

The derivation of these can be found in Appendix The full expression for even n can be
found in [4].

A comparison with the corresponding random matrix ensemble for ¢? < 1 can be found in
Figure n Chapter @ Again, the width of the bulk eigenvalues scale as -, while the width
of the would-be zero modes scale as ﬁ, see the correspondence scheme .

5.3 Subconclusion

This concludes the analytical part of our investigation. In Chapters |4/ and |5/ we have applied
the coupling introduced in Chapter 3} We find a complicated expression for the full chiral
condensate for chUE in (4.6), allowing numerical calculation of the eigenvalue density.

For both chUE and chOE we find simple, analytical expressions for the limiting cases ¢ > 1
and ¢ < 1. In the strong coupling limit the coupled system behaves as a single, uncoupled
system with A — 2\. In the weak coupling limit the partition function factorises, and the
cancelled zero modes spread out on either side of the origin as a finite size chiral ensemble with
a Gaussian weight. The bulk modes are unaffected to lowest order. The Gaussian weight is a
direct consequence of the unique quadratic term in the effective Lagrangian found in Chapter[3]
and therefore universal, although the choice of weight is usually arbitrary. In all cases we find
that the total number of zero modes should be counted with sign, which allows zero modes of
opposite chirality to cancel each other.

The cancellation of zero modes and factorisation of would-be zero modes for both chUE
and chOE, and are the main analytical results of this thesis. In Chapter 6| we
compare these results to numerics.



Chapter 6

Comparison to Numerics

In this chapter, we use the chiral two random matrix theory introduced in Chapter [3|to numer-
ically calculate the eigenvalue density of the coupled system. We compare this to the spectrum
obtained from the effective theory in Chapters[d]and

6.1 Creating a Random Matrix Algorithm

We start with the simplest case as an example: A single, uncoupled chUE.
As we are dealing with numerics, the true microscopic limit n — oo is of course unattain-
able. We therefore work from a finite size ensemble with a Gaussian weight

n,v m AW\ _am(wwt
ZyouE = /dW det <iWT m > e ( ) 6.1)

where W is a general (n+v) x n matrix (n x (n —v) for v < 0) with complex entries and simply
choose a sufficiently large n. In most cases, n > 20 is plenty to see the agreement between EFT
and RMT.

The quenched version of corresponds to removing the determinant, creating matrices

of the form
0 W
(z‘WT 0 ) 6.2)

with the components of W drawn from the weight

eI (WWT) - pn(ai®+bi%) , W =a+ib, (6.3)
and finding the eigenvalues A of these matrices. For the distribution of these random matrices
to be close to the true distribution, the number of matrices calculated should be around 10* or
more.

Recall that the microscopic eigenvalue spectrum is a function of u = gV A = 2nAg, see
Equation (3.19). We therefore rescale all eigenvalues accordingly and normalise the distribu-
tion to the number of eigenvalues (2n + |v|).

For the most part, we use the same binning across the whole spectrum, but in the case
of small coupling, we increase our resolution around the near-zero modes. The microscopic

55
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Density of Eigenvalues p

-8 -6 -4 -2 0 2 4 6 8
Rescaled Eigenvalues u = VEA = 2nA,

Figure 6.1: Distribution of eigenvalues for a single, uncoupled chiral unitary ensemble. Plotted is eigen-
value density as a function of u = oV A = 2nAg of 10° chGUE matrices for » = 1 and
n = 40. The theoretical curve from Equation (#.4) (black) has been plotted on top. We have
zoomed in on the v/2n smallest eigenvalues.

eigenvalue spectrum from is valid around |u| < VV/ 47], so we zoom in on this part.
In all cases, we remove the (numerically) exact zero modes from the distribution, because it
does not make sense to compare a J-function to numerics. In other words, we only look at
eigenvalues for 107 < |\g| < \/LQ?

We make a histogram of u and plot the theoretical curve on top. The result can be seen in
Figure The numerical and theoretical distributions are compared by eye. We elaborate on
the possibility of a proper statistical comparison in Appendix D]

Now that we have established that our code runs as expected, we turn to the coupled case.

Table 6.1: Parameters used in random matrix theory and chiral perturbation theory for chUE and how

they correspond to each other. Notice the factor of 2 that comes from the choice of factors in
the EFT.
Notice also the difference between the parameters. A¢ and ¢ are physical energy and coupling
constant, whereas Ar and cg are dimensionless parameters of our random matrix model.
These are relatable through the space-time volume of the system, the low-energy constants
Yo, K1, and the size of the matrix in RMT. We have assumed ¥y = K; = 1and V,n — oo,
while keeping u, ¢ ~ 1.

chUE | chPT | RMT
u 20‘/)\ 2n)\R

2 K\ Ve nc%%
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Bulk modes Full Spectrum Near-zero modes
400 400
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o
o
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Rescaled Eigenvalues u = V3 = 2n/\R

Figure 6.2: Numerical search of the coupling parameter space of two coupled chiral unitary ensembles

for v; = —15 = 1 and n = 30, as can be found in . Plotted are the eigenvalues of ran-
dom matrix simulations for different coupling strengths. For zero coupling, the topological
modes of each ensemble are unaffected. The stronger the coupling, the more the would-be
zero modes spread out on either side until they become part of the bulk. We have left the ex-
act zero modes in the spectrum to illustrate this spreading, although numerical effects place
them slightly on either side of the origin.

Centre column: The full spectrum. Left column: Zoom-in on the bulk modes. These are un-
affected for small coupling. When the coupling becomes strong enough, the would-be zero
modes become part of the bulk. Right column: Zoom-in on the modes close to the origin.
For zero coupling, the zero modes are intact. For small, but non-zero, coupling, the would-
be zero modes are distributed as discussed in Sections[£.2land [6.2] When the would-be zero
modes become part of the bulk, there are no modes near the origin.
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6.2 Coupled Chiral Unitary Ensemble

The numerical set up of the two coupled matrices is completely analogous to the single matrix.
We work from the theory

m W7 0 iCR
ZWlT m icg 0 e—nTr<W1Wf+W2W2T)

0 ic m iWs 6.4)

Z0 = / AW, dWs det
icR, 0 AWl m

where W; are (n + v;) x n complex matrices. This is the same theory as in (3.9), repeated for
ease of reading. cg is a matrix that determines the coupling strength. It is proportional to unity
and for v; # 0, cg is padded with zeros.

For instance, in the case v; = 0,2 = 1, and n = 2, the upper right-hand block is

0 0 0 icg
in 000 0 | ©9
0 g 0 0 O
and the low left-hand block is the transposed of this. So we create matrices of the form
0 W 0 iCR
Wl 0 icg 0 6:6)

0 ic R 0 in
icR, 0 W] 0
and plot the rescaled eigenvalues along the theoretical curves. An important addition in the
coupled case is the relation between the coupling strength c of the effective theory and the
parameter cg of the random matrix theory. This can be found in Equation and is repeated
in Table
We may now calculate the eigenvalue spectrum numerically for any coupling strength, see

Figure[6.2] The limiting cases ¢ >> 1 and ¢ < 1 are of special interest, because we can compare
them to the analytical distributions derived in Sections|4.T|and 4.2 respectively.

Small Coupling Limit

For cgp = 0 the density simplifies to the sum of two single ensembles. For small, but non-zero
coupling the bulk modes are still unaffected, whereas the exact zero modes spread out as near-
zero modes, as can be seen in Figure The theoretical curve for small coupling limit can be

found in Equation {#.27).
Strong Coupling Limit
The large c-limit yields the spectrum

vi,V2

Papp(u,c>1) = QPEZIUJ?)(QU% (6.7)

the derivation of which can be found in Section [4.1]
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0.8 Bulk modes Full Spectrum Near-zero modes
80 r 1
0.7
70 2

QO'G
w 60 [ T
S
E 0.5
2 50 | 2
&
i] 0.4
= 40| 1
(e}
20.3
2™ 30t 1
[}
o

0.2 20 - i

0.1 10+ |

0 0 0
-5 0 5 -5 0 5 -0.05 0 0.05

Rescaled Eigenvalues u = VI A = 2nAy

Figure 6.3: The small coupling limit of chUE, which is a main result of this thesis. The zero modes of
each system is counted with sign, which allows zero modes of opposite chirality to cancel
each other. For small coupling, these would-be zero modes spread out on either side of the
origin as near-zero modes. The distribution follows that of a finite chiral unitary ensemble
with a Gaussian weight. Plotted are the eigenvalues of a simulation of 105 coupled chGUE
matrices withn = 30 and vy = —v, = 1 for cp = 10~
Centre: The full spectrum. Left: A zoom-in on the bulk modes that are left unchanged by
the coupling. Right: A zoom-in on the would-be zero modes distributed according to a
finite Gaussian ensemble. The small c-approximation of the density from has been
plotted on top (black). This figure has also been published in [31].

As we can see in our correspondence scheme (see Table[6.1), we can choose between large n
or large cg, as they both represent the strong coupling limit. Large cg will place all eigenvalues
in +cpg, and the W-matrices provide only small perturbations around this value. The limit
cr > 1 does therefore not support a distribution around the origin, which is a requirement
of the universal spectrum [18]. We therefore choose large n, which in this case means n =
1000. Some corners can be cut by utilising numerical methods that only compute the lowest
k eigenvalues, where we set k = \/n. This method requires non-singular matrices, so we can
only calculate 1 = —1» this way. These methods are part of standard packages in Matlab. The
result can be seen in Figure 6.4
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Density of Eigenvalues p

-6 -4 -2 0 2 4 6
Rescaled Eigenvalues u = VXA = nA,

Figure 6.4: The strong coupling limit of chUE. The coupled system behaves like a single, uncoupled en-
semble with v — 2u. Plotted are the rescaled eigenvalues v = 2nAp of a coupled chUE
random matrix simulation with n = 1000, »; = —v» = 1 and cg = 0.1. The large c-
approximation from has been plotted on top (black). The result is independent of
the exact value of cg. This figure has also been published in [31].

6.2.1 Two-Flavour Theory: W; = W,

As was treated in Section[3.4] working from a theory with the two flavours built in corresponds
to W1 = W5 in the random two matrix theory. This connection is seen even more clearly in
Appendix where we derive the effective theory of the W; = Ws-random matrix model. So
we work from the theory

m W 0 icgr

7y = / AW det WOVT ZZ; Z;’f Z‘V)V (W) 6.8)
icrR 0 WT m
where W are (n + v) X n complex matrices. We create matrices of the form
0 W 0 icg
Wt 0 dcg 0 69)

0 dicg 0 W
icR, 0 WP 0

and compare the rescaled eigenvalues to the theoretical curves on top.
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The spectrum of this theory is slightly trivial compared to W; # W5, as there can be no
cancellation of topological modes (W; = W implies v; = 1»). The strong coupling limit,
however, behaves slightly different for W; = W5,. Here we do not have u — 2u, which we
show numerically, see Figure[6.5]

Density of Eigenvalues p

Rescaled Eigenvalues u = VA = nAg

Figure 6.5: The strong coupling limit of chUE for W; = W,. The coupled system behaves like a single,
uncoupled ensemble. Compared to W; # W, we do not have v — 2u. We only show this
numerically. Plotted are the rescaled eigenvalues u = 2nAr of a coupled chUE random
matrix simulation with n = 1000, v; = —v» = 1 and cg = 0.1. The distribution of a single,
uncoupled ensemble normalised to 4n has been plotted on top (black). The result is
independent of the exact value of c.

Twisted Two-Flavour Theory: W; = WQT

Let us examine a final case of coupled chUE. If we want cancelling of topological modes of
two flavours in the same background, we may redefine right and left for one of the flavour
sections. This corresponds to the theory

m W 0 icp

*U ZWT m iCR 0 —nTr(Wwt

Z5 = / awdet | "0 T e (wwr). (6.10)
ick 0 W m
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One should be careful how to run this simulation, as a coupling matrix proportional to unity
simplifies the spectrum more than intended. Consider the eigenvalue condition

_)\R W 0 iCR
Wt —Ag dcg 0

0 iCR _>\R iWT

iCR 0 W —AgR

_qe | (Amw e 0 ek (<Xr Wi\ /0 g
W —Ag iWt —\g icR, 0 iW  —Ag icR, 0
B Pl Ar W (0 1 A S A
= det (iW —)\R> << )(MT —)\R> <1 0)_(ZCR) W AR
. . T 2 2
:det<.)\P‘ ZW) ( )]
iCR

W _)\R

_ [(Ap W ick 0 —Ar AWT icp 0
- det_(iw —)\R>_<O icR)}deth‘W r) "0 ier)) (611)

From this we see that the spectrum of this naively twisted coupled ensemble reduces to the
spectrum of two single, uncoupled ensembles shifted in opposite direction by cp.

The interpretation must be as follows: Although has the right symmetries, it does
not allow the two flavour sections to interact fully. If we instead of the normal choice of cg
(6.5) choose the elements randomly from a Gaussian distribution similar to W, the spectrum
becomes numerically identical to the W, # W-case with v = vs.

One should also be careful of the U (2)-symmetry. An additional ~y in chiral space is needed
in the transformation to account for the difference in chirality of the two flavours. If this is
added, we preserve full U(2)-symmetry.

0 = det

6.3 Coupled Chiral Orthogonal Ensemble

The orthogonal ensemble is in many respects completely analogous to the unitary ensemble,
save factors of 2. We work from the theory

m in 0 iCR
. T . n

8 = / AW, dWs det mo/l e z'v(x)@ e o2 (W2 IV) 6.12)
ic,, 0 Wl m

where W are (n+v;) x n real matrices. Note that the extra factor of 3 in the weight compared
to chGUE comes from the definition of the ensembles. So we construct matrices of the form

0 W 0 iICR
Wl 0 dcg 0

0 iCR 0 Wy
ick, 0 W] 0

(6.13)

with the entries of W} chosen from a Gaussian distribution. The correspondence scheme is a
slightly different one than for chUE and can be found in Table
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Table 6.2: Parameters used in random matrix theory and chiral perturbation theory for chOE and how
they correspond to each other. This is a reprint of Equation (3.68). Notice the differences from
the unitary ensemble.

chOE | chPT | RMT

U YoV | nAg
c? K\ Ve %nc?%
0.8 Bulk modes Full Spectrum Near-zero modes
0.7 140 - 1 140 ]
0.6 120 - 1 120 7
QU
(73]
S
< 0.5 100 + 1100 ]
>
[
S
ig 0.4 80+ 1 80 ]
S
=
0.3 60 r 1 60r 1
[
@
(a)
0.2 40+ 1 40¢r ]
0.1 20 - 1 20+ .
0 0 0 - :
-5 0 5 -5 0 5 -0.05 0 0.05

Rescaled Eigenvalues u = VXA = nA

R

Figure 6.6: The small coupling limit of chOE, which is a main result of this thesis. For small, but non-
zero coupling the would-be topological modes spread out on either side of the origin as a
finite chiral ensemble with a Gaussian weight. The bulk modes are unaffected to lowest
order. Plotted is the eigenvalue spectrum of a coupled random matrix simulation with n =

30,1 = -1, =1,and cp = 10~%

Centre: The full spectrum. Left: A zoom-in on the bulk modes that are left unchanged by
the coupling. Right: A zoom-in on the would-be zero modes distributed according to a
finite Gaussian ensemble. The small c-approximation of the density from has been
plotted on top (black). This figure has also been published in [31].

Small Coupling Limit

Like for chUE cr = 0 reduces to the sum of two single ensembles. For small, but non-zero
coupling we find the same spreading of topological modes. The theoretical curve for small c
can be found in Equation (5.18). A plot of this can be found in Figure[6.6]
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o
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|

Density of Eigenvalues p

Rescaled Eigenvalues u = VX A = nA,

Figure 6.7: The strong coupling limit of chOE. The coupled ensemble behaves as a single, uncoupled
ensemble with u — 2u. Plotted is the spectral density of a coupled random matrix simula-
tion with cg = 0.1, n = 1000, and v; = —v» = 1. The large c-approximation has been plotted
on top of this (black). This figure has also been published in [31].

Strong Coupling Limit

As for chUE, the strong coupling ensemble behaves like a single ensemble with v — 2u. The
expression can be found in Equation and a plot of it in Figure[6.7]



Chapter 7

Concluding Remarks

7.1 Summary

In this thesis we have laid the groundwork for the treatment of two coupled chiral systems,
where the coupling preserves a combined chiral symmetry. We considered the effect of such a
coupling on the small eigenvalues with a special focus on the cancellation of topological modes
in exact zero and the smearing of these would-be zero modes on either side of the origin.

We started out in Chapter[3|by establishing the properties of the chiral coupling and the fol-
lowing chapters saw the calculation of its microscopic eigenvalue spectrum in different cases.

Analytically, we set up an effective theory. We here found a unique term in the effective
Lagrangian that couples the two ensembles to lowest order. The consequences of this unique
term were then investigated in Chapters[dand 5| where we derived the microscopic eigenvalue
density. We found that the total number of zero modes is the sum of the individual zero modes
counted with sign. We also found that, for small coupling, the |v;| + |v2| — |1 + 12| zero modes
that do no survive the coupling spread out as near-zero modes according to a finite random
matrix ensemble with a Gaussian weight.

Numerically, we introduced a random two-matrix model with the same symmetries as
the coupled systems. This allowed us to calculate the spectrum numerically for any coupling
strength. In Chapter (| we compared the analytical and numerical results for the limiting cases
and found good agreement between the eigenvalue densities. We also bridged the gap be-
tween the effective field theory and the random two-matrix theory further by showing that
they have the same low-energy effective theory. This is not surprising, as they have the same
symmetries, and it is therefore an important check of the analytical computations.

We did this analysis for both two coupled single-flavour theories and for two flavours in the
same background. We found that the two-flavour theory is significantly more complicated to
derive analytically, but numerics showed that it behaves very similar to the two single-flavour
ensembles. The main difference is that zero modes cannot cancel because the winding number
is tied to the gauge field background, and so the two winding numbers always have the same
sign. We considered a two-flavour ensemble, where left and right was redefined for one of
the flavours. This requires an additional transformation when rotating the flavours into each
other, but allows zero modes to cancel. This ensemble is, according to numerics, very similar
to the two single-flavour ensembles.

These results may be viewed on their own as an exercise in mathematical physics, but it
is also our hope that this understanding of coupled chiral systems will help pave the way for
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a full description of the superconductors carrying Majorana modes, which was the original
inspiration.

7.2 Outlook

The obvious avenue to pursue is the development of a random matrix model that incorporates
the Majorana condition for the zero modes only. We have already touched upon the subject in
Section 2.6/ and Appendix but we have yet to construct a model that fulfils this require-
ment. It is unclear whether such a model will be born with two interacting zero modes or
whether we will have to apply the coupling as in this thesis. Whichever the case, this would
make the model directly applicable to the solid state system.

In terms of mathematics, it would also be interesting to do the same calculation for the
chiral symplectic ensemble, which has quaternion real entries instead of real or complex ones.
We expect the limiting cases to be straightforward, because the effective theories have a very
similar structure. We also expect same factorisation of near-zero modes and bulk modes for
small coupling that we found in chUE and chOE.

We would very much like to investigate the generality of the factorisation into bulk modes
and a finite Gaussian ensemble. We have seen the same behaviour in [8] for a theory with a
term of the form

Lwilson = —a>Str(U2+U?) (7.1)

in the a < 1 limit, so the question remains: Does this happen for any quadratic term? One
might for a start consider a term of the kind

Lowad = b?Str(AUBU™Y) (7.2)

in the limit b <« 1, where A and B are general matrices. We expect constraints on A and B
will be necessary to ensure convergence. We do not expect to be able to identify all parts of the
factorised partition function as known ensembles.

If the coupling is indeed applicable to a physical system, superconductor or otherwise,
identification of the parameter c as a measurable quantity is needed. So far, we would be able
to measure it as the width of the near-zero eigenvalue distribution for small coupling, which
should scale as ﬁ (the bulk modes scale as %). We would, however, also like to identify
it elsewhere. Our suggestion here is to review the effective Lagrangian in p-counting and
calculate the propagation and loop diagrams of the coupled system as in [9]. We conjecture
that ¢ will appear, possibly in combination with other observables, as a scattering amplitude,
allowing us to observe it several places and compare the results.
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Appendix A

Grassmann Variables and
Supermathematics

As Grassmann variables (or Grassmann numbers) are used in our calculations of supersym-
metric ensembles, we shall here endeavour to give a short introduction. For a more thorough
treatment, the reader is referred to [48], upon which this section is also based.

A Grassmann number is a variable that anticommutes with other Grassmann numberd]|

{avi, a5} = 0. (A.1)
The case i = j shows that all Grassmann variables square to 0
o2 = 0. (A.2)
They commute with conventional numbers
[z,a] = 0. (A.3)
Functions of Grassmann variables are defined as Taylor expansions
fla) = f0)+f(0)e (A4)

Notice that no higher than linear order contributes. We may generalise this to functions of
multiple variables, where cross-terms also appear.
Differentiation is defined as

Bal =0, Opa=1 (A.5)

as usual. Again, definitions of higher orders are unnecessary. Integration is defined the same

way as differentiation
/dale,/daazl (A.6)

which may be surprising to unfamiliar readers, but merely a matter of definition. Both differ-
entiation and integration operators anticommute with Grassmann variables.

'In this appendix we shall stick to a common notation, where Grassmann variables are denoted by Greek letters
and conventional numbers by Latin ones. The also common use of Greek letters as angles (e.g. ¢'’) has made this
convention impractical in the rest of the thesis.
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Supermathematics

The name supermathematics refers to mathematics containing both Grassmann variables and
conventional numbers. The main concern in this part is to ensure a consistent structure of our
linear algebra. Consider a so-called supervector with the structure

_ (€
- (9) "

where E contains the Grassmann numbers of the vector and A the conventional ones. We want
any supervector to retain this structure of separated commuting and anticommuting variables
(remember that a pair of Grassmann numbers are a commuting variable). This requires super-

matrices to have the structure
X o
M = < , Y) (A.8)

where X, Y contain commuting variables and p, o contain anticommuting ones. Notice that
the cross-terms switch the type of number.

We want the mechanics of the supermatrices to be similar to conventional linear algebra. If
we, for instance, want the trace to be cyclic, we must define our supertrace as

Str(M) = Tr(X)-—Tr(Y). (A.9)
The corresponding superdeterminant is often defined through the relation
In (Sdet(M)) = Str(In(M)), (A.10)
which means
Sdet(M) = det(X —oY !p)det(Y ). (A.11)

It should be noted that, although the motivation for the definition varies in the literature, the
definition themselves are standard.

A.1 Gaussian Grassmann Integral

We use the rewriting of a Gaussian Grassmann integral as a determinant. We therefore briefly
show the derivation of this. This may also be found in most textbooks on the subject.
Given an integral of the form

N
/ [ do;doje=0 4t (A.12)
ij

where 0, 0* are Grassmann variables, we may write

N
* —0%A,;.0,; * * 1 * *
/ [] dordg;eti 4% = / A0} df .. 0N AON 57 (=05, Aivji O30 ) (=07 Ainjn Oi)
ij ’

1 * * * *
= !/del...daN/d@l...daNah..amejl...ejN(—Ailjl)...(—AiNjN)

N
1
= M/d&fd&j‘vez*lHZ*N/deldONHJIQJNAmlAzNJN (A13)



APPENDIX A. GRASSMANN VARIABLES AND SUPERMATHEMATICS 73

The sign in the second and third line is a little subtle. Rearrange the integrals and the variables
on their own. This must give the same sign. If IV is even (odd), the signs from the exponentials
gives a plus (minus), and moving the 6* through the df gives a plus (minus). So either way the
overall sign is a plus.

Exchanging two indices i, or j, gives a sign. If any of the indices are the same, the integrals
give 0. Otherwise they give 1 or -1. From this we can deduce that they are Levi-Civita symbols.
So our Gaussian integral is

N
/Hd@jdejeeﬁ‘“@f = € eI Aiggy Ay
ij )
— det(A) (A.14)

where we have used one of the definitions of the determinant.
We use this when analysing the eigenvalues of the Dirac operator. Given the partition
function of QCD for a single topology

1
A= /DquDA exp {i/d4wq(ilD —m)q — 4G35G36} (A.15)
we can integrate out the quark fields and get
7V = / DAdet(il) —m)eSyM (A.16)

where Sy = —ifd%%GgﬁGgﬁ.



Appendix B

Various Calculation Tricks

B.1 Hubbard-Stratanovitch Transformation

The Hubbard-Stratanvitch transformation is the introduction of an auxiliary matrix to linearise
an integral

Q) / doe 5z Q) (B.1)
AT / dgeTr Zz +TH Q) (B.2)

We ignore an overall constant when making this transformation. Notice that the Hubbard-
Stratanovitch transformation is a Gaussian integral for matrices in reverse. The difficult part
of the transformation is to determine the structure of the auxiliary matrix.

In Chapter 3| all transformation matrices are arbitrary real matrices [7].

When @ € X(2|2), we have [8]

iw 0 " x*
L ~ 0 w —m —x
g = dlag(]-?) O) n T]* v 0

*

X X 0 w

diag(12,07) (B.3)

where O € O(2) and u, v, w € IR.
For @) € GI(1|1), we may parametrise o as

_ (@ X
o = (77 ib) (B.4)

where a,b € IR. This can be realised by inserting @ and ¢ in (B.2) and performing the Grass-
mann integrals. The real parameters of o then follow as ordinary Gaussian integrals.

B.2 Saddle Point Approximation

The saddle point approximation works as follows: Given an integral of the forrrﬂ

I= /_ ” Fx)eN9@) dy (B.5)

IThis explanation of the saddle point approximation is based on [50], but alternatives can be found elsewhere.
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we expand g(z) to second order. If N is large, and if the second order derivative exists, the
integral will be dominated by the maximum of e~V9(*), because the function will decrease as

\/N 0

Expanding ¢g(z) to quadratic order around the maximum, the contribution from f(z) will
disappear very quickly away from the maximum, so we may just expand it to constant order

I~ f(x0) /OO eiN(g("”O)*@(ﬂf*xo)%dx = f(a:o)e’Ng(mO) 2m

—00 g//(‘TO) (B6)

This is the saddle point approximation.



Appendix C

Various Calculations

C.1 Majorana Zero Modes in RMT

In Section investigated the differences between high energy and solid state Majorana
modes. Now we might ask the question: How to make the zero modes special? Let us revisit
the differences between Dirac modes and Majorana modes and the conditions of the random
matrix theory.

At the time of writing, this is not finished work, and we can therefore only sketch possible
approaches to this. The main idea is to establish the properties of the eigenvectors associated
with the zero modes.

Chiral Basis
This is the usual basis for chUE. Both conditions (2.65) are automatically satisfied by

‘ 0 W
o = (o). )
with W being general matrices with complex entries. If we want to make Majorana zero

modes, we require the Majorana eigenvectors to have the substructure of (2.85), corresponding
to

v o~ | ¥ (C.2)

where 1,19 are general column vectors with complex entries. Dirac modes can have any
substructure.

Majorana Basis

One might also approach this in Majorana basis. Here it is less clear what the matrix should
be if we require the conditions (2.65) to hold, but identification of the Majorana modes will be
easier. Let us consider a matrix of the form

<_%ﬁ ‘g) (C3)
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with A, B antisymmetric and all entries real. This satisfies both antihermicity and the condition
that i) must be real (Majorana basis).
If we require the anticommutation relation to hold, we must have

0 — —09 0 A V~V + zzl W —09 0
o 0 ()] —WT B —WT B 0 ()]
_O'QA _O'QW —1210'2 O'QW
= z ~ ~ o 4
<—02WT 02B ) * <WJ‘02 BUg) (C4)

with A, B antihermitian.
This is equivalent to

{fl, o9} = {B,ag} = [W,ag] =0 (C.5)
which requires the substructure
W = a®1+bQios (C.6)

where a and b are general matrices with real entries acting in a subspace. We also find A =
B= 0, because no antisymmetric matrix anticommutes with o2 (which makes the substructure
irrelevant). .

The structure of 1) is more complicated than 1D, but the identification of Majorana modes
is significantly simpler. Majorana modes are purely real, whereas Dirac modes are complex.

C.2 EFT of Flavour Coupling for Two-Flavour RMT

This result can also be obtained through random matrix theory. Consider the theory corre-
sponding to
mr W 0 icp
nv _ W mp dcr 0 | _um(wwt)
2y U = /dW det 0 icn mp W€ (C.7)
icR 0 W' mp

where W are complex (n + v) x n matrices, and mp, cr are dimensionless parameters with
implicit identity matrices of appropriate sizes padded with zeros where necessary. We express
the determinant as fermionic integrals

Ziowra = [ dWdslagtaptae ) s)

Pl f mgrp W 0 icp Pl
! iWt mp icp 0 !
)? 0 icp mp W )2
2 icR 0 Wt mp/) \¢?

X exp
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We write Wj as a; + ib; and do the integrals over these.

Zytugs = / dadbdg' dg®dipt dip® exp{ —n (a?; + b%)
Viag () ) — i) + U7 ¢ — vids)
—bij (W} ¢ + lol + ¥ + yigd)
rmp(PETE + oF oF + YR 4 07 67)
ticr(of vE + vl 6 + 67wl + v oD}

= [ astagrantav? exp { (01 wlel o) + v Rl o}
+l Y22 o) + vl el %)
+mp (YLl + ol o + v + ¢ o?)

(el wF + 0l 07 + oF ul + v o]}

- / o' dg?di dp? exp {ﬁ( (C9)
Wi+ o o1 (W Wl + 65 01) — (ViU — o o) (W] W) — 6} ¢3)
T+ 07 82) (3 T + 87 07) — (W 0F — ¢f ¢7) (V3 T — ¢3¢
20007 + b 07 (W) + 65 0p) — 2(0) U7 — ! 67 ) (3 ) — 65 ¢))
+mp (YL 0! + ol o + v + 67 ?)

(sl wF + 0l oF + 62wl + 0 oh)) |

Again we must be careful about the length of the vector in the coupling term. We make four
Hubbard-Stratanovitch transformations and get

Zycups = / dazjd5ijd¢1d¢2d¢1d¢2e><p{—nTr(U?-+5?-) (C.10)
tou (W] ¢ + ) ¢)) +ion (P ¥ — o) 6))
o (W22 + ¢F 92) + g2 (W PE — 627 ¢7)
o (V7 W + 7 @) + ioo (V7 ) —¢2*¢>>
+0-12(1r[}7, ’(/)z +¢j ¢]>+i5—12(¢i d}z - )

+mp (VLY + ol o + vl + ¢?*¢i)
(ol v + 0l 6 + 62wl + 0 o))},
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where o are arbitrary real matrices [7]. Defining A;; = o;; + iy, AI.

= Oij — i&ij, and Mg =
diag(mpg, mp), we get

Zitns = [ A0 d6aytai? exp { — wTi(aa) cn)
N 1 N 1
= () o (33) + (31) o (3)
N 1 I 1
(1) = () + () = ()

We first do the n + v integrals over ¢! and 1, and thereafter the n integrals over ¢! and ¢.
Again the coupling part only has n integrals.

Zgeuss = / dAdp'dep*det™ (A + mpg) exp { — nTr(AAT)
N 1 N 1
+ @2) (AT + Mp) @2) +ck @2) T (A+ Mg) ™' (j2> }
= /dA exp { — nTr(AAT)}deU””(A + Mp)det" (AJr + Mg + cimi(A+ Mg)~'m)
= — / dAexp { — nTr(AAT )}det”(A + Mg)det™ (A + Mg)m1 (AT + Mg) + ckm)

= — / dAexp { — nTr(AAT)}det”(A + Mp)det™ (ATlAJr + MpAT + Mrm AT + C%{Tl).
(C.12)

where we have ignored terms of O(m%). We have also multiplied by 1 = — det(7;) in the third
line.

We diagonalise A = UAV. Using a saddle point approximation we find that the Gaussian
term sets A « 1. The Gaussian term is dominant, since it is O(n), whereas all other terms are
no higher than O(1). We then absorb V in U and multiply by 1 = +det"(Ur,UT). We ignore
the overall sign.

Zgi{léUEg = /dUdet”(U + M)det" (U7'1UT + MgUT + M UT + c%%ﬁ)det"(UﬁUTT)
= / dUdet” (U + Mg)det™ (1 + MpUnUnU' + MgU' + ¢ U UY)

— /dUdet”(U—i—MR) exp {nTr[ln(l—i—MRUTlUTlUT—f—MRUT —|—C%7'1UT1UT)]}.
(C.13)

We then expand the logarithm.
Zycups = /dUdet”(U + Mp) exp {”TT [MRUNURU' + MU' + ¢ UnUT] }

= / dUdet” (U + Mg) exp {nTr [MRU + MRU" + i Un U] } . (C.14)
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Letting n — oo while keeping m = 2nmp and ¢ = nc% constant yields our final effective
partition function.

1
Zhums = / dUdet” (U) exp {QTr [MU + MUT} ATy [nUﬁUT] } . (C15)

C.3 Full Derivation of the Coupled chUE Partition Function

We start from the partition function

V1,2 /
ZchUE,1|1+1\1(m7 m,c)

_ / dULdU, Sdet*t (U) Sdet* (Uy) (C.16)
Gl(1|1)

1
X exp {281;1« [MTUl + MU + MU, + MU;} +*Str [U Uy + UpUy ] }

where M = diag(m,m’) and Str and Sdet are graded trace and determinant, and use the
parametrisation [12]

i0; , i0; 1,3, i0;
Uy = <eOJ (s)j )exp< 0 Oéj ) = < L+ 5056) Y > (C.17)

e ﬁj 6sjﬁj esj(l — %Oéjﬁj)
and
_iej(1+ laﬂ‘) —e_ieja' )
Ult=(° I J , C.18
/ < e % B; e %i(1— 1) (€18

where a and /8 are Grassmann variables and the angular variable 6 extends over [—7 : =],
while s € [—00 : 00] is non-compact. The change of variables is calculated with the Berezinian
(a generalisation of the Jacobian for supermatrices

de = |Sdet(Bj)|d9jd8jdﬁjd04j s
8UJ‘11 anll anll 8UJ‘11
0s; 90 Oaj 9B;
8gj 22 aaUJ' 22 6gj 22 85;3’ 22
N s 0; o B;
Sdet(B]) Sdet iy  OUjyp,  OUjyy  9Ujyy
0s; ; Oaj 0B;
an21 ‘9UJ'21 aUJ'21 an21
0s; a90; Oaj BJ6
0 i(1+ %ajﬁj)eiej %Bjewj —%ajeiaj
1. .2.)pS; _1p .s; 1. -85
—  Sdet (1—§a]ﬂ])63 . 0'9 2/66]€J g€
0 1jet’s e"i 0
Bjesj 0 0 esi
. 1 0
~ det 0 i(1+ 50,535)e"
B (1— La;B))es 0
299

saje’l  —gf3;e% 0 e % 0 taje'”s 0 e %
= —i(1+a;B;)e (1 - a;pj)e’ie " Pie
= —i. (C.19)

'This is also calculated in [12].




APPENDIX C. VARIOUS CALCULATIONS 81

We calculate parts of (C.16) one at a time
Sdet?i (U]) — oY Str(In(U;))

s (% 2)) (2 )]

— el/j(iGj—Sj) (CZO)
1. .9, . X i@j _ S5
%Str(MUijMUj_l) _ ;Str<<m 2/) (2(1+2a35g)cos(9j) (e — %) ))

0 —ﬁj(esﬂ' — e—in) 2(1 — %Oéj,@j) COSh(Sj)

= m(l+ %ajﬁj) cos(6;) —m'(1 — %ajﬁj) cosh(s;) (C.21)

i0; 1 i0;
2 -1\ 2 e (1 + 5043) eiay
st (UU1) = S << o (1 — Do)
<ei91(1 + %ozjﬁj) —e*iejaj >>
X —8; —5; 1

e~ Bj e (1 = 50,05)

= C2 <ei(9i_0j)(1 + %a,ﬁz)(l + %Oéjﬁj) + ewi_sﬂ'aiﬁj (C.22)

. 1 1 Yy
—e% Sj(l — 56%51)(1 — *Oéjﬁj) —e% Ze’ajﬁi).

2
Inserting this in (C.16), we find

vi,V2 /
ZchUE,1\1+1|1(m’ m,c)

= / ds1dsadfydfsdan dandBydBy eV (101751) gva(if2—s2)
1 1
X exp {m(l + §a161) cos(f1) —m/(1 — §a151) cosh(sy) (C.23)
1 1
+m(1+ 5@252) cos(fe) —m/(1 — 5&262) cosh(sz)

+C2 <2 COS<91 — (92)(1 + 5(1151)(1 + 504252) + 6291_52(1152 + 6102_810@51

1

1 . .
—2cosh(s; — s2)(1 — 504151)(1 — 504252) — e ,6 — 681_29204152) }

From here we expand the Grassmann part of the exponential. Only the terms that contain
all four Grassmann variables survive

v1,U2 !
ZchUE,1\1+1|1(m’ m’, c)

— (21)2 / ds1dsodfydfy e/ (01751 gr2(i02=s2) (C.24)
s

X exp [m cos(#1) + m cos(fz) — m/ cosh(s1) —m’ cosh(sg) + 2¢*(cos(6; — ) — cosh(s] — 52))}
X (1/4(m cos(61) +m’ cosh(sy1))(mcos(a) + m/ cosh(ss)) 4 ¢?/2(cos(f; — ) — cosh(s; — s2))
+¢?/2(cos(By — B2) + cosh(s) — s2))(m cos(fy) + m cos(fz) + m’ cosh(s1) +m’ cosh(sz))
—c*(sin(f; — 63) + isinh(sy — 31))2),

where the prefactor comes from normalisation. Remember that it should be 1 for m = m/,
which we check explicitly.
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Differentiation with respect to m yields the chiral condensate

V1,2
EchUE‘,1|1+1|1(m’ c)

1 . .
= G / ds1dsgdfdfy e (101 =51) gr2(if2=s2) (C.25)

X exp [ml cos(#1) + mg cos(fy) — my cosh(sy) — ma cosh(sy) + 2¢%(cos(6; — B) — cosh(s; — 32))]
X [1/4 cos(01)(mg cos(f2) + ma cosh(sz)) + 1/4(mq cos(01) + m;y cosh(s1)) cos(62)
+(cos(61) + cos(62)) (1/4(m1 cos(01) + my cosh(sy))(ma cos(f2) + mso cosh(ss))
+¢? cos(fy — 6)
+c?/2(cos(01 — 62) + cosh(sy — s2))(my cos(f1) + ma cos(f2) + my cosh(s1) + mag cosh(sz))
—c*(sin(fy — 62) + isinh(sy — 31))2” :

From here we show the issues that arise when trying to evaluate the spectral density.

Numerical Evaluation of Spectral Density

The integrand of Equation (C.25) is highly oscillating along the imaginary axis, and we there-
fore require numerical regularisation

%(EZ;LZQE,MHH(M’ c)) — 11_{% %(EZ}ILZQE,l‘l-FlH(i)\ +¢€,0), (C.26)

where ¢ — 0 is a numerical limit rather than an analytical one. The smaller ¢, the smaller the
discrepancy until a certain point. By fitting a curve to the points in the reliable regime, we may
deduce the value in ¢ = 0. However, this value fluctuates heavily with the cut-off of the fit
even with the cut-off in the reliable regime. This is why the limiting cases are considered.

C.4 Different Cases of vy and v,

For 11,15 < 0 we have:
AAT
Zr M) = dA — Str( == )|Sdet ™2 (Mt + A
env (1411 (M) /Gl(1|1) eXp[ r( A2 )} € (M7 +4)
< ZG (M + ANMT + A Z52)0* (M + AY[MT + A)) (C27)

which for ¢ <« 1 becomes

v, AAT —UV]— Vs
20 (D) = /Gl(lcllf)lexp[—Str<4CQ>}Sdet (gt A)

x 2 (MM Z%) 0 (M) (C.28)

Since v1 + 12 < 0, we can again directly identify n = 0 and v = v; + v from equation (2.67).
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For 1 > 0 and 15, < 0 we have:

1 o AAT ) »
Zeweanen M) = /Gl(1|1) dAexp [— Str< 10 ﬂSdet L(M + AN)Sdet™2 (M + A)

x ZWn (M + ATMT + AN ZS2)0= (M + AT[MT 4+ 4])  (C29)

which for ¢ <« 1 becomes

1Z20% AAT 1% — VU
250 (D) = /Gl(lll) dAexp [~ str( Sy ) [Sdet (M + Af)sdet = (M1 + 4)

x 2 (M M 25 e (MM (C.30)

Assuming v; + v > 0:
We compare this to equation (2.67) and find n = —v» and n + v = vy, which is consistent with

n' — ‘V1|+|V2‘2—|l/1+l/2|.

Assuming v; + v, < O:

We compare this to equation (2.67) and find n = vy and n — v = —v», which is also consistent

. N e P e R 2]
with n/ = =—2=2=2

We can let 11 <+ 1 and repeat the arguments.

C.5 Special Cases of Eigenvalue Spectrum for Quenched chGOE

In all cases the eigenvalue spectrum is

p(AR) =D (6(Ar = Ar)) (C31)

k

where ), are the eigenvalues of our system, which all appear along the imaginary axis.

Forn=1landv =0

The special case n = 1 and v = 0 has matrices of the form

(;; Zg’) (C.32)
for mp = 0, making the eigenvalues

iy = iz (C.33)

The quenched partition function is

n=1,v=0 1 =2

Zencopap(MR) = — /dx e 202 (C.34)

which makes the quenched spectrum

pOn) = 0_\}% dz [00g + ) + 6(Ag — 2)] 527

T3 (C.35)
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Forn=1landv =1

The special case n = 1 and v = 1 has matrices of the form

0 0 iz
0 0 iy (C.36)

ix 1y O

for mgr = 0, making the eigenvalues
=0 , iy =Fiy/a?+ 2 (C.37)
The quenched partition function is
ne1ly— 1 _z24y?

Zchcleép(mR) = 90 drdy e 20 (C.38)

which makes the quenched spectrum

35‘2 y2
/d:cdy [5()\3 +vV22+y?) +0(Ag — Va2 + yQ)} e 5 (C.39)

We switch to polar coordinates r = /22 + y? and § = arctan (%) with the Jacobian r. The
angular integral gives 27, and we arrive at

1
p(Ar) = 6(Ar) + 5

1 _r2
p(Ar) = s dr r[§(Ar +7)+6(Ar —7)]e 202
2 oy



Appendix D

Statistical Test of Numerics versus
Theoretical Distribution

In this appendix, we make proper statistical comparisons between the numerical and analytical
curves. They are in obvious visual agreement in Chapter [} so this should just be considered
a jovial addition for the single chUE ensemble to underline the comparison. We perform this
analysis for n = 40 and 10° matrices. For an introduction to the statistical tests used here, we
recommend [51]].

x? Calculation

To estimate the error on the numerical results, we assume the numerical distribution to be a
continuous one and fit a third degree polynomial to a small section of it, see Figure The
root mean square error of the fit is used to estimate the x? error of the analytical curve, see
Figure We find the reduced y? to be

X2q = 0.54. (D.1)

The reduced x? should be around 1, which means the numerical and analytical distributions
are in very good agreement (or that we have overestimated our errors).

Kolmogorov-Smirnov Test

The Kolmogorow-Smirnow test is estimation of how much two cumulative distributions differ.
We use standard statistical packages from Matlab to calculate the associated probability that
the two curves are the same. We find the probability of the numerical and analytical distribu-
tions being the same to be 79.3%. This is lower than we would have expected, given that the
cumulative curves are indistinguishable when plotted together, but is still good agreement.

85
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3rd degree Polynomial to find error
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Figure D.1: Estimation of the numerical error by polynomial fit of small section. Plotted is a small
section of the eigenvalue density of a single chUE for n = 40 and v = 1. We find the error
to be £0.0081.
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Figure D.2: Eigenvalue density of random matrix simulation for single chUE with n = 40 and v = 1
plotted with estimated error bars. Plotted on top is the analytical distribution. We see
that it is well within the errors bars, which suggests that we may have overestimated our
uncertainties. However, we still find x?,, = 0.54, which is good agreement.
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