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Preface

The study of products of random matrices dates back to the early days of random matrix
theory. Pioneering work by Bellman, Furstenberg, Kesten, Oseledec and others were
contemporary to early contributions by Wigner, Dyson, Mehta and others regarding the
spectrum of a single large matrix. It is not unreasonable to divide these early results
into two different schools separated both by the questions asked and the techniques used.
One school focused on the Lyapunov spectrum of products of finite size matrices as the
number of factors tended to infinity, while the other focused on eigenvalues of a single
matrix as the matrix dimension tended to infinity.

From a physical point of view a restriction to Hermitian matrices is often natural
when considering a single random matrix, since the random matrix typically is imagined
to approximate the properties of a Hamiltonian or another self-adjoint operator. On the
other hand, a restriction to Hermitian matrices is no longer natural when considering
products. This is illustrated by the fact that a product of two Hermitian matrices is, in
general, non-Hermitian.

When considering products it is more natural to study random matrices chosen
according to a probability measure on some matrix semi-group. Historically, one of the
first examples was provided by considering a product of random matrices with positive
entries [34]; the relevance of such models in physics may be realised by considering the
transfer matrix representation of one-dimensional lattice models with random coupling
between spins (see section 1.2). As another example we could consider products of
random unitary matrices describing a unitary time evolution [116] or a random Wilson
loop [159, 43]. We emphasise that choosing unitary matrices uniformly with respect
to the Haar measure constitutes a trivial example since this corresponds to studying
the evolution of a system starting in the equilibrium state. Thus, the circular unitary
ensemble is rather boring when considering products. Moreover, the circular orthogonal
and symplectic ensembles do not even qualify as semi-groups if the ordinary matrix



product is used.

The semi-groups which will be important in this thesis are the space of all N x N
matrices over the (skew-)field of real numbers, complex numbers and quaternions endowed
with usual matrix multiplication; the threefold classification in accordance with the
associative division algebras corresponds to Dyson’s classification of the classical Wigner—
Dyson ensembles [59]. An important difference between these matrix spaces and the
unitary group from the previous example is that they are non-compact, thus, a priori,
there is no natural equilibrium measure.

Historically, the research on products of random matrices was centred around the
Lyapunov spectrum and, in particular, the largest Lyapunov exponent, which in physical
models may be related to e.g. the stability of dynamical systems or the free energy
of disordered lattice systems, see [55] for a review of applications. A “law of large
numbers” for the largest Lyapunov exponent as the number of factors tends to infinity was
established early on by Furstenberg and Kesten [88] leading up to Oseledec’s celebrated
multiplicative ergodic theorem [167, 174]. However, universal laws for the fluctuations
of the Lyapunov exponents are more challenging. Nonetheless, for certain classes of
matrices a central limit theorem has been established for the largest Lyapunov exponent,
see e.g. [54, 139]. The fact that the largest Lyapunov exponent follows a Gaussian law
is rather remarkable when we compare this with our knowledge about a single random
matrix. Under quite general conditions the largest singular value of a large random matrix
will follow the so-called Tracy—Widom law [189]; this is expected to extend to products of
independent random matrices as long as the number of factors is finite (this has been
shown explicitly for products of Gaussian random matrices [141]). Thus, when considering
products of random matrices, we are led to believe that it has fundamental importance
for the microscopic spectral properties whether we first take the matrix dimensions to
infinity and then the number of factors or we first take number factors to infinity and
then the matrix dimensions. Double scaling limits are undoubtedly a subtle matter.

The more recent interest in products of random matrices (and, more generally, the
algebra of random matrices) is partly due to progress in free probability, see [50] for a
short review. However, a limitation of the techniques from free probability and related
methods in random matrix theory is that they only consider macroscopic spectra. It is
highly desirable to extend these known results to include higher point correlations as
well as microscopic spectral properties. The reasons for this is not only because such
quantities are expected to be universal and are relevant for applications, but also because
we are interested in the connection to older results about Lyapunov exponents in the
limit where the number of factors tends to infinity.

Considerable progress on the microscopic spectral properties of finite products of ran-
dom matrices has appeared very recently with the introduction of matrix models which are
exactly solvable for an arbitrary number of factors as well as arbitrary matrix dimensions.
The first of such models considered the eigenvalues of a product of independent square
complex Gaussian random matrices |7]; this was later extended to include rectangular
and quaternionic matrices [107, 109, 1] and to some extent real matrices [81, 109]; explicit
expressions for the singular values of the complex Gaussian matrix model were obtained
in [14, 12]. Subsequently, treatments of models involving products of inverse Gaussian
matrices and truncated unitary matrices have followed [1, 109, 9, 80, 127|, see [11] for
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a review. These new integrable models reveal determinantal and Pfaffian structures
much like the classical matrix ensembles. With the long history of research on products
of random matrices and with strong traditions for exactly solvable models (including
multi-matrix models) in random matrix theory, it is rather surprising that none of these
models have been found earlier.

Obviously, the detailed knowledge of all eigen- and singular value correlation functions
for arbitrary matrix dimensions and an arbitrary number of factors has opened up the
possibility to study microscopic spectral properties, and the search for known and new
universality classes. For a finite number of matrices, new universality classes have been
observed near the origin |7, 107, 9, 136, 80, 133, 127| while familiar random matrix kernels
have been reobtained in the bulk and near “free” edges [7, 107, 9, 142, 141|. The claim of
universality of the new classes near the origin is justified, since several exactly solvable
models (also beyond products of random matrices) have the same correlation kernels
after proper rescaling. More general universality criteria are highly expected but still
unproven. However, it would be a mistake to think of the new exactly solvable matrix
models merely as precursors for universality theorems in random matrix theory. There
are good reasons (physical as well as mathematical) for giving a prominent role to the
integrable and, in particular, the Gaussian matrix models. Let us emphasise one of
these: Gaussian integrations appear as an integral part of the Hubbard—Stratonovich
transformation which is one way to establish a link between random matrix models and
dual non-linear sigma models which appear as effective field theories in condensed matter
theory and high energy physics, see e.g. [195, 33].

The new exactly solvable models have also provided new insight to the limit where the
number of factors tends to infinity [81, 8, 108, 82]. If the matrix dimensions are kept fixed,
then it was shown that the eigen- and singular values separate exponentially compared to
the interaction range. As a consequence, the determinantal and Pfaffian point processes
valid for a finite number of matrices turn into permanental (or symmetrised) processes.
Moreover, the Stability and Lyapunov exponents were shown to be Gaussian distributed.
A surprising property presents itself when considering products of real Gaussian matrices:
the eigenvalue spectrum becomes real (albeit the matrix is asymmetric) when the number
of factors tends to infinity. This was first observed numerically [138] and was shown
analytically for square Gaussian matrices [81] while an alternative proof including the
possibility of rectangular matrices was presented in [108]. Numerical evidence suggests
that this phenomenon extends to a much wider class of matrices [102]. The fact that the
spectrum becomes real is remarkable since when we consider finite product matrices then
(under certain assumptions) the macroscopic eigenvalue spectrum becomes rotational
symmetric in the complex plane in the limit of large matrix dimension. Again this shows
that the two scaling limits do not commute and suggests that interesting behaviour may
appear in a double scaling limit.

Outline of thesis

This thesis reviews recent progress on products of random matrices from the perspective
of exactly solved Gaussian random matrix models. Our reason for taking the viewpoint of



the Gaussian matrices is twofold. Firstly, the Gaussian models have a special status since
they are both unitary invariant and have independent entries which are properties related
to two typical generalisations within random matrix theory. Secondly, we believe that the
Gaussian models are a good representative for the other models which are now known to
be exactly solvable, since many techniques observed in the Gaussian case reappear in the
description of products involving inverse and truncated unitary matrices.

For obvious reasons, our main attention must be directed towards results published
in papers where the author of this thesis is either the author or a co-author [11, 12, 13,
107, 108, 109]. However, not all results presented in this thesis can be found in these
papers neither will all results from the aforementioned papers be repeated in this thesis.
Proper citation will always be given, both for results originally obtained by other authors
and for results from the aforementioned publications. There are several reasons for our
deviation from a one-to-one correspondence between thesis and publications. Firstly (and
most important), the study of product of random matrices has experienced considerable
progress over the last couple of years due to the work of many authors; this thesis would
be embarrassingly incomplete if we failed to mention these results. Secondly, we have
tried to fill some minor gaps between known results. In particular, we have attempted
to generalise to the rectangular matrices whenever these results were not given in the
literature. Lastly, certain results deviating from our main theme have been left out in an
attempt to keep a consistent tread throughout the thesis and to make the presentation as
concise (and short) as possible.

The rest of thesis is devived into four main parts. (i) The two first chapters contain
introductory material regarding applications of products of random matrices and the step
from products of random scalars to products of random matrices; a few general concepts
which are essential for the following chapters are also introduced. (ii) The next two
chapters derive explicit results for products of Gaussian random matrices and consider
the asymptotic behaviour for large matrix dimensions. (iii) Chapter 5 revisits the matrix
models from chapter 3 and 4, but focuses on the limit where the number of factors tends
to infinity. (iv) Finally, results regarding matrix decompositions and special functions,
which are used consistently throughout the thesis, are collected in two appedices.

Chapter 1. We ask “Why products of random matrices?” and discuss a number of
application of products of random matrices in physics and beyond. Readers only
interested in mathematical results may skip this chapter.

Chapter 2. We first recall some well-known results for products of scalar-valued random
variables, which will be helpful to keep in mind when considering products of matrices.
Thereafter, we turn our attention towards products of random matrices and provide
proofs of a weak commutation relation for so-called isotropic random matrices as
well as a reduction formula for rectangular random matrices. Even though these
results are not used explicitly in the proceeding chapters, they are used implicitly to
provide an interpretation for general rectangular products. Finally, we introduce
definitions for the Gaussian ensembles which will be the main focus for the rest of
the thesis.

Chapter 3. The squared singular values for a product of complex Gaussian random
matrices are considered and explicit formulae are obtained for the joint probability



density function and the correlation functions. These exact formulae are valid for
arbitrary matrix dimension as well as an arbitrary number of factors. Furthermore,
the formulae are used to study asymptotic behaviour as the matrix dimension tends
to infinity. In particular, we find the macroscopic density and the microscopic
correlations at the hard edge, while scaling limits for the bulk and the soft edge is
stated without proof. The chapter ends with a discussion of open problems.

Chapter 4. We consider the (generally complex) eigenvalues for products of real, complex,
and quaternionic matrices. Explicit formulae for the joint probability density function
and the correlations functions are obtained for complex and quaternionic matrices,
while partial results are presented for the real case. Asymptotic behaviour for large
matrix dimension are derived in the known limits; this includes a new microscopic
kernel at the origin. Finally, open problems are discussed.

Chapter 5. The formulae for the joint densities for the eigen- and singular values of
products of Gaussian matrices are used to obtain the asymptotic behaviour for a
large number of factors. Explicit formulae are given for the stability and Lyapunov
exponents as well as their fluctuations. Certain aspects of double scaling limits are
discussed together with open problems.

Appendiz A. Several matrix decompositions are discussed. In particular, we provide
proofs for some recent generalised decompositions which play an important réle for
products of random matrices (some of these are not explicitly given in the literature).

Appendiz B. For easy reference, we summarise known properties for certain higher tran-
scedental functions: the gamma, digamma, hypergeometric, and Meijer G-functions.
The formulae stated in this appendix are frequently used throughout the thesis.

Note that we have provided a summary of results and open problems in the end of each
of the three main chapters (chapter 3, 4, and 5) rather than collecting it all in a final
chapter. The intention is that it should be possible to read each of these three chapters
separately.
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Chapter 1
Why products of random matrices?

The properties of random matrices and their products form a basic tool, whose
importance cannot be underestimated. They play a role as important as Fourier
transforms for differential equations. —Giorgio Parisi [55]

It is broadly accepted that random matrix theory is an essential tool in a great variety of
topics in both mathematics and physics (and beyond). Moreover, random matrix theory
is an extremely rich research area in its own right. We consider the importance of random
matrix theory in the theoretical sciences to be so well-established that it is unnecessary
to provide further motivation for the study of random matrices themselves. For this
reason, we jump directly to the sub-field considered in this thesis with the question: Why
products of random matrices? If unsatisfied with this leap, the reader is referred to the
vast literature on the subject of random matrix theory; we emphasize the contemporary
and extensive handbook [6] in which many applications are discussed.

This chapter is intended to give a more physical motivation for the study of products
of random matrices and the intriguing questions arising in this sub-field of random matrix
theory. To do so, we will introduce a few possible applications of products of random
matrices in the sciences. We emphasise that it is not our intention to present exhaustive
technical derivations. Neither do we attempt to give an exhaustive nor extensive list
of applications for products of random matrices. Rather, we sketch a few illustrative
examples from which we hope it is possible to untangle the threads of the much larger
pattern.

The applications considered in this chapter include: wireless telecommunication
(section 1.1), disordered spin chains (section 1.2), stability of large complex systems
(section 1.3), symplectic maps and Hamiltonian mechanics (section 1.4), quantum transport
in disordered wires (section 1.5), and QCD at non-zero chemical potential (section 1.6).
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1.1 Wireless telecommunication

In this section, we look at an application of products of random matrices stemming from
wireless telecommunication, see [188, 157, 191]. We will consider a so-called multiple-input
multiple-output (MIMO) communication channel. This is a single user system with M
transmitting and N receiving antennae. As usual, it is convenient to write the amplitude
and phase of our signal as the modulus and phase of a complex number. The most general
MIMO communication channel may be written as

y =Xz +mn, (1.1)

where 7 is an N-dimensional vector representing the background noise, X is an N x M
complex matrix representing the channel, while z and y are M- and N-dimensional
complex vectors which represent the signal at the transmitting and receiving antennae,
respectively. The canonical choice for the channel matrix, X, is to take its entries as
independent complex Gaussian variables, i.e. the phases are uniformly distributed and
the moduli are Rayleigh distributed. This is known as a Rayleigh fading environment and
it is a reasonable approximation for channels with many scatterers and no line-of-sight.

The typical question asked by engineers concerns the channels information capacity.
One of the most frequently used performance measures is the so-called mutual information
which gives an upper bound for the spectral efficiency measured as bit-rate per bandwidth.
Assuming that the channel matrix is known to the receiver and that the input-signal
consists of independent and identically distributed random variables, then the mutual
information is given by (see e.g. [191])

1
V() = NTrlogQ(l—i—*yXTX) (1.2)
with )
NE[z|
=——0 (1.3)
ME|n]|

denoting the signal-to-noise ratio. This means that the mutual information depends on the
squared singular values of the channel matrix. For a Rayleigh fading environment we know
that the distribution of squared singular values converges in probability to the so-called
Mar¢enko—Pastur law [148] in the limit where N, M — oo and N/M — «a € (0,00) (see
chapter 3). Consequently, the mutual information converges to

16) = [ de pup(a) o 1.+ 0) (1.4

in the limit with a large number of antennae. Here pyp(x) denotes the density for the
Marcéenko—Pastur law.

Let us look at a model introduced in [157|, which is more complicated than the
Rayleigh fading environment. We will consider a communication channel consisting of n
scattering environments separated by some major obstacles. We could imagine that the
transmitter and the receiver were located in the same building but on different floors, such
that the floors act as the obstacles. Our signal will not pass through a floor equivalently
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well everywhere, there will be certain spots of preferred penetration referred to as “key
holes”. Assuming that the i-th floor has N; “key holes”, our communication channel
becomes

y=Xn - Xix+mn, (1.5)

where X is an N; x V;_1 matrix representing the i-th scattering environment (e.g. between
floor number i and i — 1) with Ng = M and N,, = N. The mutual information is given
as before; except for a replacement of X with the product matrix X,, --- X7. Thus, we
need knowledge about the distribution of the singular values of a product of random
matrices in order to determine the mutual information in this model. We will return to
this question in chapter 3.

1.2 Disordered spin chains

The next application we will look at arises in the study of disordered spin chains. Consider a
periodic chain with nearest neighbour interaction consisting of n spins, {s;} € {1,..., N}",
described by a Hamiltonian,

7‘[ = —ZJi(si,sifl) (1.6)
=1

where J;(s;, $;—1) denote the coupling constants at the i-th link, i.e. the coupling between
the spin at the i-th and the (i — 1)-th site. Using standard techniques (see e.g. [199]), the
partition function (at temperature 1//) may be written in terms of a product of transfer
matrices,

Zn:TI‘Xan_l'”Xl, (1.7)

where the trace stems from the periodic boundary condition and each X; denotes an
N x N transfer matrix given by

GBI L GBL(LN)

X; = : : . (1.8)

eﬁJI(Nal) e eﬂJl(NvN)

Note that the eigenvalues of such matrices may be complex even though the trace is real.
However, it is known from the Perron—Frebenius theorem (see e.g. [104]) that there is at
least one real eigenvalue. Furthermore, this eigenvalue is strictly larger than the rest of
the eigenvalues in absolute value.

First, let us consider the case where all transfer matrices are identical. We will denote
the eigenvalues of the transfer matrix by Ay, ..., Ay and, due to the Perron—Frebenius
theorem, we may order them as Ay > |A2| > --- > |Ay|. For N fixed, the free energy per
site becomes

1 1
Bf=-— li_}m ElogTr(Xl)" = — lim —log(AT + - -+ Ay) = —log A\ (1.9)

n—oo n

in the thermodynamic limit. We can, of course, also consider other physical quantities,
e.g. if [A2| > |Ag| then the correlation length (in units of the lattice spacing) is given by

¢ = (log Ar/[Xa]) ™.
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Now, imagine that we want to consider a disordered system. In the physical literature,
we typically model disorder by introducing randomness to the system, e.g. replacing the
coupling constants J;(s;, s;—1) by random variables. Thus, the transfer matrices, X; (i =
1,...,N), become random matrices distributed with respect to some probability measure
on the multiplicative semi-group of positive matrices and the partition function (1.7)
is determined by the spectral properties of a product of random transfer matrices.
Consequently, physical quantities are random variables in the disordered models, hence it
is natural to ask for their distributions and whether these are universal. Actually, a few
results are known for relatively general distributions. Typically, the free energy (1.9) will
be a Gaussian (see [34, 111] for precise statements), while the correlation length will tend
to zero in the thermodynamic limit (this is the so-called Anderson localisation). We refer
to [55] and references for further discussion (in particular related to the disordered Ising
chain).

1.3 Stability of large complex systems

Let us follow the idea in [151] and construct a simple model for the stability of large complex
systems. We imagine a dynamical system in the variables u(n) = {u1(n),...,un(n)}
evolving in discrete time as u;(n+1) = f;[ui(n),...,un(n)], where each f; is some smooth
function. We assume that there is a fixed point, u*, about which we make an expansion,

Su(n+1) = X du(n)+O0(e)  with X := 85;5@
J

(1.10)

u*

Here X is the so-called stability matrix and du(0) denotes a small initial perturbation
to the fixed point. To leading order, we have the solution

du(n) = X"ou(0). (1.11)
The system is said to be (asymptotically) stable if the spectral norm tends to zero,

15Ul nosoo
X" = sup —=— ——0. 1.12
S e ] (1.12)

The interpretation of this definition is that given some small initial perturbation to the
fixed point then the system will stay close to the fixed point as time evolves. An equivalent
definition for stability would be to require that the spectral radius is less than unity,
which in terms of the eigen- or singular values means that (i) if z; denotes the largest
eigenvalue in terms of absolute values of the stability matrix, X, then the system is stable
if |z1] < 1 and (ii) if 01, denotes the largest singular value of X™ then the system is
stable if (01.,)"/™ — o1 < 1. We recall that |21 < (01,,)"/™ for all n and that |21| = oy.

As an example, let us consider a large ecosystem containing N interacting species.
A full description of the system would, of course, be extremely complicated and highly
non-linear. However, we are only interested in some small neighbourhood of a fixed point
described by a stability matrix X, where the entry X;; tells us how a small fluctuation
in population of the j-th species will affect the population of the i-th species. Thus, if
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the links X;; and Xj; are both positive then the species will benefit from an increase
in the population of the other (symbiosis); likewise if both links are negative then the
species will have a competitive relation and if the links have opposite signs then the
species will have a predator—prey relation. Rather than study each interaction between
two species individually and build up the stability matrix entry by entry, we will replace
it by a random matrix. The hope is that if the system is both large and complex, then it
will be self-averaging. In our example, minimal requirements demand that the stability
matrix is an asymmetric real matrix (note that this is the discrete time version of the
model considered in [151]). For this reason, we will choose the entries of our random
stability matrix as independent and identically distributed real-valued (Gaussian) random
variables with variance 02/N. The circular law theorem (see [44] for a review) states
that such matrices tend to a uniform law on a disk with radius o centred at the origin.
It follows that the large-N limit of our model has a phase transition between a stable
and unstable phase at 0 = 1. Additional knowledge about this phase transition requires
knowledge about the largest singular value of X" (see [147] and references within for a
discussion of the phase transition in a different but closely related model).

Now, we are equipped to consider a generalisation, which requires knowledge about
products of random matrices. Rather than considering an expansion around a fixed point,
we might imagine expanding around a low energy path through a complicated and highly
irregular landscape described by the dynamical system (see also the next section). In this
case, we will have to evaluate the stability matrix along the path,

uj u(n)

(1.13)

which gives rise to a solution
du(n) = X, - - X10u(0). (1.14)

Here, the question is whether two initially close trajectories will diverge or remain close
as time evolves. As above, a first (and perhaps crude) approximation of such a system
would be to replace the matrices X; (i = 1,...,N) with random matrices subject to
symmetry constraints determined by physical considerations. This replacement will turn
the question of stability into a question about the spectral properties of a product of
random matrices as the number of factors tends to infinity. We will return to such models
in chapter 5.

1.4 Symplectic maps and Hamiltonian mechanics

Let us consider a slightly more concrete model inspired by [170] (see also [55, 37]), which
may be thought of as included in the discussion from the previous section. We imagine a
Hamiltonian system evolving in discrete time according to a 2N dimensional symplectic
map,

q(n+1) = q(n) + p(n), (1.15)
p(n+1) =pn) —VV(ign+1)), (1.16)



where ¢(n) and p(n) are N dimensional real vectors and V' is a twice differentiable function
introducing a (non-integrable) deviation from the trivial map. In order to study the
chaoticity of this evolution process we introduce a small perturbation to the trajectory,
edq(n) and edp(n), which gives rise to a linearised problem,

u(n +1) = X,u(n) (1.17)

2 n
u(n) = [5(](”)] , Xy o= [}}n 1 +1HJ , and  (Hyp)ij == —W (1.18)

Here H,, is a real symmetric matrix, which is in agreement with the fact that X, has to
belong to Sp(2N, R).
Given an initial perturbation, u(0), then the solution of the linearised problem is
trivially seen to be
du(n) = Xy, - - X16u(0). (1.19)

Now, the idea is the same as in the previous section. We replace either the symmetric
matrices H; (i = 1,...,N) or the symplectic matrices X; (¢ = 1,..., N) with random
matrices, which turns our problem into a study of the spectral properties of a product of
random matrices. In [55, 170, 37|, the randomness was introduced as a small perturbation
of the integrable system and used to study critical exponents close to the transition
between integrable and chaotic motion. However, many questions remain unanswered
due to the lack of good analytic methods.

1.5 Quantum transport in disordered wires

In this section, we look at how products of random matrices enter the study of quantum
transport through quasi one-dimensional wires (see [33] for a review). Here, “quasi one-
dimensional” refers to a situation where we have a large number of conducting channels
even though we consider a wire geometry.

Before we can understand the wire, we need to look at the transport properties for
a quantum dot, i.e. the point geometry. The dot will be a chaotic cavity with two
ideal leads: lead I and lead II. For simplicity, it is assumed that the leads are identical.
The longitude modes of the wave function in lead I consists of N incoming modes with
amplitudes collectively denoted by the vector c{n and N outgoing modes with amplitudes
collectively denoted by the vector ¢! , and likewise for lead II.

Two popular ways to describe the transport properties of a quantum dot are to use
either a scattering matrix or a transfer matrix. The scattering matrix relates the incoming
flux to the outgoing flux, while the transfer matrix relates the flux through one lead to
the flux through the other. In matrix notation, we have

I / I 11 I
Cout — rot Cin:| and {Cin ] — |:a b] |:Cin :| 1.20
[Cgﬂt] [t 7”/} |:CIII’II cgljlt c d cgut ’ (1.20)
N’ ——

S X
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respectively. Under the assumption of flux conservation it follows that the scattering
matrix must be unitary, S € U(2N), while the transfer matrix must be split-unitary,
X € U(IV,N). For a dot given as a chaotic cavity, these matrices will be represented by
random matrices. The conductance of the quantum dot is given in terms of the Landauer
formula,

G/Gy = Trt't = Tr(a'a) !, (1.21)

where Gy = 2¢2/h is the conductance quantum.

Xn anl - Xl Xn Yn—l

1 W

Yoo oL L

Figure 1.1 Schematic illustrations of a disordered wire. The left panel emphasizes an inter-
pretation of the wire as n quantum dots coupled in series, where each dot is described by a
transfer matrix, X;. The right panel emphasizes an interpretation of the wire as divided into two
segments; a long segment of length L and a short segment (thought of as infinitesimal) of length
6L described by transfer matrices Y,,_; and X,,, respectively. In both interpretations, we may
think of the disordered wire as constructed successively one dot (or one segment of length §L) at
the time.

Now, we are ready to look at the wire geometry. In principle, the transport properties
of the wire are described exactly like the dot except that the probability distribution for
the scattering and the transfer matrices have to be chosen differently. However, it turns
out to be a highly non-trivial task to find the correct distribution for these matrices. The
usual trick is to divide the wire up into smaller pieces which are easier to understand and
then rebuild the wire piece by piece, see e.g. [155, 106]. Figure 1.1 illustrates two possible
ways to construct a wire. The transfer matrix description seems particularly suited for
such descriptions, since it links flux at one lead to the flux at the other lead. Thus, if we
have a wire with an unknown transfer matrix, Y;,, divided into n pieces each described by
a transfer matrix X; (numbered successively), then the transfer matrix for the wire may
be written as

Yy = XY 1 = XpXp1--- X1, (1.22)

i.e. a product of random matrices. A construction using scattering matrices is slightly
more complicated, since they provide a relation between incoming and outgoing flux
rather than a relation between leads.

1.6 QCD at non-zero chemical potential

Quantum chromodynamics (QCD) is broadly accepted as the theory for the strong
interaction. However, even with a known fundamental theory, many intriguing questions
remain unanswered partly due to the non-perturbative nature of QCD at low energies.
One of the most successful approaches in this non-perturbative regime is the use of lattice
simulations. However, lattice simulations may be prohibited in certain regions of the
phase diagram due to technical difficulties.
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A major open problem in the description of strongly interacting matter is to understand
the behaviour at a non-zero (baryon) chemical potential (and therefore non-zero baryon
density). In this case, lattice simulations are plagued by a notorious sign problem. The
core of the problem is that the fermion determinant is not ensured to be real and non-
negative (it becomes complex) when the chemical potential differs from zero. For this
reason, the fermion determinant cannot be included in the weight used for Monte Carlo
sampling, which prohibits a standard approach, see [176] for a review.

Some insight into this problem may be achieved using a random matrix model related
to the product of two random matrices [165]. The model is defined through the partition
function

Ny
Z(p) = / d?X, / d* Xpwu (X1, Xo) [ ] det[D + my), (1.23)
CNx(N+v) C(N+v)xN /=1

where Ny is the number of quark flavours, ms denotes the mass of the f-th flavour, and
w € (0,1] is the chemical potential. The matrix D is given by

D= [)?2 )él] (1.24)

and corresponds to the Dirac operator, while the weight function, w, (X1, X2), is given by

N(1+ p?)
42

N(1—p?)

Tr(X] X1 + X1X5) —
1 2 4M2

wu (X1, X2) = exp | — Tr(X1 X2 + X XJ )} .

(1.25)
The scaling regime relevant for QCD is when p? = O(N~!) as N tends to infinity; this
is the limit of weak non-Hermiticity. The limit of strong non-Hermiticity, u — 1, is
interesting as well (albeit not relevant for applications to QCD). In this limit the weight
function (1.25) splits into two separate Gaussian weights, hence X; and Xy become
independent Gaussian random matrices.

For physical applications, we are interested in the (generalised) spectral density of
the Dirac operator (1.24) or equivalently of the product X; Xo. If z1,..., 2y denote the
non-zero eigenvalues of the Dirac operator (1.24) (this means that 22, ..., 23 are the
eigenvalues of the product X7 X5), then we define the spectral density as

pul2) = <}V§:ja<k 9) (1.26)

Z(w)

where the average is taken according to the partition function (1.23). We stress that this
is a generalised density in the sense that it integrates to unity, but it is only ensured to
be real and non-negative if Ny = 0 (this is the so-called quenched approximation).

Using the above given matrix model it was shown in [166, 15] that the complex phase
arising due to the QCD sign problem contains essential physical information which must
be included in order to obtain correct physical predictions, see [181] for a review.

18



Chapter 2
From random scalars to random matrices

The purpose of the this chapter is two-fold: firstly, we want to review a few general
properties of products of random variables to illustrate some similarities as well as
differences between random scalars and random matrices; it will be helpful to keep
the well-known structures for random scalars in mind, when considering products of
independent Gaussian random matrices in the following chapters. Secondly, we want to
introduce a few concepts which will be extensively used in the following chapters; isotropy
and induced Ginibre matrices will be of particular interest.

The chapter is divided into three sections: in section 2.1 we will recollect some
important structures for products of random scalars; section 2.2 concerns (isotropic)
random matrices and is partially based on the paper [109], while section 2.3 introduces
the well-known Gaussian random matrix ensembles, which will be the central object for
the rest of the thesis.

2.1 Products of independent random scalars

This section is devoted to products of independent random scalars. However, we do
not attempt to give an exhaustive nor extensive description of such products. For a
more thorough account of classical probability the reader is referred to |73, 118|, while a
thorough description of the algebra of (real-valued) random scalars can be found in [182].

2.1.1 Finite products of random scalars

Let z; (i = 1,...,n) be a family of continuous independent real (8 = 1) or complex
(8 = 2) random scalars distributed with respect to probability density functions pf (x4).
We can construct a new random scalar as a product of the old, y, := x,,---x1. The
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density of the new random scalar can formally be written as

2= [H / ﬁ i )| -1~ ), (21)

where §°(z) is the Dirac delta function and d®z denotes the flat (Lebesgue) measure on
the real line (Fg—; := R) or complex plane (F3—y := C), respectively. By definition, the
individual random scalars are non-zero almost surely, and therefore, so is any product
with a finite number of factors.

An alternative expression for the density (2.1) is obtained by a simple change of
variables, y;11 = x;j+1y; with y1 = x1. This yields

[H/IF dﬁz(é f+1<yif1>}pf(y1), (2.2)

B |yz Yi

where we explicitly use that the random scalars are non-zero almost surely. For notational
simplicity, it is sometimes convenient to introduce the convolution defined by

[ gly) = / dpu(z) f(y/2)g () (2.3)
GL(1,F5)

where du(z) := d°z/|z|” is the Haar (invariant) measure on the group of non-zero real or
complex numbers with multiplication. With this notation, the density (2.2) reduces to

PP (yn) = P25 -5 p (). (2.4)

It is worth noting that the equivalent expression for sums of random scalars is obtained
by replacing the convolution on the multiplicative group GL(1,F3) with the convolution
on the additive group (Fg,+). Both convolutions inherit commutativity from the scalar
operations.

Isotropic probability distributions will be of particular interest in this thesis, that is
distributions which are invariant under bi-unitary transformations, see definition 2.1. For
a random scalar with density p; (x ( ) that is

p; (uz) = pj (x) (2:5)
with u = £1 for 8 = 1 and u = € € U(1) for B = 2. Both the flat and the Haar measure
are invariant under such transformation as well. Isotropy is an important symmetry,
since it allows us to describe random scalars solely in terms of their absolute value, i.e. a
problem restricted to the positive half-line rather than the full real line or the complex
plane.

Let us return to the product density (2.1) and consider a product with isotropic
densities. If the s-th moment is well-defined for the individual distributions, then we see
that

Elyn|*] := / APy 0 () ynl* = | / daip] (@)|al* = [[Eilleil’],  (2:6)
B =1 B =1
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which is an immediate consequence of the independence. In words, this means that
the moments of the product are given by the product of the moments. Note that s is
not necessarily an integer. Thus, a description in terms of moments is straightforward.
However, it might be a non-trivial task to obtain an explicit expression for the density. A
main observation is that (2.6) may be interpreted as a Mellin transform; as a consequence
it is often possible to find the corresponding density by means of an inverse Mellin
transform. The application of the Mellin transform in this context dates back to the
seminal paper [66]; the reader is referred to [182], and references within, for a thorough
description of products of (real) random scalars.

Let us illustrate the above mentioned procedure with a simple, but important, example.
Namely, a product of n independent Gaussian random scalars with zero mean and unit
variance. From (2.1), we have

8 T(BN2 [ oy ol 58
p(yn)=[||(2 ) / d’x;e P }5(xn---x1—yn). (2.7)
’ ™ F
=1 B
Isotropy suggests a change to polar coordinates, which after integration over the phases
yields

1 [ 2 [
Flyn) = — = drie_ﬁriﬂ]érn--.r — n1/2. 2.8
P (Yn) Z[illlﬁ/o ( 1= |yal™7) (2.8)

with Z := 7#=1((2/8)#=2/21[3/2])". This expression has a natural interpretation as the
probability density for a product of n gamma distributed random scalars. The Mellin
transform, or equivalently the (s — 1)-th moment, is given

MEP)(s) =Bl = 5 [(5)" 0] (29)

The inverse Mellin transform is immediately recognised as a Meijer G-function (see
definition B.1),

P’(um) = FE;/QB)" (g)ﬁnﬂGgfg (0, . 0 ‘ (§>n|yn’2) ' (2.10)

We stress that the appearance of the Meijer G-function is by no means restricted to the
problem involving Gaussian random scalars. On the contrary, the Meijer G-function
possesses a prominent position in the study of products of random scalars due to its
intimate relation with the Mellin transform. In fact, the Meijer G-function turns out
to be important in the study of products of random matrices as well. A discussion of
the Meijer G-function as well as references to the relevant literature can be found in
appendix B.

2.1.2 Asymptotic behaviour

In certain cases our problem simplifies when the number of factors tends to infinity, since
this allows us to employ the law of large numbers and the central limit theorem.
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Consider a set of independent and identically distributed random scalars x; (i =
1,2,...) and assume that the expectation E[log|zi|] is finite, then it follows from the
(strong) law of large numbers that the geometric mean converges almost surely,

n—oo

. . IR
lim |z, - --xl\l/n = nh_)rglo exp [n Zlog|x1|] = exp [E[log|z;|]]. (2.11)
i=1

Note that the equality uses the commutative property of the scalar product; and that the
absolute value is generally required in order to ensure a unique limit. If we additionally
assume that E[(log|z1| — Elog|z1])?] = 02 < oo then the central limit theorem states

lim

n—o0

pllogir " ~ Blogis N

a?/n V2r
In words, the law of large numbers tells us that a product of random scalars with a
large number of factors grows (decays) exponentially with a growth rate E[log|x;|], while
the central limit theorem tells us that the fluctuations of the growth rate converge in
distribution to a Gaussian on the scale 1/y/n. Both results are universal in the sense that
they do not depend on the explicit form of the underlying distribution.

Let us verify that the large-n limit of the random scalar y,, distributed with respect
to the density (2.10) indeed behaves according to the law of large numbers and the
central limit theorem. In order to do so, we introduce a new random scalar defined as
A := (log|yn|)/n. The cumulant generating function and the corresponding k-th cumulant
for X\ are given by

ko8
g°(t) = log <2mr5—1 /R d\ e(5"+t)/\pﬁ(en>\)> and KD = 0"g°(t)

Sy} _ [ DA (2.12)

C(2.13)
t=0

otk

respectively. In our case, the density p°(y) is given by (2.10) and the integral within
the logarithm in (2.13) can be performed using an integration formula for the Meijer
G-function (B.21). A short computation yields

pms=gloesegu(3) Fedeg(3) e
mfzé(%)k_llb(k*l)(g) for k> 3. (2.15)

Here t(z) denotes the digamma function, while 1(¥)(z) is its k-th derivative also known
as the polygamma function, see appendix B. To find the large-n behaviour, we switch
from the random scalar A to the standardised random scalar A := (A — x) /o, which has
zero mean and unit variance. The standardised cumulants are

=0, R®=1 and & =00"*?) for k>3 (2.16)

We see that the higher order cumulants tend to zero as n tends to infinity. It follows
from standard arguments that the limiting distribution is a Gaussian. Returning from
the standardised variable A to the original variable A, we find the asymptotic behaviour

P\ < ] ~ \/;/ exp[ 25)}, (2.17)

which is in agreement with the law of large numbers and the central limit theorem.
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2.2 Products of independent random matrices

We are now ready to discuss products of random matrices which is the main topic in
this thesis. Here, we focus on a few general properties related to matrix-multiplication
and to isotropy, while a discussion of more classical results from random matrix theory
(that is statements about spectral correlations) is postponed to the following chapters.
For an introduction to random matrix theory, we refer to [153, 78, 185, 25] and the
review [64]; while a large variety of applications is discussed in a contemporary and
extensive handbook [6]. Some of the well-known properties for products of random
matrices are summarised in [55, 53] and [162], where the latter takes the viewpoint of
free probability.

2.2.1 Finite products of finite size square random matrices

We will generally be interested in statistical properties of a product of n independent
square random matrices. We write this product matrix as

Y, =X, X1, (2.18)

where each X; (i =1,...,n) is a real (8 = 1), complex (8 = 2) or quaternionic (5 = 4)
N x N random matrix distributed with respect to a probability density Piﬁ (X;), which by
assumption is integrable with respect to the flat measure on the corresponding matrix space.
For quaternions we use the canonical representation as 2 x 2 matrices, see appendix A.
Thus, an N x N quaternionic matrix should be understood as a 2N x 2N complex matrix
which satisfies the quaternionic symmetry requirements.

The probability density for the matrix Y,, is formally defined as

Py (Ya) = [Hl/Fé”N d°X; PP(X)| 6% (X -+ X1 — V), (2.19)

where §°(z) is the Dirac delta function of matrix argument and d®X denotes the flat
measure on space of real, complex or quaternionic N x N matrices, i.e. on FY*V with
Fs := R,C,H. The multi-index on the density (2.19) incorporates the ordering of the
factors; this is necessary since matrix-multiplication is non-commutative.

By assumption, the matrices X; (i = 1,...,n) are non-singular almost surely and
an alternative expression for the density (2.1) can be found by a change of variables,
}/;'Jr]_ = XZ'+]_}/'L' with Yl = Xl. We find

PP

(n,..13(Yn) = PP s PI(Y,)

n—1
—[I [ ari, o | pm), e
i=1 Y GL(N,Fg)

where ‘*’ and du(Y) := d°Y/(det Y1y )BN/2y (v =1,1,2 for B = 1,2,4) denote the
convolution and the Haar measure on the the group of real, complex or quaternionic
invertible matrices, respectively.
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Both (2.19) and (2.20) appear as direct generalisations of the formulae for products
of random scalars. However, this similarity is to some extent deceiving, since we typically
are interested in spectral properties rather than the matrices themselves.

2.2.2 Weak commutation relation for isotropic random matrices

One of the key differences between products of random scalars and random matrices is
that matrix-multiplication generally is non-commutative. Nonetheless, we may consider
matrix products (2.18) which commute in a weak sense, such that

X, X, & Xoim) Xo() (2.21)

for any permutation o € S,,. The trivial example is when X; (i = 1,...,n) are independent
and identically distributed (square) random matrices. In this section we will show that
the restriction to identical distributions may be replaced by a symmetry requirement. We
follow the idea in [109].

Definition 2.1. Let X be an N x M continuous random matrix distributed according
to a probability density P?(X) on the matrix space I%VXM with Fg—124 = R,C, H. If

PP(UXV) = P5(X) forall (UV)ecU(N,Fg)x U(M,Fp) (2.22)

then we say that the density P?(X) is isotropic, while the matrix X is said to be
statistically isotropic. Above, we have used the notation

U(N,Fg=124) = O(N),U(N),USp(2N) (2.23)
for the maximal compact subgroups.

Remark 2.2. It is evident that isotropy implies that the density only depends on the
singular values of its matrix argument.

Proposition 2.3. If {X;}i=1..n is a set of independent statistically isotropic square
random matrices, then the weak commutation relation (2.21) holds.

Proof. Our starting point is the density (2.19) which is valid for independent matrices. It
is sufficient to show that

B _ pbh
for any j, since such permutations are the generators of the permutation group, S,,. We
use that for any two matrices X; and X there exists a singular value decomposition
such that

XjnX; =VIU = VSiU = VU(X;1X,)'VU = VUXIX]

v, (2.25)

where ¥ is a positive semi-definite diagonal matrix, while U and V are orthogonal (8 = 1),
unitary (8 = 2), or unitary symplectic (8 = 4) matrices. We insert identity (2.25) into the
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delta function in (2.19) and use the isotropy (2.22) to absorb the unitary transformations
U and V into the measure. This yields

an,...,j—f—l,j,.., [H/dBX PB } )| 07(Xa "XJT‘XJT‘H X1 =Y, (2.26)

We can now repeat the same idea for the individual matrices X; and X, ;. Similar
to (2.25), we have
X! = VisiU; = ViU, X;V; U5, (2.27)

where X; is a positive semi-definite diagonal matrix, while U; and Vj are orthogonal,
unitary, or unitary symplectic matrices. We insert (2.27) and an equivalent identity for
XJT. 41 into the delta function in (2.26). As before, the unitary transformations can be
absorbed into the measure due to isotropy, hence

Pttty (Yo [H/dﬁX P(X ]55( o XX Xo = Y). (228)

This is the identity (2.24), which proves the weak commutation relation for isotropic
densities. ]

2.2.3 From rectangular to square matrices

So far we have looked solely on products of square matrices. However, it is desirable to
extend the description to the general case including rectangular matrices. Let us consider
a product of independent random matrices,

Y= X, X1, (2.29)

where each )Z'Z (t=1,...,n) is a real, complex or quaternionic N; x N;_; random matrix
distributed with respect to a probability density Pf (Xi).
The probability density for the product matrix is defined like in the square case,

P, (¥ [H/NleldﬁXPB( )| 07 (X X1 = Ya). (2.30)

However, we have no direct analogue of (2.20) nor does isotropy imply weak commutativity
in the sense of (2.21). In order to reclaim these useful properties of square matrices, we
will reformulate the product of rectangular matrices defined through (2.29) and (2.30) in
terms of square matrices. We follow the idea presented in [109].
The generalised block QR decomposition (proposition A.20 and corollary A.22) tells
us that given a product matrix (2.29) with the smallest matrix dimension denoted by N,
we can find a pair of orthogonal (8 = 1), unitary (5 = 2), or unitary symplectic (5 = 4)
matrices, ﬁl and ﬁn, so that
v, =0, [5; 8} ARE (2.31)
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where V), is an N x N matrix. This immediately reveals that }7n has at most rank IV, or
equivalently that at least max{N,, No} — N singular values are equal to zero (a similar
statement may be formulated for the eigenvalues if NV,, = Ny). If we additionally require
that the individual matrices X; (i = 1,...,n) are statistically isotropic, then we can
establish a stronger statement:

Proposition 2.4. Consider a product of independent random matrices (2.29) with matriz

density (2.30) where each of the individual densities, Pi(X;), is isotropic. Let N = N;
denote the smallest matriz dimension (not necessarily unique) and let v; (i =1,...,n) be
a collection of non-negative integers such that N; = N 4+ v;1 fori < j and N; = N + v;
fori > j, then

By DB vASB( v Y, 0O _ pB
/]FgOXNn " YnPyy,,..1y(Yn)0 (Y" [ 0 OD =P, (Yn) (2.32)
where Yy, is an N x N matriz and
P{Ban}(Yn) = [Hl/FNXN d®X; Pf(Xi)} P Xy X1 —Y) (2.33)
i=1"%p

where P;(X;) are probability densities for a family of N x N matrices, X;. Moreover, the
densities are explicitly given by

7

PP(X;) = vol; det(XZ-TXi)ﬁ”i/Q”’/ d°T; 15;3([)(}.0 D i<j (2.34a)

F;i+1><(N+Vi)

PP(X;) = vol; det (X[ X;)Pv/% /WVW. T, ﬁf([)é" TD i>j (2.34b)
]F 1 11—
B
with
vol; := vol[U(N + v4,Fg)/U(N,Fg) x U(vs, Fg)] (2.35)

denoting the volumes of the Grassmannians.
Proof. We factorise the product (2.29) into two partial products )?n “ee )Z'jﬂ and )?j ‘e )?1.

From proposition A.20 and corollary A.22, we have the parametrisation

X;=U; [XZTO] (Uis1)™' and X, =Uin [)él

T} (U:)! (2.36)

for ¢ < j and ¢ > j, respectively. Here X; are N x N matrices and (71 e UN +
vi,F3)/U(N,Fg) x U(v;,Fg), while each T; is either a v;41 X (N + v;) matrix (¢ < j) or
an (N + v;) X v;—1 matrix (i > j). The corresponding change of measure is

[1d°x: =[] det(x] X:)?/*d° X;d° Tyd(Uy) (2.37)
i=1 =1
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with du(U;) := (U;)"'dU; denoting the Haar measure on U(N + v, Fg)/U(N,Fg) x
U(v;,Fg3). We insert this parametrisations into the density (2.30) and use isotropy to
absorb the unitary transformation into the measures, which yields

ﬁ{ﬁn 1}()771) [ /dﬂX det(XTX B”w/QW/dﬂT /d,u PB<[XT.O })]

[ H /dBX det(X] X;) BVZ/QV/dﬁT /du ([)é
i=j+1

X ---X; 0] =~
xdﬁq " ! O}—Yn) (2.38)
We can now insert this expression into (2.32). The formulae (2.33) and (2.34) are obtained
after integration over Y, and U; (i =1,...,n).

It remains to verify that the densities (2.34) are normalised to unity. In order to show
this, we introduce matrices V; € U(N + v, F3)/U(N,Fg) x U(v4,Fpg). By definition, we
have vol; = [ du(V;) where dp(V;) = [V;"'dV;] is the Haar measure. It follows that

/ PP = oo [T [ @ xplx) (2.39)

and by isotropy that

/ AP X; PP (X;) = / du(V;) / dP X; det( X X;)Pvi/% / a°T; ﬁf({XiTO ]17> (2.40)

i

for i < j (with an equivalent expression for ¢ > j). Here, we recognise the right hand side
as a block-QR decomposition, thus

/dﬂX PP(x /dﬁx PP(X (2.41)

and the normalisation follows from the definition of ]3;5 (Xi). O
Corollary 2.5. The matriz densities (2.34) are isotropic.

Proof. The isotropy of P;(X;) follows from the isotropy of P;(X;) together with invariance
of the determinantal prefactor under bi-unitary transformations. O

Remark 2.6. Proposition 2.4 tells us, that given a product of independent statistically
isotropic rectangular random matrices, we can find a product of independent square
matrices which has the same spectral properties (up to a number of trivial zeros).
Furthermore, corollary 2.5 tells us that the square matrices inherit isotropy from their
rectangular counter parts and, thus, the square matrices commute in a weak sense.
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2.3 Gaussian random matrix ensembles

In the rest of this thesis, we will focus on Gaussian random matrix ensembles. For future
reference, we summarise the precise definitions for these ensembles in this section.

Definition 2.7. The real, complex, and quaternionic Ginibre ensembles (or non-Hermitian
Gaussian ensembles) are defined as the space of N x M matrices X whose entries are
independent and identically distributed real-, complex-, or quaternion-valued Gaussian
random variables with zero mean and unit variance, i.e. matrices distributed according
to the density sn)
s~ (B NM/2
=4

on the matrix space IFJBVXM with Fg = R,C,H and v =1,1,2 for 8 =1,2,4.

exp [ - 257 Tr )?U?] (2.42)

Remark 2.8. Note that (2.42) is an isotropic density. In the light of section 2.2, this
will obviously be an important observation when considering products.

Typically, the eigenvalues of a (square) Ginibre matrix are scattered in the complex
plane due to the non-Hermiticity. More precisely, the number of real eigenvalues is
zero almost surely for complex and quaternionic Ginibre matrices [91, 153|, but given
a real Ginibre matrix then there is non-zero probability that all eigenvalues are real,
however, this probability tends to zero as the matrix dimension increases [63]. Rather
than considering the generally complex eigenvalue spectra of Ginibre matrices, we can
use X to construct other (Hermitian) matrix ensembles. We note that the ensemble of

Gaussian non-Hermitian matrices, X, may be considered as a building block for other
Gaussian ensembles through the following constructions:

Wishart ensemble. The ensembles of positive semi-definite Hermitian matrix constructed
as XTX (B =1,2,4) are known as the Wishart ensembles [197]; their eigenvalues
are identical to the squared singular values of X except for v(M — N) trivial zeros if
M > N. Note that the Wishart ensembles are essentially equivalent to the so-called
chiral Gaussian ensembles [194]. We will return to Wishart matrices and their
product generalisations in chapter 3.

Hermitian Gaussian ensembles. If X = X is a square matrix, then we can construct
ensembles of Hermitian matrices by H := (X + X)/2. These constitute the
Gaussian orthogonal (8 = 1), unitary (8 = 2), and symplectic (8 = 4) ensembles
(GOE, GUE, and GSE). We refer to [153, 78] for an elaborate description.

Elliptic Gaussian ensembles. Let 7 € [—1,+1], if X = Xisa square matrix, then we can
construct an ensemble of matrices with the form:

B 1—|—TX—|—XT+ 1—7X—XT
2 2 2 2

(2.43)

This is the so-called Gaussian elliptic ensemble [179], which reduces to the (square)
Ginibre ensemble for 7 = 0 and to the Hermitian Gaussian ensembles for 7 = 1.
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Here, Wishart ensembles preserve isotropy, while the Hermitian and elliptic Gaussian
ensembles explicitly break the symmetry from a bi-unitary to a (single) unitary invariance,
ie.

H—UHU' and E—UEU' for Ue€U(N,Fp) (2.44)

are still invariant transformations.

Definition 2.9. Let v be a non-negative constant, then the real, complex, and quater-
nionic induced Ginibre ensembles with charge v are defined as matrices distributed
according to the density

PA(X) = % det(XTX)P/27 exp [ - 25

f ZTrXTX (2.45)
Y

on the (square) matrix space FgXN with Fg = R,C,H and v = 1,1,2 for g = 1,2,4.

Here, ZP is a normalisation constant.

Corollary 2.10. The product of independent N x N induced Ginibre matrices, Y, =

X, -+ X1, with non-negative integer charges vy, ...,v, and density
n
Po(Y,) = [H [ X PL0)| 8 X0 = T2 (2.46)
i=17/F5 "

has, up to a number of trivial zeros, the same spectral properties as a product of independent
rectangular Ginibre matrices with dimensions as in proposition 2./.

Proof. Follows from proposition 2.4. O

Remark 2.11. In all following chapters, we restrict our attention to products of induced
Ginibre matrices, but due to corollary 2.10 this incorporates the general structure of
products of rectangular matrices.

Remark 2.12. We have dropped the multi-index on the right hand side of (2.46), since
the induced matrices are statistically isotropic and therefore commute in the weak sense.
Furthermore, we can choose to order the charges 11 < --- < v, without loss of generality.

The relation between the Wishart ensemble and densities of the form (2.45) has
been known for a longer time, but applications in relations to complex spectra are more
recent. The induced Ginibre ensemble as a truncation of a rectangular Ginibre matrix
was first presented in [76], where also the name was coined. Their aim was to describe
statistical properties of evolution operators in quantum mechanical systems. However,
similar structures had appeared prior in the literature. In [2; 3] an induced version of
the elliptic ensemble was studied as a toy-model for quantum chromodynamics at finite
chemical potential. A succeeding model describing the same system [165] had the clear
physical benefit that it could be mapped exactly to the corresponding effective field theory.
In this case the model included the product of two random matrices and the induced
structure appeared (as in our case) because the product of two matrices can be square
even though individual matrices are rectangular. As a consequence of its origin the charge
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v was restricted to the integers, and it represented the topological charge (or winding
number) on the field theoretical side.
We note that the induced density (2.45) equivalently can be written as

1
ff@j:zﬂwpynimex+umgwxﬂ, (2.47)

which illustrates the fact that v represents the charge of a logarithmic singularity at the
origin. Furthermore, the induced density is a special case of the more general class of

ensembles,
1

zﬂm—mmﬁ—gﬁwﬂm} (2.48)
where V' is a confining potential (subject to certain regularity conditions). If we are
interested in the eigenvalues of the Hermitian matrix, XTX, then (2.48) belongs to the
canonical generalisation of the (Hermitian) Gaussian ensembles, which have been studied
in great detail. On the other hand, if we are interested in the complex eigenvalues of X,
then the density (2.48) is of so-called Feinberg—Zee-type [72]. The logarithmic singularity
moves the microscopic neighbourhood of the origin out of the regime of known universality
results.
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Chapter 3
Wishart product matrices

In this chapter, we will consider the statistical properties of the eigenvalues of a product
generalisation of the Wishart ensemble. However, it seems appropriate to briefly recall
the well-known structure of the (standard) Wishart ensemble before we embark on this
description. We emphasise that our intention with this introductory remark is to recollect
some well-known results rather than providing a comprehensive description. A more
thorough account on the Wishart ensemble as well as references to relevant literature can
be found in [78].

For reasons which will become clear when we consider products, we restrict our
discussion to the complex Wishart ensemble. As explained in section 2.3, we say that
XXT is a complex Wishart matrix if X is an N x (N + v) complex random matrix
distributed according to the density

1I\NN+v) f
P(X) = (;) e~ XX, (3.1)

We are interested in properties of the eigenvalues A; (i = 1,..., N) of the matrix X X1, i.e.
the squared singular values of X. The joint probability density function for the eigenvalues

is readily obtained by means of a singular value decomposition (proposition A.11); after
integration over the unitary groups we have the point process

N N-1
1
Pipa(A1, - AN) = T I c-22%  2=]]RE+v), (32
k=1 1<i<j<N k=0

where the eigenvalues \; (i = 1,..., N) are restricted to the positive half-line (the Wishart
matrix is positive definite). This point process may be thought of as log-gas i.e. N
logarithmically repulsive particles trapped by a confining potential V(z) = 2z — vlogx.
Moreover, due to the special form of the eigenvalue repulsion we can study such ensembles

31



using the method of orthogonal polynomials. In fact, the polynomials related to (3.2)
are the well-known Laguerre polynomials (for this reason the Wishart ensemble is often
also referred to as the Wishart—Laguerre or simply Laguerre ensemble). The k-point
correlation function is given by

Rk()\1>~'-7)\k): N k |: H / d)\:| jpdf /\1, ..,)\ ):1<(;1(]3tN[KN()\i,)\j)]
i=k+1 ’

(3.3)

with correlation kernel

N—
Kn(z,y) = ¢ 7" (ay)/? Z k+z/ (3.4)
=0

T4y

e (zy) / LY, (2)LY(y) — Ly (2) L, (v)
I'[N]T[N + v T—y

e Tx¥ dL v
NMHN+4[ Ef)%@)(%é)%ﬂ() (x=y)

(z #y)

Thus, the eigenvalues form a determinantal point process. Here ZZ (z) = (1)KL (2)
denotes the (associated) Laguerre polynomial in monic normalisation. The latter equality
in (3.4) is the celebrated Christoffel-Darboux formula which is a consequence of the
three-step recurrence relation for orthogonal polynomials, see e.g. [184].

We are interested in the asymptotic properties as the matrix dimension, N, tends to
infinity. Typically, we distinguish between two types of scaling regimes: (i) a macroscopic
(or global) regime in which the eigenvalue interspacing decays with N, and (ii) a micro-
scopic (or local) regime in which the eigenvalue interspacing is kept at order unity as N
tends to infinity. Both regimes are important for applications.

Without rescaling, the largest eigenvalue of a typical Wishart matrix is of order
N; this suggests that the appropriate scaling for the macroscopic density (one-point
correlation function) is Rij(NA)/N. One way to get an explicit expression for this
density is to calculate the asymptotic value of the integer-moments and then consider
the corresponding moment problem. If v is kept fixed as N tends to infinity, then the
moments converge to the Catalan numbers and consequently we have (see proposition 3.12
with n = 1)

. 1 1 /4—-2
lim NRl(N$) puvp () =

1 .
N oo 27T 0<z<4, (3 5)

which is a special case of the Marcenko—Pastur density. If v /N — a > 0 for N — oo then
the moments are given as Narayana polynomials in 1 + « and there will be a macroscopic
gap between the the origin and the infimum of the spectrum.

The interest in macroscopic properties is, of course, not restricted to the spectral
density. Macroscopic (smoothed) correlation functions (often referred to as wide correla-
tors) are of great interest as well (partly due to their relation with the variance of linear
statistics, see e.g. [33, 78]). A description of such structures requires different techniques
than those used in the description of the density (e.g. loop equations) and very little is
known for products of matrices, even though wide correlators are well studied within the

32



o o
Q0 | |
B, 2
o =)
= (e
< ! o
< : : @
2 I
0 4
T T T
1k
1 |
2
1 |
2 1 N
4
O ‘ ..~.. ...... | ‘ O ‘ '.~“..... | 0 ‘ | ‘
0 20 40 60 80 0 1 2 3 4 -6 - -2 0 2

Figure 3.1 The upper panel shows the macroscopic density (3.5). The solid curves on lower panels
show from left to right: (i) the microscopic density near the hard edge, pfz) (z) = K551, (@, z),
(ii) the microscopic two-point correlations in the bulk, p? ,, (0,2) = 1 — Kgne(0,7)?, and (iii)
the microscopic density near the hard edge, psoft () = Kairy(z, ). For comparison, the dotted
curves show the density for the smallest eigenvalue [77], the Wigner surmise, and the density for
the largest eigenvalue [189], respectively. Note that, unlike the bulk, the scaling at the hard and
soft edge are traditionally not “unfolded” and, as a consequence, the relevant length scales differ

considerably between the three lower panels.

classical matrix ensembles |23, 49, 32, 125, 60, 114]. For this reason, we will not include
a discussion of wide correlators in this introductory remark; a few comments regarding
this open problem are given in section 3.3.

Instead, let us turn to the microscopic scaling regimes, where we are interested in
correlations on the same scale as the eigenvalue interspacing. A naive use of (3.5) gives
(it is assumed that v is kept fixed for large N)

a/N?
Q) /0 dz Ry(Nz) ~ %\/a, (3.6)

zo+a/N
(ii) / dx Ri(Nzx) =~ pmp(z0) a, (3.7)
0
4 a3/2
(i) / do By (Nz) ~ “, (3.8)
4—a/N2/3 6T

for 29 € (0,4), N > 1 and a denotes a fixed constant. This approximation is too crude
to be used in any actual computations but, nonetheless, it suggests that we have three
different scaling regions: (i) a hard edge (close to the origin) characterised by an inverse
square root divergence of the density, (ii) the bulk of the spectrum, and (iii) a soft edge
(close to the supremum of the spectrum) characterised by a square root decay of the
density. Rigorous results for these three scaling regimes can be obtained using known
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formulae for the asymptotics of Laguerre polynomials [184]. The scaling limit for the
k-point correlation function can for all three regions be written as

. 1 Tl Tk
(Ve TN (e ) = e (K] 6
N (c}‘v)kRk et i et i 1<igek [Kelir )] (39)
where ¢} is an N-dependent constant and K, (z,y) is the limiting correlation kernel.

(i) At the hard edge we set z. = 0 and c§ = (2N)? and the k-point correlation
function (3.9) converges uniformly for x; (i = 1,...,k) in compact subsets of the
positive half-line and the limiting kernel reads

T (@ 2y 20 (g 2) — V2 (a1 2) 0 (5 2)
2(z —y) ’

Kéessel(xay) = (310)

where J,(z) is the Bessel function.

(ii) In the bulk we fix some z, € (0,4) and set ¢jy = Npmp(2«), where pyp(24) denotes
the macroscopic density (3.5) at z,. With this scaling (3.9) converges uniformly for

x; (1 =1,...,k) in compact subsets of the real line and the celebrated sine kernel is

obtained,
sin(x — y)

K = —" 3.11

sine (2, ) (@ —y) ( )

Note that this scaling is independent of the exact value of x, and is in this way
universal.

(iii) At the soft edge we set x. = 4 and ¢}, = (4N)%?>. In this case the limiting kernel

peeomes Ai(x) AT () — AT (2) Ai(y)
i(z) Ai — Ai'(z) Ai
Kpiny(@,y) = : Z, (3.12)

r—=y
where Ai(x) is the Airy function.
For obvious reasons, the three limiting kernels are known as the Bessel, the sine, and the
Airy kernel, respectively. The limiting structures are visualised on figure 3.1.

Two ways of generalising the Wishart ensemble dominate the literature: either the
assumption of i.i.d. entries is taken as fundamental and the Gaussian variables are
replaced with another set of i.i.d. random variables, or the log-gas picture is taken as
fundamental and we consider matrix densities of the form

P(H) = —e~ TV, (3.13)
Z

where Z is a normalisation constant, V(z) is a confining potential and H is a Hermitian
matrix. The former case has the benefit that such matrices are very easy to simulate
numerically, but the assumption of independent entries is not always appropriate for
applications. The latter case has the benefit that it may studied using the method of
orthogonal polynomials; these ensembles are known as trace-class or invariant ensembles
since they are invariant under unitary similarity transformations H + UHU ™! (in the
special case H = XX, the matrix is isotropic in the sense of definition 2.1); this type
of ensembles has a close connection with symmetry classification schemes such as [22].
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One of the interesting features of these generalisations is that the limiting behaviour of
the Wishart matrix discussed above can be re-obtained for these more general classes of
ensembles if certain constraints on either the distribution of the entries or the properties
of the confining potential are imposed; we say that these limiting formulae are universal,
see [131, 68| and references within for precise statements.

Here, we will consider a generalisation of the Wishart matrix constructed by considering
products of independent Gaussian matrices. We note that the entries of such a product
matrix will be strongly correlated even though the entries of the individual factors are
independent. The product generalisation will not belong to the trace-class ensembles
either. Thus, none of the classical universality results apply. It is intriguing to ask: Are
the familiar universality classes valid in the study of product ensembles as well, or do
new universality classes appear? And: Do we have something similar to the method of
orthogonal polynomials valid for the trace-class ensembles?

The chapter is organised as follows: in section 3.1 we describe exact results valid for
finite matrix dimension and a finite number of factors, section 3.2 considers the asymptotic
behaviour as the matrix dimension tends to infinity. In the final section we summarise
known results and discuss some problems which remain open.

3.1 Exact results for Wishart product matrices

Let Y, = X,,--- X1 be a product of independent random matrices, where each X;
(t=1,...,n)is an N x N induced Gaussian matrix, i.e. distributed with respect to the
density (2.45) with charge v; > —1. Then we say that

Y1V, = (X, X)X, - Xy, (3.14)

is a Wishart product matrix and we call the set of all such matrices the Wishart product
ensemble. We are interested in the statistical properties of eigenvalues of such matrices.

Definition 3.1. Let A; (¢ = 1,...,N) denote the eigenvalues of the Wishart product
matrix Y, Y. The joint probability density function for the eigenvalues is defined as

N
ij)df(«’ﬁla CTN) = /d’BYnPB(Yn) H 6( Ak — k), (3.15)
k=1

where P?(Y;,) is the matrix density of the product matrix Y;, = X,, - -- X given in terms
of (2.19) and (2.45) with parameters 0 < v < --- < v,

Remark 3.2. We recall that if the constants v; (i = 1,...,n) which appear in (2.45) are
non-negative integers, then they may be interpreted as incorporating the structure of a
product of rectangular Gaussian random matrices (2.42). Moreover, Wishart product
matrices are statistically isotropic, thus the ordering of the factors is irrelevant; for this
reason we can choose the ordering 11 < --- < v, without loss of generality.

It was realised in [14, 12| that the complex (5 = 2) Wishart product ensemble is
exactly solvable, meaning that we can find explicit expressions for the joint density (3.15)
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as well as any k-point correlations function for arbitrary matrix dimension N and any
number of factors n. Here, we follow [12] and re-obtain the results for the joint probability
density function (section 3.1.1) and the correlation functions in terms of a family of
bi-orthogonal functions (section 3.1.2). We will see in section 3.2.2 that such exact results
allow a study of universal behaviour at the microscopic scale in contrast to previous
results which have been restricted to macroscopic densities.

3.1.1 Joint probability density function

Our first step is to go from a joint density expressed in terms of matrix-valued vari-
ables (3.15) to an expression solely in terms of the eigenvalues, i.e. integrating out all
irrelevant degrees of freedom. We have [12]:

Proposition 3.3. The eigenvalues of the complex Wishart product matriz form a deter-
minantal point process on the positive half-line with joint density

=2 1
leidf (331, ey .’EN) = E H ($j — IL'Z) 1<(i1§2N [wj,l(a:i)], (316)
1<i<j<N =hd=

where Z is a normalisation constant and wj_1(x) (j =1,...,N) is a family of positive

weight functions given by
N-1 n
— ) . — 0 -
Z=N! kl]() k!gf[m +k+1] and wj(x)= G07n<yl e v :c), (3.17)

respectively. Here N and n are positive integers denoting the matrixz dimension and the
number of factors, while the charges 0 < vy < --- < v, are constants.

Proof. The matrix density for complex (5 = 2) Wishart product matrices follows directly
from (2.20) and (2.45). Up to a factor of normalisation, we have

PP=2(Y,)) o (det Y[ Y;,)""

|:H/ (detYTY)VZ Vitl g~ Tr(Y Vi) (YY)~ e—TrYfLYl’ (3.18)
aL( N(C)

where du(Y) = d?Y/(det YY)V is the invariant measure on the group of complex N x N
invertible matrices, GL(V,C). Note that we have dropped the multi-index from (2.20),
since the ordering of the individual matrices is irrelevant for the properties of the product
matrix Y,, due the weak commutation relation.

We are interested in the eigenvalues of the Wishart product matrix (3.14), and we
therefore change variables. We parametrise each matrix ¥; (¢ =1,...,n) in (3.18) using
a singular value decomposition,

Yi = UAY?Y, (3.19)

where A; = diag(X\i1,..., i n) with A;; (j =1,..., N) denoting the eigenvalues of YiTYi,
while U; and V; are unitary matrices. It is known that this change of variables gives (see
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proposition A.11)

N
d\;
du(Y;) = dp(Us)dp(V;) /\N’J I ie—2in)? (3.20)
j=1 7%J 1<k<t<N

with du(U;) and du(V;) denoting the Haar measures on U(N) and U(N)/U(1)V, respec-
tively. For notational simplicity, we also introduce the symbol

) — k=17 _ )
An(A) == et | Rl _Kk]}w(m Aik) (3.21)

for the Vandermonde determinant.
With the above given parametrisation and the explicit expression for the matrix
density (3.18) we may write the joint density (3.15) as

N 0o
k=10
n—1 N S L N
X |:H H/ )\JGJ )\ZiJ,_Vi+1AN(Ai)2/ du(Ui+1)€f’l‘rUAi+1U7 A; :| Hei/\l'a
i=1 j=1"0 i, U(N) P

The remaining unitary integrals are of Harish-Chandra—Itzykson—Zuber type [103, 115]
which allow explicit evaluation

det [e*AiH,k/)\i,e]

_ a1 1<kJ4<N
/qu) (U)o~ TUAUTIAT o AN(Az’+1)AN(A;1) : (3.23)
Using this integration formula (3.23) in the joint density (3.22) yields

N (o]

,Pjiij(xh ce 7xN) X H /(; d)‘n,k(/\n,k)yn‘s(/\n,k - xk>AN(An) (3.24)
k=1

X [ﬁ ﬁ /OO dX; (Aij)i 7Vt det |:e—/\i+1,k/>\i,£:| :| det |:)\k—1€—>\1’€] '

o i "7 1<k <N 1<ko<n 7L

Here the integrals on the second line can be absorbed into a single determinant by
successive use of Andréief’s integration formula |26, 56|, while the integration over A,
(k=1,...,n) may be performed due to the delta function. This yields (3.16) with the
weight functions given as n-fold integrals

n—1
o o d 1\ Vi—V; M\ . —
wy(z) = / dAnA;n[H / A D DY TP W N (3.25)
0 par

hence it only remains to evaluate the integral (3.25) and determine the normalisation.
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We note that after proper normalisation (3.25) can be interpreted as a probability
density for a product of n gamma distributed random scalars (expressed as an (n — 1)-
fold multiplicative convolution on the positive half-line). This problem may be solved
using the Mellin transform and its inverse, see e.g. [182] (similar to the discussion in
section 2.1). Alternatively, we can rewrite the exponentials in (3.25) as Meijer G-functions
and then perform the integrals using (B.24). Either way, we find the Meijer G-function
formulation in (3.17), which essentially means that we have replaced the n-fold integral
with a single contour integral. The normalisation constant Z is found by integrating
out z; (i = 1,...,N) in (3.16), which can be done by applying Anréief’s integration
formula [26, 56] and then performing the integral inside the determinant using (B.21). O

Remark 3.4. The reason we have restricted ourselves to the complex (8 = 2) case is the
explicit use of the Itzykson—Zuber integral (3.23). We have no analogues formulae for
integrals over the orthogonal (5 = 1) and unitary symplectic (8 = 4) group, although
there still exist expressions in terms of Zonal polynomials [100]. One way to circumvent
such difficulties and obtain large-N behaviour could be the use of supersymmetric
techniques [126].

3.1.2 Correlations and bi-orthogonal functions

The point process formed by the eigenvalues of the Wishart product matrix belongs
to a special class of bi-orthogonal ensembles [158, 45] which recently has been coined
polynomial ensembles [133, 132|. Before we continue our study of Wishart product
matrices, let us briefly consider a generic polynomial ensemble of N points on an interval
(a,b) C R with joint density

1
Pipar(t, - an) == [ (@j—2i) det [wja(a)], (3.26)
1<i<j<N =hI=

where {w;_1(x)} is a family of weight functions. It is assumed that (3.26) is a well-defined
probability density, which implies certain constraints on the weight functions, see [132]
for a brief discussion.

Typically, we are interested in different large-N limits, where universal behaviour is
expected. For this reason it is convenient to introduce the k-point correlation function
defined by (see e.g. [153])

ﬁ /a b dmz‘] Pipat(x1, ..., zN). (3.27)

N!
Ri(x1,... o) = (N—k:)'[
“li=k+1

To find an explicit expression for this correlation functions, we might exploit the fact

that the determinants in (3.26) are invariant under permutations of rows or columns.

Suppose we have managed to bi-orthogonalise (3.27), i.e. we have found a family of
(monic) functions

pj(z) — 27 € span(l,...,277 1), (3.28a)

@j(x) —wj(z) € span(wo(x), ..., wj—1(z)), (3.28Db)
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which satisfy the bi-orthogonality relation

b
<pi,g0j> 2:/ da:pi(x)goj(:c) = hZ(SU (329)

where h; (i = 1,2,...) are positive constants. If we construct a kernel,

N—

—_

x
Kn(a,y) = S PE@er) ])f’“(y), (3.30)
k
k=0
then it follows from the bi-orthogonality (3.29) that the kernel satisfies
b b
/ dx Ky(z,z) = N and / du Ky (z,uw)Kn(u,y) = Kn(z,9). (3.31)

Following the same arguments as for orthogonal ensembles shows that the k-point corre-
lation function (3.27) is given by [158, 45|

Ri(x1,...,2) = 1§%3t§k [Kn(;,2;)] (3.32)
with correlation kernel given by (3.30). Note that the correlation kernel is not unique, e.g.
if g(z) is a non-zero function on the relevant domain then the correlation function (3.32)
is unaffected by a gauge transfermation Ky (z,y) — (9(x)/g(y))Kn(x,y).

A major difference between orthogonal and bi-orthogonal ensembles is that orthogonal
polynomials satisfy a three-step recurrence formula (see e.g. [184, 112]), while there is
no guarantee for any recurrence relation for the bi-orthogonal functions. The three-step
recurrence relation is an integral part of several proofs related to orthogonal ensembles,
thus different techniques are sometimes required for bi-orthogonal ensembles. This also
opens the possibility for new universality classes and we will see in section 3.2.2 that new
classes indeed are present at the hard edge.

A useful property of polynomial ensembles (3.26) are that the bi-orthogonal functions
are related to the expectation (with respect to the joint density) of the characteristic
polynomial and its inverse,

Eﬁﬁ&—xg}:mﬂd, 2 eC, (3.33a)

A b on-i(x)
EHI}:/QM, 2eC\[a,b. (3.33D)
palet (z — x;) a z—

Here, the former formula is often referred to as the Heine formula [184] and gives the
bi-orthogonal polynomial of order N, while the latter gives the Cauchy transform of
the other bi-orthogonal function of order N — 1. These formulae follow exactly like in
the case of orthogonal ensembles since the joint density (3.26) contains a Vandermonde
determinant, but they will not generally hold for the larger class of bi-orthogonal ensembles
(clearly the expectation of the characteristic polynomial must yield another polynomial).
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The canonical generalisations of (3.33) to products of characteristic polynomials are valid
as well; again the proofs follow the usual procedure [47, 89, 28, 58|.

The main purpose of this section is to bi-orthogonalise the polynomial ensemble (3.16)
and thereby find an explicit expression for the k-point correlation function of the eigen-
values of a Wishart product matrix. The bi-orthogonal functions and the corresponding
correlation kernel were originally obtained in [14, 12] using a link to a two-matrix model
and the Eynard—Mehta theorem [70]. An alternative, but closely related, derivation of
the same result was given later in [136]. Here, we present a slightly modified version of
the proof from [12].

Proposition 3.5. The complex Wishart product ensemble (3.16) is bi-orthogonalised by

n k+1
i) = DGl o Ly, T, 1) (3342

n _ (_1\k n,1l —k ‘
#i(z) = (=1) Gl (1/1, ey Un, 0 m), (3.34b)
hip =R [T+ ve + 1. (3.34c)

/=1
With parameters as in proposition 5.5.

Proof. In order to find the bi-orthogonal functions, we start by computing the bi-moments
using (B.21),

00 n
MZ,Lj = /0 dl’xlw;z(l‘) :F[i—i—j—l—l/l—{—l]nr[i—l—ljg—l-l]. (3.35)
(=2

Due to the total positivity of the bi-moment matrix, there exists a family of functions (3.28)
which satisfies the bi-orthogonality relation (3.29). Using Cramer’s rule, the bi-orthogonal
functions can be expressed in terms of the bi-moments,

. 1 M.
15 = det M| x* I = — — bl 3.36
pk(‘x) D]:;L_l iZO?..,k |: 2,J 13:| ) ng(.’L') D]:;L_l =0, k1 |:U)Jn($) :|7 ( )
§=0,...k—1 §=0,....k
with
k n
D} = Oggtgk [M7] = z‘l_!)i!él:[lr[i + v+ 1). (3.37)

The squared norms are given by h! = D}/D}?_; which immediately yields (3.34c). It
remains to show that the bi-orthogonal functions (3.36) are equivalent to those in (3.34).

We observe that the last gamma functions in (3.35) only depend on a single index.
For this reason, we may think of their contribution as multiplication by a diagonal matrix
within the determinants in (3.36). We pull this contribution out of the determinant,
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which yields

)

k n .
. r 1
Dy, z_O Hﬁ 9 Ll 4+ vp + 1]
7=0,. k‘ 1
nioy — o o Tl +ve + 1] M
or(z) = D, . ofie,tk @) | (3.38b)
7=0,...,k

The determinants are now related to the n = 1 case, i.e. the ordinary Wishart ensemble.
It is well-known (see e.g. [78|) that the Wishart ensemble may be orthogonalised by means
of Laguerre polynomials, which in monic normalisation reads

Ly (z) = (-1

F ’fﬂkv Tk 1
VeRILY () = Z tut ] (3.39)

iz ) Tlj+wvi+1]j

We can use this fact together with the replacements z° — z'/ [[,_o T'[i + v4 + 1] and
2’ — w(z) to evaluate the determinants in (3.38). We find

Zk: kﬂk! H kvl (3.40a)
= o Tl ve+1] 51 '
_Zk: k+]k'rk+yl+1] i) (3.40D)
= WL+ +1] j!
The polynomial p}(x) is immediately recognized as a hypergeometric function
i =TT ey ) e

or equivalent the Meijer G-function (3.34a), see appendix B. In order to get a compact
expression for the function ¢ (x), we first rewrite the weight function as an integral

°°dy _ — x
wg(x)z/g e (T D), (3.42)

We insert this expression into (3.40b) and use (3.39) to write

g) (3.43)

dila) = (0 [ L yrennp ey (,
. Jooy F 0n=I\usg, .. vy
After rewriting the Laguerre polynomial as a Meijer G-function (B.16), we perform this
integral using (B.24) which yields (3.34b) and concludes the proof. O

Remark 3.6. It was pointed out in [136] that the bi-orthogonal functions (3.34) satisfy
a stronger requirement than bi-orthogonality: they are multiple orthogonal in the sense
of [112, 130]. Multiple orthogonality is useful since it can be used to find recurrence
relations for the functions. However, the same multiple orthogonality has not been
observed for other product ensembles [80, 133, 127] and we will not pursue that direction
in this thesis.
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Corollary 3.7. The k-point correlation function describes a determinantal point pro-
cess (3.32) on the positive half-line with kernel

k+1 n,1 —k
Ky (z,y) ZGl"“( —Vl,...,—l/n’m>G1’n+1<V1,...,Vn,0‘y> (3.44)

with parameters as in proposition 3.5.
Proof. Follows from proposition 3.5 and (3.30). O

For later use, we also reproduce an alternative expression for the kernel originally
given by Kuijlaars and Zhang [136].

Corollary 3.8. The kernel (3.44) can be written as

n,1l
um)G ’ (
1,n+1 vi,..

1
n _ 1,0 N ’
Ky(z,y) = /0 du Gy (0’ v, VmO uy) (3.45)

Proof. The kernel (3.44) has a natural representation as a double contour integral through
the definition of the Meijer G-function (B.12). We have

1 [l cTl=s] 14 Tle—t] =T[k+1+¢
K7 = — dt d
N, y) (2m')2/_1_,-0o fgk s‘ryr[lﬂ Erug+1+s z% Tk+1—s]
(3.46)
where ¥ is a closed contour which encircles 0,...,%k in the negative direction such

that Res > —1 for all s € 3j. Using the recursive property I'[z + 1] = 2I'[z], it is
straightforward to show that

Tlk+t Tk+1+t T+t

st D =5 = Thos  Th-1-4

(3.47)

This identity turns (3.46) into a telescopic sum, hence

1 —l+ioco syt T[— N L+t T —t
Kf(z,y) = 5= / dtjéz gs 2y Tz T + + H lve
k

(271)2 J_1_iso s+t+1T[1+1¢] ezlryg—i-l-i-s
1 14-i00 VE
— g dt s . (3.48
(2mi)? /—l—ioo fzk s+ 75 +1 ﬁl_[1 Clve+1 + 5] (348)

Note that s+t + 1 is non-zero with the above given contours. The integral on the second
line in (3.48) is zero, since Xy, encircles no singularities. In order to re-obtain an expression
in terms of Meijer G-functions, we use that

W—/ldu(uaz)s(u ) (3.49)
s+t+1 Jo v ’

Inserting this into the first line in (3.48) and using the definition of the Meijer G-
function (B.12) completes the proof. O
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3.2 Asymptotic results for Wishart product matrices

3.2.1 Macroscopic density

The macroscopic density for the Wishart product ensemble has been obtained previously

in the literature (without knowledge about the structure presented above) using planar

diagrams, free probability, or probabilistic techniques [157, 52, 36, 29, 171]. In this section

we show that the finite-IV expression is in agreement with these results. In order to do so,

we first calculate the moments and then look at the corresponding moment problem.
We first look at the moment at finite-N originally presented in [12].

Lemma 3.9. Let s be a positive integer, then the s-th moment for the spectral density
(one-point correlation function) reads

> ") s—1 —]+sn D[N +vp—j+ 4]
/deR S|Z < > H i (3.50)

with parameters as in proposition 3.53. The 0-th moment is normalised to N in the present
notation.

Proof. We use the kernel (3.45) in the formula for the one-point correlation function.
Writing the first Meijer G-function as a polynomial, we find

/ dzx R} (x
0

N-1

1)7 1
JUN —J—l'H Uy + 5 + 1]

s+j el
X/o dz x /0 duu G17"+1(y1,,_,,1/n,0‘ux>’ (3.51)

which is continuous in s for s > —v1 — 1. The integrals over the Meijer G-function can be
performed using (B.24) and (B.21). After a reordering of the sum, we obtain

N— n
o0 1 —]—i—s L[N + vy —j+ s
dx R} (x)x® = — 3.52
/0 ! 82:: T[s — j] H T[N + v — J] (3.52)

Jj=0

with integer values of s uniquely determined by the corresponding limits. If s is a positive
integer then the sum terminates for j > s and (3.50) is obtained, while s — 0 yields the
normalisation. O

Definition 3.10. The Fuss—Catalan distribution is defined on the positive half-line
through the density

1 nn—3/2 1 .0, — _n—2 nn
to(x) = Gro moe T ) e
pFC(m) \/ﬁ (TL + 1)n+1/2 n,n( 1 (n + 1)n+1 x) ( )

2
Remark 3.11. The Fuss—Catalan distribution is named after its moments,

_ __n_
n+l’ ntl’' "0 ntl
o0 1 (n+1)s
dx p} 5= 3.54
[ ot = 2 (), (3.51)
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which for integer values are the so-called Fuss—Catalan numbers. From general properties
of the Meijer G-function, we know that (3.53) is an analytical function on the positive
half-line except at = (n + 1)""!/n". Furthermore, we note that the complex contour,
which appears in the definition of the Meijer G-function (3.53), depends on whether z
is larger or smaller than K, := (n + 1)"*!/n". For x > K, the contour encloses no
singularities, thus the Fuss—Catalan distribution has compact support on [0, K,,].

Proposition 3.12. For large matrix dimension, the macroscopic spectral density converges
to the Fuss—Catalan density (3.53), i.e

lim N"'RY(N"z) = pia(x) (3.55)

N—oo

withn and vy (0 =1,...,n) fized.

Proof. First, we will show that the moments of the spectral density converges to the
Fuss—Catalan numbers. It follows from (3.50) that the rescaled moments are

oo
S s—1 —j—I—S L[N +vp—j+s]
/0 deN" "RY(N"x)x an+1 ol Z ( > E T[N + v — j]
(3.56)
for s =1,2,... (the 0-th moment is unity). In order to evaluate the sum, we notice that
s—1 . s—1
S 7t (1) = 0 0, (357)
; J
7=0

which may be seen by taking derivatives of (z — 1)*~! with respect to = and then setting
x = 1. With this in mind, we rewrite the gamma functions in (3.56) as a polynomial in j

and NV,
(n+1)s (n+1)s—k

DIN—j+s| iy TIN+v—j+s]
: o (3.58)
I S

N LN + v — j]

where ay,,, denotes the coefficients. Due to the 1dent1ty (3.57) we may restrict ourselves
to k = s — 1, hence the dominant term is of order N™**! in agreement with the prefactor
n (3.56). Moreover, the coefficient of j*"1N"**1 is equal to the coefficient of the same
quantity in the expansion of (N — j)(®*1$  Inserting this back into (3.56) yields

/OO deN" LRI (N"z)a = — <(” * DS) +O(NY. (3.59)

0 ns+1 s

Thus, the moments converge to the Fuss-Catalan numbers’.

It follows from Stieltjes moment problem and Carleman’s criterion that the Fuss—
Catalan numbers determine a unique probability measure on the positive half-line (see
e.g. [177] for a discussion of the moment problem). The probability density (3.53) is
obtained from the moments by means of an inverse Mellin transform after an expansion
of the gamma functions using the Gauss’ multiplication formula (B.5), see [171] for
details. O

LA. Smith is thanked for help with this proof. mathoverflow.net/questions/201496
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Remark 3.13. A more compact form for the Fuss-Catalan density (3.53) can be obtained
using the Fox H-function,

n _ 71,0 (0’1)7(2_n’n)’ )
phete) =13 (700 ) (3.60
see appendix B for discussion of this function. On the interval of support, an expression for
Fuss—Catalan density in terms elementary function can be obtained through a Plancherel-
Rotach-like parametrisation [101, 160],

2 nfl(

n (sin”“((n + 1)a)> _ sin® asin” " (na) Dcac T 7 (3.61)

PEC sinasin®(na) /  wsin®((n+1)a)’ n+1

where the argument of the density is an increasing function of « in the relevant interval.
It can be verified directly from the Meijer G-function (3.54), or using (3.61), that
near the edges of support the Fuss—Catalan density behave like [84]

" ) T x—n/(n+1)
prc(z) ~ sin (n " 1) - for x\,0, (3.62)
n+1
. 91/3,n—1 \ 3/2 % —x n 4+ 1)+
prc(z) ~ <(n n 1)n+2/3> . for x N (n”) (3.63)

We note that the square root decay near the soft edge is the same as for the Wishart
ensemble (or, more generally, orthogonal ensembles [48, 57]), while the asymptotic
behaviour near the hard edge differs for n > 2. It was conjectured in [14] that the
microscopic correlations at the hard edge would be described by a new universal kernel
indexed by the number of factors n (i.e. different from the Bessel kernel for n > 2), while
the correlations in the bulk and at the soft edge would be described by the sine and Airy
kernel, respectively. For the bulk and the soft edge, this conjecture was proven in [141],
while an explicit expression for the microscopic kernel at the hard edge was obtained
in [136]. A brief discussion will be given in section 3.2.2.

Remark 3.14. Let us compare proposition 3.12 with an earlier result about the one-point
Green function (or resolvent). Recall that the Green function is defined as the Stieltjes
transform of the density,

z—XT

Gol2) = /0 T <1 ) (3.64)

Since we know the density (3.53), we can perform this integral using (B.24) and thereby
write the Green function as a Meijer G-function,

1 2
Gn(2) = ”+1G1,n+1 0, T 7930+ >
“bnl2) = orn3 ntintll g 1 g 1 n—=2
) )

n'rnot

_(n+ 1)”+1>.

znm

(3.65)

On the other hand, it was shown in [52| that the Green function satisfies an algebraic
(trinomial) equation

(2Gn ()" = 2(2Gp(2) — 1), lim 2G,(z) = 1. (3.66)

|z]—o0
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For n < 3 we have an equation of degree four or less which can be solved by standard
means and the solution can be shown to agree with (3.65) after explicit evaluation of
the Meijer G-function. For n > 4 there is no general algebraic solution to (3.66) and
the relation becomes less trivial. In this case, we follow the approach presented in [84]
(see also [92]). Let f(u) and ¢(u) be functions which are analytic in a neighbourhood €2
of v € C and let ¢ be a small parameter so that |[to(u)| < |u — v| for u € Q. Then the
Lagrange reversion formula [196] tells that u = v + t¢(u) has one solution in 2 and that

ts ds— 1
s‘ dvs—1

fw)ev)*. (3.67)

We are interested in the equation g(z)”Jr1 = z(g(2z) — 1) which according to (3.66) should
have a solution g(z) = 2G,(z). Rewriting this equation as g(z) = 1+ 1g(z)""!, we see
that we can use the Lagrange reversion formula by taking v =1, ¢t =1/z, f(g) = ¢g and

©(g9) = g""!. We have
1 1 (n+1)s
= - 3.68
o(2) 52028n8+1< S ) (3.68)

for sufficiently large z. We recognise the Fuss—Catalan numbers, hence

00 00 Ky
- L e = [Tl o e
s=0

1—x/z

which was the statement of (3.66). Here, the sum converges for |z| > K, and the result
is extended to the rest of the domain by analytic continuation.

In the above given description of the macroscopic density, we have restricted ourselves
to the case where the charges v; (i =1,...,n) are kept fixed as N tends to infinity. If we
instead let the charges scale with N so that v;/N — «a; € [0, 00), then we no longer have
an explicit expression for the density for arbitrary n. However, we still have an algebraic
equation for the Green function [52],

L 2G8(z —i—ozg
2Go(z 2G%(z) — 1), lim zG5(z) = 1. 3.70
@I T =6 -0, i 63t (3.70)

For n < 3, it is again a straightforward task to solve this equation and as usual the density
can obtained by
py(x) = — lim Im Gy (x — ie). (3.71)

T e—0t

For the case of general n, an important observation is that there is a macroscopic gap
between the origin and the smallest eigenvalues if and only if all scaled charges are non-zero,
ie. 0 < <--- < ay. This was shown in [12] using a saddle point approximation, but
we will not repeat this derivation here. If 0 =a; = - =ap and 0 < apy1 < -+ <
for 0 < m < mn (i.e. there is no macroscopic gap) then it is seen from (3.70) and (3.71)
that the macroscopic density diverges like =™/ ("+1) for 2 — 0 [52]. This observation is
important if we believe that the microscopic universality class at the hard edge is related
to the rate of divergence of the macroscopic density (see proposition 3.15).

46



3.2.2 Microscopic correlations

As mentioned in the previous section, the results for microscopic correlations were given
by Kuijlaars and Zhang [136] for the hard edge, and by Liu, Wang and Zhang [141] for
the bulk and the soft edge. For completeness we will recall their results. For the hard
edge we prove a slight generalisation of the original result, while the reader is referred to
the original paper for proofs of the microscopic limits in the bulk and at the soft edge.

Proposition 3.15 (Hard edge). Let n > m > 1 and v; for i = 1,...,m be fized
and let v; = a;N + O(1) with a; > 0 fized for i = m +1,...,n. With (cy)™! =
Qg1 an N ™1 we have

y m,V
li —K”( 7) —K 72
Ngréo CN CN CN Meuer(x y) (3 7 )

uniformly for x and y in compact subsets of the positive half-line, where

1
m,v 1,0 m,0 -
KMelJer(w y) = /0 du Gy (O, —UVl, ..o —VUm ‘ u:v) Gomt1 (1/1, e Um, 0 ‘ uy) (3.73)

Proof. We follow the same steps as in [136] and take expression (3.45) for the correlation
kernel as our starting point. Writing the kernel as its double contour integral representation,
we have

x 1+ico u
() = g [ [T e () (%)
I'[—s] T[N+1+ ]H [F[l/g—t]
r

“Tll+4 T[N—3 trits O

(=1

with ¥ as in (3.36). In order to evaluate the large-N limit, we need to look at the
asymptotic behaviour of the fractions of gamma functions in the second line in (3.74).
We know that (see appendix B)

ClaN + a)

e (aN)* (1 4+ O(N 1Y) (3.75)

for complex constants a and b, and o > 0. We recall that v; = O(1) for i < m and
v; = ;N + O(1) for i > m, thus

T[N +t+1] ﬁ F[F[w—t} — (en) (1 + O(NY). (3.76)

I[N — 5] Bttt v + s+ 1]

Using this asymptotic formula in (3.74), we get

Ly (2 /d/Hm /ds(a:)( )t
CN N cN’ cN 2m b 1—ico b u

F[_S] e F[l/g —t] 7
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where we have modified the contour of the s-integral such that it begins and ends at
400 and encircles the positive half-line in the negative direction without crossing the
other contour. An interchange of the large-/N limit and the integrals is justified by the
dominated convergence theorem. Finally, the expression (3.73) is obtained by rewriting
the contour integrals as Meijer G-functions using (B.12). O

Remark 3.16. The hard edge scaling limit requires that at least one charge is independent
of N. In the light of remark 3.14, the reason for this requirement is quite obvious: If all
charges scale with N, i.e. v;/N — a; > 0 for all 7, then there will be a macroscopic gap
between the origin and the smallest eigenvalues, thus the spectrum has no hard edge.
Furthermore, we note that the microscopic correlations are classified according to the
divergence of the macroscopic density near the origin through the integer m. In the
special case where m = 1 and the density diverges like an inverse square root, the Meijer
G-kernel agrees with the Bessel kernel (3.10) as expected. Explicitly, we have

(3= g, (a2, i) = (L) Koeale). 379

X

Recall that the prefactor (y/z)"/? does not affect the correlations.

Remark 3.17. We note that the hard edge scaling relation (propostion 3.15) incorporates
the reduction formula for m > 2,

3 ) _17

lim Z/mKMeuer(umx, UmYy) = Kﬁeije;j(x,y), (3.79)

given in [11]. This may also be seen starting from the Meijer G-kernel, we have

1+i00
U KN (Um@, Umy) 2772 / du/ /ds(vmua:) (Vmuy)?

1—io0
m—1
[[—s] Iye — t]
. (3.80
“T+4r Vm+1+s g T tits 80
Using (B.7) it follows that
T —t Cef _
v I _ v S 1+ O(NTY) for Vi — 00. (3.81)

Clvm+1+s] ™

Inserting this into (3.80) and interchanging the limit and the integration (justified by
the dominated converge theorem), we find the reduction formula (3.79). This reduction
of the Meijer G-kernel may be thought of as a consequence of the change of the rate of
divergence of the macroscopic density at the hard edge for v, — oo, see remark 3.14.

For completeness, let us recall (without proof) the scaling limits for the bulk and the
soft edge obtained by Liu, Wang and Zhang [141]:

48



Proposition 3.18 (Bulk). Let n andv; > —1 (i=1,...,n) be fized. Given a point xo €
(0, (n + 1)"*1 /n™) in the bulk with spectral density po == pjc(zo) (cf. proposition 3.12),
then

N™\*
i () (0 ) et ) =t )] 53
Ngnoo <p0N> R To+o N [)N o+ ON 153%16[ (J} xj)] <38 )

uniformly for x and y belonging to any compact subset of the real line, where Kgine(x,y)
denotes the sine kernel (3.11).

Proposition 3.19 (Soft edge). Let

1 n+1
Ty = (n—i_nn) and

= <(”+1)n+2/3>3/2, (3.83)

91/3,n—1

i.e. x4 15 the location of the soft edge, while ¢, should be compared with the prefactor
n (3.63). Withn and v; > =1 (i=1,...,n) fized, we have

n Nk
lim < ol 2) RZ(N”(Z,*+L2),7NH<$*+ o 2))2 det [KAiry(xiaxj)]
N—oo (C*N)g (C*N)§ (C*N)g 1<i,5<k
(3.84)
uniformly for x and y belonging to any compact subset of the real line, where Kairy(x,y)
is the Airy kernel (3.12).

3.3 Summary, discussion and open problems

We have seen that it is possible to obtain exact expressions for the statistical properties
of the singular values of a product constructed from an arbitrary number of independent
Gaussian matrices with arbitrary size (proposition 3.3 and 3.5). However, the “real”
difference between the joint density from proposition 3.3 and the familiar Wishart—
Laguerre ensemble (3.2) is to some extent hidden within the Meijer G-function expression
for the weight functions. In order to get a better understanding of this difference, it is
illustrative to introduce an approximation of the Meijer G-function. It follows from (B.27)
that the joint density (3.16) may be approximated by

N
/" (T n
def( "1, ..., N"zy)N™ ~ H ~nNa, +1 —n)/n H (xj—xi)(xl./ —x.l/n)

J 7 7
1<i<j<N
(3.85)
or with a change of variables
15 ~
Pdef (Nz)™,...,(Nzy)" H nN"a "~ < [[e ™y [ (25— =)@} —af)
k=1 1<i<j<N
(3.86)

where Z is a normalisation constant and 7 = v; + - - - + v, is the cumulative charge. These
approximations give a more useful intuition about how matrix multiplication changes the
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repulsion between eigenvalues. Note that joint densities with this structure are not new,
they belong to a special type of polynomial ensembles, which were originally suggested
as an approximate description for transport properties in disordered wires in [158]|. The
n = 2 case of (3.86) has also been linked to the dilute phase model, O(—2), on a random
lattice [71, 69] and to systems of disordered bosons [144].

A naive comparison of the joint density (3.85) with the scaling limits from section 3.2
suggests that the macroscopic spectral density as well as the microscopic correlations in
the bulk and at the soft edge should agree with those of the Wishart product ensemble. In
fact, this naive guess for the limiting behavior is confirmed by rigorous computations |84,
87, 202]. The approximation (3.85) breaks down at the hard edge, thus we do not expect
to find the same scaling in this limit (this is immediately confirmed by noticing that
the charges vy, ...,v, do not appear individually but only in the cumulative charge
7). However, the macroscopic density still has the same rate of divergence at the hard
edge and we might guess that (albeit different) the microscopic correlations will belong
to the same class of correlation functions. Again this intuition is confirmed by actual
computations; it was shown in [45, 133] that the hard edge scaling limit for (3.85) gives
rise to a correlation kernel

KI(L/IZIJer(x y) / dUGO n+1 <0 _191 _ . ~

_Un

uz:) Gy 2+1 ( P ) uy) (3.87)

with T4
L R L S E (3.88)
n

This reappearance of the Meijer G-kernel is important, since it suggests universality.
In addition to the two examples mentioned above, the Meijer G-kernel has recently
been observed in several other product ensembles [80, 133, 127, 11] and multi-matrix
models [41, 42, 40, 83| confirming that a much stronger underlying universality principle
is at play; similar to that of the Bessel kernel [10, 121, 134, 135, 143, 35, 186]. Perhaps,
the simplest starting point for a study of such universality would be to consider ensembles
of the form

N
n 1
Phhas(1, - 2n) = - H I G-z -2, (3.89)

1<i<j<N

where V(z) is a real analytic confining potential and € is a rational constant. However, it
should be mentioned that in all the known product ensembles the charges v, ..., v, which
appear in the Meijer G-kernel (3.73) have a natural interpretation as incooperating a rect-
angular structure of the product due to the general reduction procedure (proposition 2.4),
such structure cannot, by construction, be included in (3.89).

It is, of course, also highly desirable to find more physical models which belong to this
new hard edge universality class. One could hope that links to physical models can be
established through the corresponding non-linear sigma models but, so far, little progress
has been made in this direction. The structure of the Meijer G-kernel is visualised in
figure 3.2. We note that the amplitude of the oscillations in the microscopic density near
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Figure 3.2 The figure shows the microscopic density as described by the Meijer G-kernel,
Prag(@) = Kf/fe”ijer(a x), with vy = - -+ = 1, = 0. The left panel shows the density for n = 1,2, 4, 8;
for comparison between densities, we have unfolded the densities such that they all tend to unity
as their argument tends to infinity. The right panels the n = 8 case with numerical data from an

ensemble of 10000 realisations of a product of 8 independent 100 x 100 complex Ginibre matrices.

the hard edge appears to increase with the index n (i.e. the number of matrices). We
will return to large-n limits in chapter 5.

Let us leave the microscopic regimes for now, and turn to macroscopic properties
instead. The explicit expression for the macroscopic spectral density of Wishart prod-
uct ensemble as a Meijer G-function (3.53) together with the powerful integration for-
mula (B.24), immediately allow us calculate explicit formulae for many important types of
linear statistics. For example, an interesting quantity in wireless telecommunication is the
input-output mutual information for a MIMO communication channel with progressive
scattering (see section (1.1)) given by

Ky
L) = [ de (o) og(1 4 70) (3.90)

which gives an upper bound for the spectral efficiency. Here, v denotes the signal-to-noise
ratio and integration gives

1 n+1 _1ni0 2 n 11
7, = — G n+l’ nt1’ NSRS

The simplicity of this macroscopic formula is illustrated by comparing with the formulae
valid for finite matrix dimensions given in |12, 14]. We note that universality results
such as [96] do not apply to this model since the assumptions of i.i.d. entries and their
Gaussian distribution go hand-in-hand within the Rayleigh fading regime, while leaving
this regime results in violation of both (note that in the noise free channel the Gaussian
matrices should be replaced by unitary matrices). Nonetheless, the n = 1 case is known
to be in good agreement with experimental data for strongly scattering environments
with no line-of-sight between the transmitter and receiver; this agreement is expected to
extend to communication channels with progressive scattering described by the n > 2
cases.

(n—l—l)”“ry)‘ (3.91)

nn
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Figure 3.3 The top left panel and the top right panel compare the macroscopic densities
forn =4 with a; = -+ = a4 = 0 (left) and ay = --- = a4 = 1 (right) with numerical data
generated from an ensemble of 1000 realisations of a product of four independent 100 x 100
complex Ginibre matrices and a product of one 100 x 200 and three 200 x 200 complex Ginibre
matrices, respectively. The bottom left panel shows the two same analytic curves on a double
logarithmic scale which illustrates that the a; = --- = a4 = 1 case has a macroscopic gap between
the origin and the eigenvalue spectrum even though this gap is too small to be visible on the
top right panel. The bottom right panel shows mutual information (3.91) for n =1,2,4,8 as a
function of the signal-to-noise ratio measured in decibel.

We would, of course, also like to know the structure of higher point correlations, i.e.
the wide correlators. The wide correlators for product ensembles are expected to differ
from the known universality results of the trace-class ensembles, since the eigenvalue
repulsion is not purely logarithmic. This conjecture is supported by a heuristic argument
originally given in |31, 32].

Consider a point process of N particles with partition function,

N
1

Pipat(21, ..., oN) = 2 eXP [ - N E Vixg) + E U(a:j,xi)} , (3.92)
v k=1 1<i<j<N

where Zy denotes the potential dependent normalisation constant and the exponent
is interpreted as a Hamiltonian for the N particles located at x1,...,xy subject to a
confining potential V' (z) and pair interaction U(z,y). If the pair interaction is given by
U(x,y) = log(x —y) + log(x? — y?) then (3.92) corresponds to (3.89) and if # = 1 this
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reduces to a trace-class ensemble in which case universality is known. In the following we
consider U(x,y) as a generic (repulsive) interaction.

Leaving the large-N limit implicit, the macroscopic density and the connected two-
point correlator are given by

pv(z) =E [Z 5(xi — m)] (3.93)

pconn(mv y) = E[Z 5(ml - :L')(S(SC] - y)] - PV(J?)PV(y)a (394)
i#]

where the averages are taken according to the partition function (3.92). The subscript V/
indicates that the density has a non-universal dependence on the potential. We recall
that the macroscopic density, py (z), with compact support on a single interval [a, 8] is
such that it minimises the energy functional

b b b
Bl = [ depe@V@) =5 [ doov@) [ dortiUey.  639)

Or stated differently, the density satisfies the macroscopic balance equation,

b b
Viy) = / dz py (x)U(x,y) + const., / dz py(x) =1, (3.96)

and therefore responds linearly to changes in the potential.

The idea presented in |31, 32] is to consider the functional derivative with respect to
the potential of density (3.93) and balance equation (3.96). Under the assumption that
the macroscopic density vanishes at non-fixed (i.e. soft) edges, this yields

) — promn(.9) + (@)l ) (.97
b !
Sz —y) = /a dz’ 56’50;5?/))(](%/7:6) (3.98)

Combining these two equations gives

peonn(@,y) = U™ (y, x) — pv (2)d(z — y), (3.99)

where the inverse pair interaction is defined through the integral equation

b
/ do’ U=y, &)U (' ) = 6(x — y). (3.100)

This heuristic argument shows that the potential V(x) is expected to only influence the
connected two-point correlation function (3.94) through the boundary of support, a and
b (i.e. the correlation function is universal). On the other hand, the correlations will
dependent on the eigenvalue repulsion and, thus, differ from the classical universality
results when the repulsion is not purely logarithmic. Due to the approximation (3.85) we
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additionally expect that the Wishart product ensemble gives rise to the same universality
classes as (3.89).

It remains an intriguing (but challenging) problem to find explicit expressions for the
wide correlator in the case of product ensembles. In [80], it was argued that the wide
correlator on the semi-infinite interval (0, co) for a product of two matrices is

11+ (z/y)'3 + (y/x)'/?
- 6m2 (x —y)? '

n=2

Peonn (T, Y) =

(3.101)

We note that this expression (as expected) differs from the same result the for trace-class
ensembles,

L (/)" + (y/x)'?
~Ar? (w—y)?
Formula (3.101) was obtained using asymptotics of the Meijer G-kernel (similar to an
approach previously applied to the Bessel kernel [30]), but it is non-trivial to extend this
formula to products of more matrices. Moreover, the general expression for arbitrary
boundary conditions a and b is still completely unknown even for two matrices.

One reason for the interest in the connected two-point wide correlator is its relation to
the variance of linear statistics. If F' =), f(x;) is linear statistic (e.g. f(x) = logy(1+~x)
for the mutual information) then it follows

n=1

pconn(xa y) =

(3.102)

b b
var F = / da / dy £(2) (W) peomn (@, 9) + pv(@)6(z —y)];  (3.103)

assuming that the right hand side is well-defined. The linear statistics for a product of
two matrices was studied in [97], but the direct link to (3.101) is not completely obvious.

Finally, let us mention that it is also interesting to consider matrix products in the
limit where the number of factors tends to infinity, but we will return to this question in
chapter 5.
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Chapter 4
Eigenvalues of Gaussian product matrices

This chapter is devoted to the study of complex eigenvalues of products of independent
random matrices. Unlike the description of the Wishart product ensemble given chapter 3,
we will not be limited by the use of the Itzykson—Zuber—Harish-Chandra formula and
we can therefore consider all three standard classes: real (§ = 1), complex (8 = 2), and
quaternionic (8 = 4) matrices. As in the previous chapter, our focus will be on products
of independent induced Ginibre matrices.

Let us briefly recall the known structure of the eigenvalues of induced Ginibre matrices.
Details for the Ginibre ensembles can be found in |91, 154, 119, 140, 61, 120, 86, 178, 180,
46]; while the relevant structures for the product ensembles will be given in the three
proceeding sections.

For N x N complex ( = 2) and quaternionic (5 = 4) matrices distributed accord-
ing to the density given in definition 2.9, we readily obtain the joint density for the
eigenvalues 91|,

N
_ 1 2
Pt (212 28) = 5= [[l™e7=0 T Joe =2, (4.1)
j=1 1<k<(<N

N
_ 1 2
=4 _ .
Plat(z1,...2n) = Z=1 [Tzl ez — 212 T 1 — 2eflen — 2P, (42)
j=1 1<k<(<N

using the Schur decomposition (proposition A.16 and A.17, respectively) and integrating
out irrelevant degrees of freedom. Here, Z? are normalisation constants, v is a non-
negative integer, and z; (i = 1,..., N) are the eigenvalues (in the quaternionic case the
eigenvalues come in complex conjugate pairs and z1, ..., zy are chosen to belong to the
complex upper half-plane, cf. appendix A). The real (8 = 1) induced Ginibre ensemble
is more complicated since the eigenvalues come in a combination of real and complex
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Figure 4.1 Scatter plots of the complex eigenvalues of 50 x 50 real (left panel), complex (center
panel), and quaternionic Ginibre matrices generated from an ensemble of 50 (real and complex
case) and 25 (quaternionic case) matrices. Note that the apparent poisson-like clustering is due
to the ensemble average.

conjugate pairs. Assuming that the matrix has K real eigenvalues denoted by x1, ..., 2k
and 2L complex eigenvalues denoted by 21, 27,..., 21, 27, then the joint density for the
eigenvalues can be written as [140, 61]

1
1,K ;
Pidf (T1,. TR, 21,0y 20) = F H $Z|HH|JJ]—21’ H|x |“e /2

1<i<j<K j=1li=1

2i — 2¥ .
< I 12— 21z — 2 QH )| exfe [ﬁ] D2 (43)

1<i<j<L

Again the joint density is obtained using the Schur decomposition (proposition A.18) and
integrating out irrelevant degrees of freedom; the error function appears since the real
Schur decomposition is incomplete for L > 1 (see appendix A). Here, Zﬁzl is chosen
such that integration over the eigenvalues gives the probability that there are K real
eigenvalues, hence the sum over K =0,..., N is normalised to unity.

After rescaling by N, the macroscopic spectrum for all three Ginibre ensembles is
uniformly distributed within a disk if the charge v is kept fixed as N tends to infinity
and uniformly distributed within an annulus if v/N — « > 0 for N — oo [76]; this is
equivalent to the behaviour of the macroscopic gap between the origin and the infimum
of the real spectrum of the Wishart ensemble. In the Ginibre case (v = 0) the uniform
distribution is a special case of the circular law, see [44] for a review. It is worth noting
that the authors of [76] also provided a method for generating induced Ginibre matrices
with integer charge v from an N x (N + v) rectangular matrix with i.i.d. Gaussian entries
(also numerically!).

The uniform density of the macroscopic spectrum within the entire region of support
does not extend to microscopic structures. As indicated by figure 4.1 the real and
quaternionic Ginibre ensembles assign special behaviour to the neighbourhood of the
real axis due to the complex pairing of eigenvalues. Special structure is also assigned to
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the origin, since we are considering induced ensembles. In the complex case, the joint
density (4.1) may be interpreted as a two-dimensional log-gas trapped by a potential
V(|z]) = |2|* — v1og|z|* and the special structure near the origin is due to the logarithmic
singularity (the singularity takes us out of the universality regime considered in [38]).
Similar interpretations can be given to the real and quaternionic ensembles.

Let us recall the three microscopic scaling limits for the complex (8 = 2) induced
Ginibre ensemble: the bulk, the origin, and the edge. The real and quaternionic Ginibre
ensembles are Pfaffian rather than determinantal point processes and have additional
scaling regimes near the real axis but we will not repeat these structures here, see [119, 46|
and references within. The joint density (4.1) describes a determinantal point process
with k-point correlation function given by

Rk(zl, ey Zk) = lgdi.’ejtgk [KN(ZI', Zj)], (4.4)
) ) N—-1
K _ lup|e /2?2
N(U,’U) ”LL’U| € i 7TFV+]€+ ]

The simple structure of the finite-/V correlation function enables us to perform the scaling
explicitly in all three regions. The macroscopic density is uniform in the region of the
support and the microscopic scaling is

Jim W&(M (z* i),...,N% (z* + ;’2)) = dot [Ki(mz)],  (45)

2

where K, (u,v) is the limiting kernel. Assuming v is kept fixed, the limiting kernel reads

Kiui(u,v) = —e 1 /2olof 24" (4.6)
™
for 0 < |z4| < 1. This is the well-known universal microscopic correlation kernel in the
bulk. If we look at microscopic correlations close to either the origin (z. = 0) or the edge
(|z«| = 1) then there will be a correction term to (4.6) given by

Korigin(u, v) 1 VF[V, uv*] and Kedge(u, v) _ erfc [\/i(zv* + uz*)]

- . (47
Kbulk (u, 1)) F[I/ + 1] Kbulk(u, U) 2 ( )

respectively. Here, I'[v, 2] is the incomplete gamma function and erfc|z] is the complemen-
tary error function. We note that for v = 0, we have Koigin(t,v) = Kpuk(u,v) which
is the well known result from the Ginibre ensemble. It should be mentioned that the
microscopic correlations in the bulk and at the edge are known to be universal in the
sense of [187]. The microscopic correlations at the origin for v # 0 have previously been
studied in [2]. It is also of physical relevance since it may be linked to the microscopic
density of the QCD baryon number Dirac operator (see [110]) in a sector with non-zero
topological charge v.
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With the structure of a single induced Ginibre matrix in mind, we turn to products of
such matrices. Contrary to our description of the Wishart product ensembles (chapter 3)
where we took the density presentation (2.20) as a starting point, we will start from the
representation (2.19). Using the density for induced Ginibre matrices (2.45) in (2.19)
gives

n
1 _B Ty
PP(Y,) = [H 5 [ EX det(X] XD E TN S Xy - Y, (48)

Ll 70 JpNxN

=1 1 B
with vq,..., v, denoting non-negative integers and v = 1,1,2 for 8§ = 1,2,4. The joint
density for the eigenvalues is obtained by integrating out all irrelevant degrees of freedom,
ie. if \; (i =1,...,N) denote the eigenvalues of the matrix Y, distributed with respect
to (4.8), then the joint probability density function for the eigenvalues is given by

N
Piai(z1s - 2n) = /F o PP (Y) T 60 = 2n), (4.9)
B k=1

with Fg—124 =R,C,Hand n, N and v; (i = 1,...,n) as above. Recall that the constants
v; (i =1,...,n) which appear in (2.45) may be interpreted as incorporating the structure
of a product of rectangular Gaussian random matrices (2.42). Moreover, the induced
Ginibre matrices are statistically isotropic, thus the ordering of the factors is irrelevant
and we may again choose the ordering v; < --- < v, without loss of generality.

The rest of this chapter is organised such that section 4.1, 4.2, and 4.3 deals with
complex, quaternionic, and real matrices, respectively. A summary and a discussion of
open problems will be provided in section 4.4. It should be mentioned that some results
for the special case of a product of fwo random matrices pre-date the more general results
presented in the rest of this chapter. A product of two Ginibre matrices appears as
a certain limit in a model of QCD at finite baryon chemical potential [165, 4, 17, 18]
(see [5] for a review) and was also considered in [122]. Similarly, the so-called spherical
ensembles [129, 85, 152] are given as a product of a Ginibre and an inverse Ginibre
matrix; such ensembles arise when considering a random matrix version of the generalised
eigenvalue problem, or matrix pencil [94].

4.1 Products of complex Ginibre matrices

First, let us consider the simplest case: products of complex induced Ginibre matrices.
The case of square complex Ginibre matrices (i.e. with all charges v; equal to zero)
was originally solved by Akemann and Burda [7]. The generalisation to rectangular or
induced matrices can be found in |1, 109]. The first step is to find the joint density for
the eigenvalues.

Proposition 4.1. The eigenvalues of a product of n independent N x N induced Ginibre

matrices with charges vy,...,v, form a point process on the complex plane with joint
density
1 N
=2 —9 5
k=1 1<i<j<N
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where Z°=2 is a normalisation constant and w7€:2(z) s a weight function given by

N n
zZP8=2 — NIV H H Clve+ k| and w,ﬁl:Q(z) = Gg:g
k=1¢=1

|z|2>, (4.11)

(Vl,..‘,l/n

respectively.

Proof. In order to find the joint density for the eigenvalues, we need to change variables.
Here, we use a generalised complex Schur decomposition (proposition A.23) to write

X, = Ul(Al + T%)Uifh 1=1,...,n, (412)

where each U; denotes a unitary matrix (U := U,), each T € CNW=1/2 is a strictly
upper-triangular complex matrix, and A; = diag(Ai1,..., A n) with A;; € C for all
j=1,...,N. With this parametrisation the eigenvalues of the product matrix Y,, are
given by Aj = A jAaj--- A (j=1,...,N) but \;; is (generally) not an eigenvalue of
X;. From proposition A.23, we know that

n n N
[[exe= I = AP dn@)dTe [T Aok (4.13)
=1 1<i<j<N =1 k=1

where du(Uy) := U, *dUy is the Haar measure on U(N)/U (1), d?T, is the flat measure
on the space of all strictly upper-triangular complex matrices, and d2Ag7k is the flat
measure on the complex plane.

We use this parametrisation in (4.9). The integration over U; and T; (i = 1,...,n)
decouples and contributes only to the normalisation. It follows that the joint density
is (4.10) with a weight given as an n-fold integral,

n

_ 1
wp=2(z) = ”[H W/Cd%gwﬁ”fe—l&l? An- A —2). (4.14)
/=1

After a normalisation, this weight function may be interpreted as the density of a product
of complex-valued random scalars. Using the Mellin transform procedure presented
in section 2.1 we find the Meijer G-function formulation of the weight function given
in (4.11).

It remains to determine the normalisation, which we do by integrating out the variables
in (4.10). Using Andréief’s integration formula [26, 56] we find

2Z8=2 _ NI 1<%%t<N [/ d22w5:2(2)zk—1z*4—1 ’ (4.15)
—_"1 = C

The integral within the determinant is zero if k # £, while the k = £ case can be performed
using (B.21). This determines the normalisation and completes the proof. O
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4.1.1 Correlations for finite size matrices

Before we look at the correlations of the product ensemble (4.10), we recall a few general
properties of orthogonal ensembles in the complex plane. Let us consider an ensemble of
N points in the complex plane with joint probability density function

N
1
Pipar(21, - 28) = & [Twe) I 1z - =l (4.16)
k=1 1<i<j<N

Here Z is a normalisation constant and w(z) is a positive weight function such that
/d%w(z)\zﬁ’“ <oo, k=0,1,...,N—1. (4.17)
C

Note that we do not require that all moments are finite, since this would prohibit the
study of product ensembles which contain inverse matrices [129, 1, 11].
We are interested in the k-point correlation function defined by

ﬂ /CdQZz} Pipar(z1;s- - -5 2N)- (4.18)

N!
Ri(z21,. ..y 21) 1= (N—k)'[
" lhi=k41

Suppose that we have managed to orthogonalise (4.16), i.e. we have found a family
of monic polynomials, py(z) = zF + O(2*~1), with real coefficients, which satisfy the
orthogonality relation

(pi,pj) = /CdQ,z w(2) pi(2)pj(2") = hidij, i,j=1,2,...,N —1, (4.19)

where h; are the squared norms. We construct the kernel

Kn(z,y) = w(z) i pk(z);ik(y*)v (4.20)
k=0

which due the orthogonality relation (4.19) satisfies
/ d’2Kn(z,2) =N and / d?z Kn(z,2)Kn(2,y) = Kn(z,y). (4.21)
C C

It follows from general considerations (see e.g. [153]) that the joint density (4.16) describes
a determinantal point process

Rk(zl, ey Zk) = 1<dztejt<k [KN(ZI', ZJ)] (4.22)

with correlation kernel given by (4.20). In particular, the one-point correlation function
(spectral density) is given by
R} (z) = Kn(z,2). (4.23)
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As for determinantal point processes on the real line, the correlation kernel is not unique,
e.g. if g(x,z*) is a non-zero function on the relevant domain, then the correlation func-
tion (4.22) is unaffected by a gauge transformation Ky (x,y) — (g(x,2*)/g(y, v*)) Kn(z,y).
In fact, our definition of the correlation kernel (4.20) differs from the more conventional
choice

N-1 .
Ky(a,y) = Vol Y O (4.24)
k=0

by a gauge transformation y/w(x)/w(y). The reason we define the correlation kernel
by (4.20) rather than by (4.24) is that we will deal with weight functions defined by
a contour integral in the complex plane rather than an exponential of a potential; the
square root in (4.24) would force us to do certain computations on the level of correlation
functions rather than directly for the kernel.

Similar to the description of real eigenvalues in section 3.1.2; a useful property of the
ensemble (4.16) is that the orthogonal polynomial is related to the expectation (with
respect to the joint density) of the characteristic polynomial,

N
E [H(z — zi)} =pn(z), zeC. (4.25)
i=1

Extensions to products and ratios of characteristic polynomials exist as well 21, 19]; all of
which follows using standard identities of Vandermonde determinants in complete analogy
to the real eigenvalue case. The complex Heine formula (4.25) is in general quite useful
when searching for orthogonal polynomials, but the description given below turns out to
be even simpler since the symmetry of our weight functions implies that the orthogonal
polynomials must be monomials. We have the following well-known lemma:

Lemma 4.2. Given a point process on the complex plane, C, with joint density (4.16)
and weight function such that w(z) = w(|z|), then the corresponding monic orthogonal
polynomials are the monomials, z and z*.

Proof. The fact that the monic orthogonal polynomials are the monomials, z and z*,
follows immediately from the orthogonality relation

+m .
/ doe!F=00 = 27 5,,. kL e, (4.26)
after a change to polar coordinates, since the weight function is independent of the
complex phase. O

Due to the explicit form of the joint density of the eigenvalues for the product
ensemble under consideration (proposition 4.1) the correlation kernel follows as a simple
corollary |7, 1, 109].

Corollary 4.3. The joint density (4.10) describes a determinantal point process on the
complex plane with kernel

N-1 *\k
N(mvy) 0,n Vly..o Up ’.’E’ kZ:O TFH?:1P[VE+I€+1] ( )
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with parameters as in proposition 4.1.

Proof. The correlation kernel is given by (4.20) with weight (4.11). It follows from
lemma 4.2 that the orthogonal polynomials are the monomials, thus the squared norms

are
n

k_/d2 B=2(, H [ve + k +1]. (4.28)

Here the last equality follows from (B.21). O

Yet another interesting property (originally observed for Ginibre matrices in [128, 175])
follows directly from the symmetry of the weight function.

Proposition 4.4. Given a determinantal point process on the complex plane (4.16) with
weight function such that w(z) = w(|z|), then

N 2j—1
. . 1 9t 12 ,
H dby Ty, Pjpdf(rlelel, . ,rNeZHN) = — per [an(m} (4.29)
N!i<ij<n hj—1
withr; € Ry (i=1,...,k), ‘per’ denotes a permanent, and the squared norms are given
by
_ 2 2j
hi = /Cd zw(z)|z|™. (4.30)

Proof. Our starting point is the joint density (4.16). Expanding the Vandermonde
determinants gives

N iy

10 10
rll/—wdejrjpjpdf(rle 1 ,rNetN) = ZH/ dfjrjw
J:

X Z sign o signw H rg(k)_1ei("(k)_1)‘9’“r?(g)_le_i("(z)_l)af. (4.31)
o,wESN k=1

It is trivial to perform the integrals using (4.26), since the weight function is independent
of the complex phases. Exploiting that Z = N! HN:_Ol hj, we write

o(i)—1

N K
. 9 .
H / A0 i, Pipar(rie® ... rye®) = = Z H mr wn(n) (4.32)
k=1""T N sESy i=1 hoi)-
- -
Here the right hand side is recognised as a permanent. O

Remark 4.5. We note that the permanental structure (4.29) is simpler than those
which appear in the statistical description of interacting bosonic systems. In fact, the
joint density (4.29) corresponds to the symmetrised density for N independent random
variables 7, (k =1,..., N) with densities

27Tr,zk 1 w(rk)

b
hy—1

The normalisation of the densities, fj, is ensured by (4.19).

Fulry) = k=1,...,N. (4.33)
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Remark 4.6. The permanental structure (4.29) is useful when considering quantities
which only depend on the radial structure, such as hole or overcrowding probabilities at the
origin (see e.g. [105]) or the “largest” (meaning furthest away from the origin) eigenvalue.
Hole probabilities for products of two matrices were considered in [16], while hole and
overcrowding probabilities for an arbitrary number of factors were studied in [20, 13|, but
we will not repeat that description here. A study of the “largest” eigenvalue for a product
of complex Ginibre matrices was carried out in [117].

4.1.2 Macroscopic density

With exact formulae for correlation functions at arbitrary matrix dimension and an
arbitrary number of factors, we can turn our attention towards asymptotic behaviour.
First, we consider the macroscopic density which has been studied in several papers [51,
52, 99, 169, 7|. Here, we will follow an approach presented in [109] for mixed products of
induced Ginibre and truncated unitary matrices. The method is easily extended to include
inverse Ginibre and inverse truncated unitary matrices as well, but we will concentrate
on the case consisting purely of induced Ginibre matrices.

Lemma 4.7. Let 0 < vy < --- <, be a collection of real constants and let s > —1vq — 1
be a real parameter, then the 2s-th absolute moment for the spectral density (one-point
correlation function) reads

ST +k+s+1]
d*z R} %= : 4.34
JRELACIERED DY | (s (1.31)

The 0-th moment is normalised to N in the present notation.

Proof. The moments follow directly from (4.23) and (4.27) using the integration for-
mula (B.21). O

Proposition 4.8. Let n be a positive integer and v; = a; N with a; € [0,00), then there
exists a macroscopic limit for the spectral density,
lim N" 'R}(N™2z) = pe (2) (4.35)

Noroo = Pmacro

where the macroscopic density is defined through its Mellin transform

1 n
| @il = [ @] +a0s  se . (4.36)
c 0 =1

In particular, for aqg = -+ = ay, = 0 (this includes a product of square matrices), we have
0 |Z’2(1_n)/n
,00=
Priiacro (%) = Tﬂogz\gh (4.37)

which has compact support on unit disk.
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Proof. In order to find the macroscopic density, we look at its moments. It will be
sufficient to investigate the asymptotic form of the absolute moments (4.34), since the
density is invariant under rotations in the complex plane. After rescaling we have

N—-1 n

+k+s+1]
d?z N" 'R (N™?2) — Llve 4.38
/(C ( kZ”H NDlye+k+1] (4.38)

We would like to approximate the sum with an integral, which we do using the following
bounds:

N@ﬁ it +ve+s) _ 1 Zlﬁ [k+l/g+8+1]< N@ﬁr[t+ug+s+1]
o NiANTE+w] = N & NTk+wu+1] = Jo N3 NTE+v+1]
(4.39)
This holds since | |
t+up+s
P 4.40
10 = Nt ) (4.40)

is a non-negative, monotonously increasing function for ¢ € [0, c0) given vy, s > 0.
In order to evaluate the upper bound, we first recall that vy, = Nay, thus after a
change of variables t/N > t,

N n 1

dt t 1 t 1

H [+I/é+8+ —/dH —|—O£Z + s+ ] (4.41)
N N[t + vy + 1] NST[N(t+ ) + 1]

0

Here, the asymptotic behaviour of the right hand side may be evaluated using (B.7),

Lt +ve+s+1]
/N L NST[E+ v+ 1] /Odténlﬂae *(1+O(N7Y). (4.42)

Equivalent manipulations for the lower bound also give

t—i—w—l—s]_ 1 n . B
/N LNt + ] /Odtg(HaO (1+0(NTY), (4.43)

and, thus, agrees with the upper bound to leading order in N.

The integrations and the large-N limits may be interchanged using the dominated
convergence theorem. Thus, the two bounds reduce to the same integral and the moments
read

1 n
lim [ d?z N""'R}(N™2z)|z|* :/ dt TJ(t + a)®. (4.44)
N—o0 C 0 -
The macroscopic density is obtained by an inverse Mellin transform. Note that we can

find the density even though the integer-moments do not determine a unique probability
measure, since we have all positive moments, which is sufficient for the inverse Mellin

transform to be unique. For a1 = --- = a, = 0, we have
! 1
/ dit"s = (4.45)
0 ns+1
and it is straightforward to show that the inverse Mellin transform is (4.37). O
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Remark 4.9. It is more challenging to find an explicit expression for the macroscopic
density for general {«;}, but formally we can write

1 n
o (2) = /0 a6(2 ), palt) = [[(t+ ). (4.46)

/=1

We note that the polynomial p,(t) is a strictly increasing function for ¢ > 0, thus the
macroscopic density has compact support on an annulus centred in the complex plane
with inner and outer radius given by

(1+ ), (4.47)

n
Tin = pa(o) = Ha€ and Tout = pa(l) =
=
i.e. the macroscopic spectrum has a hole at the origin if and only if ay > 0 for all 4.
Also the algebraic equation for the Green function originally given in [52] is readily

obtained from (4.46). Inversion of the relation 7pmacro(2) = OGS (2)/02* yields

o e pa' ()
or equivalently
pa(2Gp(2) = [[(:Gn(2) + ) = |2, (4.49)

(=1
which is the algebraic equation from [52] (see also [96]). Finally, we note that if ay =
- =am =0and ayy; =+ = ay > 0 for some m > 1 (i.e. there is no macroscopic
hole) then the macroscopic density diverges like |z|2(17m)/ " at the origin [52].

4.1.3 Microscopic correlations

Let us consider the microscopic correlations near the origin. An explicit expression for such
correlations was first obtained by Akemann and Burda in |7] for the vy = - -+ = v, = 0 case.
Here, we present the general result for rectangular matrices, which is a straightforward
generalisation due to the reduction formula from chapter 2 (proposition 2.4).

Proposition 4.10 (Origin). Let n be a positive integer and v1 < ... < v, be fized, then
we have

Jim K () = Koigin (@, 9) (4.50)
uniformly for z1, ...,z in compact subsets of the complex plane, where

0 x
o) Ghnni(o, oy, v m) @D

Proof. We need to take the large-IV in (4.27) without any further rescaling. The weight
function (4.11) is independent of N, hence we only need to evaluate the sum. From (B.9)

1 * Vf—i_ *k‘
a1 | ) = ZH bl )
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which immediately gives the limiting expression for the sum in (4.27) as a hypergeometric
function. Rewriting the hypergeometric function as a Meijer G-function using (B.13), we
find the microscopic kernel (4.51). O

We also have a reduction formula similar to (3.79):
Proposition 4.11. Let n > 2 and let v; (i=1,...,n— 1) be fized, then

lim v, K™ (v, vny) = KV (2, y), (4.53)

Un—r00 origin origin
uniformly for x and y in compact subsets of C.

Proof. The first step is to write the kernel (4.51) as its double contour representation
using (B.12),

vy, 1 —1+i00 s
VnKor’lgm(anﬂ/ny) = dt dS Vn|l‘| —Unxy )

7 (2mi)2 ) i

n
Iy,
1]r 4.54
5+ EFW—FS—FH ( )

where the contour, 3, is a loop which starts and ends at +o0o and encircles all the
non-negative integers in the negative direction without crossing the ¢-contour. From (B.7)

we know that
F[Vn — t] _ V—t—s—l

Clvp+s+1 " (L+0( 1), (4.55)

for large v, thus

) 1 1 1+’LOO 2 t *\S
Un K Sigin(Vn, vny) = = (2mi)? dt Eds(!w\ ) (—zy")

—1—100
Tl —t] _
x T'[s + 1]T[s] E mu +0(v; ). (4.56)

An interchange of the large-v,, limit and the integrations may be justified by means of the
dominated convergence theorem. The proposition follows after re-evaluating the contour
integrals as Meijer G-functions. O

Remark 4.12. For n = 1 the kernel reduces to (4.7) (up to a gauge factor which does
not affect the correlations), while for n = 2 and (v4,v2) = (0,v) the kernel reads

*

Ty 7%\ 2 .
Korlgln( )<§7 5) = <y*> Kl/(|x‘) Il/( VY )7 (457)
where K, (z) and I,(z) are modified Bessel functions, and the prefactor (z*/y*)"/? is
a gauge factor which does not contribute to the correlations. This type of kernel has
previously been observed in a matrix model related to quantum chromodynamics at finite
chemical potential, see [5] for a review.
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A direct derivation of the microscopic correlation in the bulk and at the soft edge from
the exact expression (4.27) was obtained by Akemann and Burda [7] and more rigorously
by Liu and Wang [142]. They showed:

Proposition 4.13. Let z, be a fized point in the complex plane so that 0 < |z«| < 1 and

let p = \z*]2(1_")/n/7m. For fized parameters n and vy (( =1,...,n), we have
N" k Al Zk
lim () R (v Yoo N )= K. (2, %
Ngnoo <Np> Rk Zx + /7Np ’ ) Zx + /7Np 1§di‘3't§k [ (Z’Lv ZJ)]
(4.58)
uniformly for zy,...,z, in compact subsets of the complex plane, where K,(z,y) =

Kpuk(2,y) for 0 <|z| <1 and Ki(z,y) = Keage(2, y) for [z] =1 with Kpu(z,y) and
Kedge(,y) given by (4.6) and (4.7), respectively.

Remark 4.14. It should be noted that the joint density (4.10), from which the proposition
is obtained, takes the form

N

_ 1 2

=2 — 2

Ptz 2n) = =5= [TV I 12—l (4.59)
k=1 1<i<j<N

where the potential V(z) = logwh 2(y/Z) is real analytic for # € (0,00). Thus the
complex eigenvalues of a product of induced Ginibre matrices may still be thought of
as a log-gas in the usual way (this is unlike the Wishart product ensemble from the
previous chapter where the eigenvalue repulsion changed). Ensembles of this type have
been studied prior to the product ensembles and certain universality results are known,
see [38, 200, 24| and references therein.

4.2 Products of quaternionic Ginibre matrices

Now, let us turn to products of quaternionic (5 = 4) matrices (see appendix A.1.1 for an
introduction to quaternions). Unlike complex Ginibre matrices, the finite-N spectrum
will not be invariant under rotation in the complex plane, cf. figure 4.1. The repulsion
from the real axis is due to the complex conjugate pairing of eigenvalues induced by the
quaternionic (symplectic) symmetry. The description of quaternionic ensembles presented
in this section follows [107].

Proposition 4.15. The eigenvalues of a product of n quaternionic N x N induced Ginibre
matrices form a point process on the upper half-plane, C4 := {z € C : Imz > 0}, with
joint probability density function

N

1 —4 2 2| 2
251 ITwi=Ge)les —2il* T 12—zl — 2l (4.60)
k=1 1<i<j<N

=4
7)jf)df (217 N '7ZN) =

where Z is a normalisation constant and ngl(z) 1s a weight function given by

2")2%),
(4.61)

N n
_ T[2(vg + k)] _ _
ZB=1 — NI N”Hi B=4(,) — n,O(
Nz 1111 1 and w, "(2) GO,n i o
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respectively.

Proof. We follow the similar steps as in the proof of proposition 4.1: We use a generalised
quaternionic Schur decomposition (proposition A.25) to parametrise the matrices X;
(1=1,...,n) as

X, = Uz(Az‘f‘Tz)Uz—l, 1=1,...,n, (462)

where each U; denotes a unitary symplectic matrix (Uy :=U,), T € HYWV-1/2 denotes
a strictly upper-triangular quaternionic matrix, and A; = diag(\; 1, )\;1, c 3 ALN, /\; N)
with A\; ; € Cfor all j =1,...,N. It follows that the eigenvalues of the product matrix
Y, are given by A; = A1 jAg;--- Ay and Aj = AT A5 - AT (j =1,...,N). In this
case, the corresponding change of measure reads (proposition A.25)

n N n N
[T xe= TI x5 = MNP = NPT = %P [[de@od T [T d®xer, (4.63)
/=1 1<i<j<N k=1 /=1 k=1

where du(U;) = [U; 'dU;] is the Haar measure on USp(2N)/U(1)Y, d*T; and d2); ; are
the flat measure on the space of all strictly upper-triangular quaternionic matrices and
the upper-half of the complex plane, respectively. Using this parametrisation in (4.9)
implies that integration over U; and T; (¢ = 1,...,n) only contributes with a constant. It
follows that the joint density is given by (4.60) with a weight function expressed as an
n-fold integral,

1

||/d2)\g22”@]/\g]4”fe_2|’\@2 5 (An - A1 — 2). (4.64)
™ Jc

/=1

=) =
This formula is identical to (4.14), except for factors of two in the exponentials and the
powers. As before, the Meijer G-function formulation of the weights can be obtained
from the moments by means of an inverse Mellin transform. Furthermore, using that the
eigenvalues come in complex conjugate pairs, we can choose z; (i =1,...,N) in (4.60) to
lie in the upper-half of the complex plane without loss of generality.

In order to determine the normalisation, we apply de Bruijn’s integration formula [56],
which yields

= 1 = * —1 _*4— -1 _*xk—
zZP=1 = NI 1§k1,36f§2N [2/(Cd2zwg 2) (2 — 2%) (2P Le ot = Rty (4.65)
If ¢ = k£ 1, then the integral within the Pfaffian can be performed using (B.21); all other
cases are zero. Finally, the evaluating the Pfaffian gives the normalisation in (4.61). O

4.2.1 Correlations for finite size matrices

In this subsection, we will find an explicit expression for k-point correlations corresponding
to the joint density (4.60). As for a single matrix, the structure differs considerably from
the complex case, since the correlations constitute a Pfaffian (rather than determinantal)
point process. For this reason, we will first recall a few well-known properties for such
processes [153, 154, 119].
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We consider a point process of N points on the upper half-plane, C; := {z € C :
Im z > 0}, with joint probability density function

Pipdt(21,--.,2N) = Z Hw 2 |zk—zk| H |zj—zi|2|zj—z;‘\2
1<i<j<N

N Z]»;l
EH (zi) (2 — 21) EletN Zﬁj,l , (4.66)

IEAE)

J 1,...,2N

where Z is a normalisation constant and w(z) is a positive weight function such that
/dzzw(z)\z]% <oo, k=0,1,...,2N —1. (4.67)
C

The k-point correlation function is defined analogously to the complex complex case,

Ri(z1,. .., 21) i= N k {H /dzz] odf(21 -5 2N (4.68)

i=k+1

Note that the factor 1/2 is included in the integration, since we are integrating over the
entire complex plane which leads to a double counting due to complex conjugate pairing
of the eigenvalues. In order to find explicit expressions for such correlations, we introduce
the skew-symmetric product,

()= 3 [ @0 = () — £l (169

where the weight function stems from (4.66). The main idea is to use the symmetries
of the determinant in (4.66) to write its entries in terms of a family of skew-orthogonal
polynomials. More precisely, if pp(z) = 2F +--- (k = 1,2,...) is a family of monic
polynomials, then they are said to be skew-orthogonal if

(p2i,P25) s = (P2i41,P2j41) = 0 (4.70a)
(P2i+1,P25)s = —(P2i, P2j+1) = 2h2i410ij (4.70Db)
fori,7=0,1,2,.... Here, {hg;11} denotes a family of positive constants. Given such a

family of skew-orthogonal polynomials, we construct a 2 x 2 matrix kernel

— * __ * __ HN(‘:U?y*) —HN(l'*,y*>
Kn(og) = Vi o - gt [5G0 vl
with a pre-kernel given terms of the skew-orthogonal polynomials,
N-1
) = Z Pok+1(2)p2k (Y) — Par+1(y)pak(2) (4.72)
2hok+1

Due to the skew-orthogonality, we have
1 1
2/ d?2Kn(z,2) = N1 and 2/ d?2 Kn(z,2)Kn(2,y) = Kn(z,y), (4.73)
C C
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where 1 is the 2 x 2 identity matrix. This implies that (4.66) is a Pfaffian point process
(see [153]),
Ri(21,...,25) = 19},}21\/ [Kn(zi,2))]- (4.74)

In particular, the spectral density (one-point correlation function) is given by
Ri(2) = (2" — 2)w(2)kn(z, 2¥). (4.75)

With the above given generality, the correlations were first obtained in [119]. The one-,
two- and three-point correlation functions for the quaternionic Ginibre ensemble were
originally found in [154], where also the form of the higher correlation functions was
conjectured.
It remains to determine the skew-orthogonal polynomials. For a general weight
function, they may be written as [119]
k k
part1(z) = E [(Z -> (- Zj))

(z —zi)(z — zz*)] , (4.76)

j=1 i=1
k

p%@):Ehl@—aXz—ﬁﬂ, (4.77)

=1

where the expectation is with respect to the joint density (4.66). However, in this thesis
we may restrict ourselves to a simpler case due to symmetry of the weight function.
From [107], we have the following lemma:

Lemma 4.16. Given a Pfaffian point process on the upper half-plane, C,., with joint
density (4.66) and weight function such that w(z) = w(|z|), then the corresponding monic
skew-orthogonal polynomials are given by

k k
hai | o
parr1(z) =22 and  pop(z) =D [ 11 ; a4 }221 (4.78)
i—0 Lj=it1 21
with )
m::Q/d%w@mﬁﬂ k=0,1,...,2N — 1. (4.79)
C

Proof. Tt follows from w(z) = w(|z|) and the orthogonality relation (4.26) that

1
Q/d%w@y%”:hm% k,¢=0,1,...,2N —1, (4.80)
C

which is seen by changing to polar coordinates. Combining this formula with condi-
tion (4.70a) gives

pars1(2) =Y b2 and  pa(z) =) chE, (4.81)

Jj=1 J=1
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respectively. Here, c;‘? denote real coefficients with cgk 1= cgk =1 for all £ due to monic
normalisation. The fact that all odd polynomials are monomials follows by induction,

since p1(2) = z and if paj1(2) = 2%+ for j =0,1,...,k — 1, then
k
(Paks1,p20), =2 chirhaji1dje, (4.82)
=0

which together with (4.70b) implies that c§j+1 = 0 for j < k. Finally, we insert the
monomial form for the odd polynomial into (4.70b) and perform the integrals using (4.80),
which gives the recurrence relation clgjfz = nghgj /h2j—1. Combining this recursion
relation with the monic normalisation completes the proof. ]

Corollary 4.17. The eigenvalues of a product of n independent induced N x N quater-
nionic Ginibre matrices with indices vy < --- < v, form a Pfaffian point process (4.74)
on the upper half-plane with kernel (4.71), where the weight function and pre-kernel given
by (4.61) and

g2y 20 g 2412

Y
Pt FOH 4l + 5 + 1T ve + k + 3/2)’

(4.83)

respectively.

Proof. The weight function (4.61) satisfies the condition w,,(z) = w(]z|) and according to
lemma 4.16 it is sufficient to determine the constants (4.79), which is achieved by means
of the integration formula (B.21),

1 7 1o T[2ve + k + 1]
h =< | dzwn(2) |2 = S [[ 77— 4.84
k 2/«; zwn(2) |2] 2 11 oh T (4.84)

Using this together with (4.78) and the multiplication formula for gamma functions (B.5)
in the expression for the pre-kernel (4.72) yields (4.83). O

Remark 4.18. Note that corollary 4.17 is in agreement with previous results for the
quaternionic Ginibre ensemble [153, 154, 119] and for products of two matrices [4], e.g.
for n = 1 and vy = 0, we have the well-known expression

N-1 k  ok+1,2j 2k+1,,.2j
1 1 j j
K%—1<x7 y) = E E r Yy -y T (4.85)
2 V2 V2 27 (25)N(2k + )N

k=0 j=0

Here, the rescaling appears because we are using the weight function wy,—1(z) = e=2lal

rather than e_|z|2.

Equivalently to proposition 4.4, the joint density simplifies considerably if we integrate
out the complex phases [175, 13].
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Proposition 4.19. Given a Pfaffian point process (4.66) on the upper-half plane, Cy,
with weight function such that w(z) = w(|z]), then

[” T?j_lw(”)] (4.86)

N . . 1
H — / dOy T, Pjpdf(rlewl, .. ,TNewN) = — per
i 2)x hoj_1

~ Nligijen
withr; € Ry (1=1,...,k), ‘per’ denotes a permanent, and hy, is given by (4.79).

Proof. We start with the joint density (4.66)

N A .
H 3 / dojr; Pjpdf(rlelel, . ,rNezeN)
j=1 7

(=1 _4i(6—1)6y
e |- (487)
k=1,..N |7~ "€ i(6=1)0

1M1 . .
=z H 5 / d;rjw(r;)(rie™™ —rje=?)  det
j=1""77 ¢=1,...2N

Expanding the Vandermonde determinant yields

N N
[ 2/ d0; 7 Pipar(r1e®, ... rne™) = Z >~ signo [ ] u;(rj)r?(JHU(]Jr )
Jj=1 - j=1

gESON

1 (™ L . L .
* / 40, (D=0 GEN0; _ ilel)—oG+N =10 (4 8g)

Here, the integral on the second line can be performed using the orthogonality rela-
tion (4.19),

1

S [ bW TN o)D) — (5

—T

o()+1,0G+N) ~ Oo(),0(+N)+1)-

(4.89)
This implies that that only terms with |o(j) — o(j + N)| = 1 contribute to the sum
in (4.88), hence the sum over the permutation group San reduces to a sum over pairs, i.e.
Sn. It is a straightforward combinatorial task to use (4.89) to show that (see [175, 13])

N N
1 /(7 . . 1 -

11 2/ df; 7 Pipag(rie’”, ..., rye'N) = Z > I 2rwreg) rij(j)l. (4.90)

j=1 70 oesy j=1

Using that Z = N! Hévz_ol 2hgj4+1, we recognise the right hand side as the permanent (4.86).
0

Remark 4.20. As for complex matrices, the joint density (4.86) corresponds to the
symmetrised density for N independent random variables ri, (k = 1,..., N) with densities

Wrék_lw(rk)

fre(ry) = k=1,...,N. (4.91)

hak—1

The normalisation of the densities, fy, is ensured by (4.79).
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4.2.2 Asymptotic formulae for large matrix dimension

Evaluation of the asymptotic limits for large matrix dimension is more difficult in the
quaternionic case than in the complex case (section 4.1). For this reason, some questions
remain unanswered even for Gaussian matrices. In this section we repeat the known
results originally presented in [107, 109].

First, let us consider the macroscopic density. The macroscopic density is expected
to be invariant under rotations in the complex plane (as is well-known for n = 1) even
though the finite-N spectral density is not, see figure 4.1. For simplicity we will look at
the macroscopic limit of the phase-averaged spectral density.

Lemma 4.21. Let v < --- < v, be a collection of non-negative integers and let s >
—v1 — 1 be a real parameter, then the 2s-th absolute moment for the spectral density
(one-point correlation function) reads

N—1 n
1/ 9 20 + 2k 4+ 2 + 5]
d?z R}(z 11 (4.92)

2 — 2 I2vp + 2k + 2]
The 0-th moment is normalised to N in the present notation.
Proof. 1t follows from proposition 4.19 that the absolute moments are given by

dk+2s+1,,8=4
/ A2z R (2) 2% = / dr = (r) (4.93)
h3g i

Using weight (4.61) and the constant (4.84) in this expression, we can perform the integral
using (B.21). O

Proposition 4.22. Let n be a positive integer and v; = a; N with «; € [0,00), then there
exists a macroscopic limit for the phase-averaged spectral density,

lim 77 / dO N"IRY (N 2r ey = phe (1) (4.94)

= P
N_oo macro

where the macroscopic density is defined as in proposition 4.8.

Proof. Similar to the proof of proposition 4.8, we can find the phase-averaged density by
looking at the absolute moments (4.92). With proper rescaling, we have

1 12[ 2 w+k+1)+s]

d2 NP an N’n/2 28:
2N/ - ( )12 2+ k+ 1)

(4.95)

Up to a factor of two this expression is identical to (4.38), and we can follow exactly
the steps as in the proof of proposition 4.8 (the additional factor of two cancels since it
appears identically in the denominator and numerator in the fraction). ]
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Proposition 4.23. Let n be a positive integer and let v1 < --- < vy, be fived constants,
then

]\}lmoo K’N(x y) = ﬁOI‘lgln(‘T y) (496)

for z and y belonging to compact subsets of C, where k7\;(x,y) is the pre-kernel (4.83) and

2k12 2k+1,.25
+yj_y+ J

Orlgm(m v) T kz()jzo [ 4¥Tlve + 7+ 1w + k + 3/2]

(4.97)

Proof. 1t is evident from the finite-N expression (4.83) that the large-N limit tends
to (4.97) if the limit exists. The series (4.97) is clearly convergent for z and y in compact
subsets of C, thus the proposition follows. O

Remark 4.24. For the Ginibre ensemble (n = 1, = 0), it is known that the series
representation (4.97) may be evaluated as [119]

1 n:lu:O( z oy ) 1 [x2+y2} [x—y}
Snlv=0( 2 YN e || erf . 4.98
2 orelm \y27 /2 VT P 2 V2 (4.98)

The idea used in [119] was to first realise that the series was a solution to a pair of first
order inhomogeneous differential equations. Solving these equations yielded (4.98). A
similar idea was later used for a product of two matrices in [4].

It also possible to show that the general expression (4.97) is a solution to a pair of
differential equations,

[ f[ (zi— n 21/4) . 24 R (2 7o)

K:l

0

1,1
= +4n"T G1 -+l (0 —2v1,...,—2vy,

— 2"z+z_>. (4.99)

For n =1 and v = 0, these equations reduces to

i_zi 15” Ly= 0(’27‘*‘ Z;) ::I:Qe”z*
2 origin \/5?\/5 T

which are equations from [119]. However, it is highly non-trivial to use (4.99) to evaluate
the series (4.97) in the general case. We will not pursue this direction further.

, (4.100)

Remark 4.25. For comparison with numerical data, it is convenient to introduce the
phase-averaged density (albeit the microscopic density is not rotational invariant). It
follows from (4.86) with (4.61) and (4.84) that

ks 1m0 o ) 22n 4)k
/ AR (2) = 2" Gy (2u1,.. ,2vp, 20 >ZH£1 2+ k+1)] (4.101)

—Tr
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The sum is recognised as a Meijer G-function by first rewriting the gamma function using
the multiplication formula (B.5) and then using (B.9) and (B.13),

" i0 27/ 0 - 2
(1 p— mn, n
/_7r d0 R (re”) = T, 22"4G0’”<2V1,...,21/n 2 T)
L 0 | —r1). (@102
XG1’2n+1(0,V1,...,Vn7V1%,...,Vn% ). (4102)

4.3 Products of real Ginibre matrices

Finally, let us look at a product of real induced Ginibre matrices. Here, the main difficulty
is that the Schur decomposition is incomplete; this means that there exists no (real)
orthogonal similarity transformation which brings a real matrix to an upper-triangular
form (unless all eigenvalues real). Here, we will follow the approach in [109] and write
down the joint density for the eigenvalues as a function of the real eigenvalues and 2 x 2
real matrices with eigenvalues that can be either a real pair or a complex conjugate
pair. The expression for the joint density simplifies considerably in the case where all
eigenvalues are real, which was studied independently by Forrester in [81].

Proposition 4.26. Let N, K, L be non-negative integers such that N = K + 2L and
let Y, be a product matriz constructed from a product of n independent N x N real
induced Ginibre matrices with parameters as in (4.8). Assume that Y, has at least K real
eigenvalues denoted by x; (i =1,...,K ), then the joint probability density function of the
K real ergenvalues may written as

L
=1
Pl (@, 2k, (2D, (Z)1r) =~ 1Hw HWB 1
K,L a=1 b=1
x [ lwj—ml [ ldetl(2)];@1-10(2)] H H!det[(Z)jj — 1@z
1<i<j<K 1<i<j<L i=1j=1
(4.103)
where the remaining 2L eigenvalues (real or complex) are the eigenvalues of the 2 X 2 real
matrices (Z)iy; (1 =1,...,L). Here, the normalisation constants are given by
n N
2y = KL b 2ok RonNNEDATTTT DG + i) /2, (4.104)
i=1j=1

while the weight functions, wﬁzl(x) and WEZI(Z), are given by

= ,0 -
2,...7

1
:c2> , and (4.105)

- AN/ uz/2
H/ dz; det ) “a A2z 7~ 7). (4.106)
R2X2

1=
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Proof. The main idea of the proof is similar to that of proposition 4.10 and 4.60. We use
the generalised real Schur decomposition (proposition A.26) to parametrise the matrices
Xi(i=1,...,n) as

Ai 4 flﬂill 1‘;12

X, =U; [ 0 Zi—i—T?Q
1

] U, i=1,...,n, (4.107)

with notation as in proposition A.26. The corresponding change of variables gives rise to
a Jacobian

K L
[Tdaxi= TI -xl I ldetl(2)f;o1-10(2)u] [] []ldetl(2);; - 10

i=1 1<i<j<K 1<i<j<L i=1j=1

n K L
< [[drt ar2ar?du(s) [ ] dxig ] dZin, (4.108)
i=1 j=1 h=1

where du(U;) is the Haar measure on O(N)/O(2)L, while dT!t, dT'? and dT?? are the
flat measures on RE(K=1/2 (RIX2)KL and (R2*2)L(L=1)/2 yespectively. Inserting this
back into (4.8) yields the joint density (4.103) with weight functions

_ n )\2 V—;/Q
w1 (z) :H/RdAi (?) e 2 M5\ A — ), (4.109)
i=1
_ L 7T Z:\vi/2
ijil(z) = H/2 , dZ; det (ZT> e_%TrZiTZi(S%d(Zn N A AR (4.110)
1=1 R=x

and normalisation constant

]. ]. L 2”1/2 1 11\T11 12\Tp12 22\Tp22
I | d (lf) dT'lldTJQdT'QQef 3 TI“[(TZ ) Ti +(Ti ) Ti +(Ti ) Ti }

/8:1 ' ‘ 6:1 / /’L 1 / (2 (] 7 )
ZK,L K!L! 1 2

(4.111)

where Zf =! is the normalisation constant for single induced real Ginibre matrix with
charge v;.

It remains to perform the integrals in (4.109) and in (4.111).

For v1 = --- = v, = 0, the weight function (4.109) reduces to the (un-normalised)
density for a product of n independent Gaussian random variables, which was considered
in section 2.1; the expression (4.105) is a straightforward generalisation.

In order to determine the normalisation constant, we first recall that [76]

N .
Z?:l _ (%)N2/22Nui/2jl‘[1 W (4.112)

The integral over the orthogonal group is well-known (see [75] for a nice review)
N
T

(N+1)/4 Ny

e g (4.113)
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while the integral over Tin, Tiu, and TEQ is Gaussian, thus

/ AT T2 T2 3 BT T T2 T2 TT2) (9 N(N-D/A-L/2 (4 114)

Combining these formulae gives the normalisation (4.104). O

Remark 4.27. The normalisation constants in proposition 4.26 are such that

K L
P[#{e.v. € R} > K] :H/daziH/Q 2deij;fl(xl,...,xK,Zl,...,ZL) (4.115)
i=1/R o JREX

gives the probability that there is at least K real eigenvalues, while

K L
P[#{ev. e R} = K] = /da:i / dz; PN, ek, 21, 20
Hevemy =K =] fanl [ 2P )
(4.116)
gives the probability that there are exactly K real eigenvalues. Normalisation on the full

matrix space is ensured by the sum rule

N

> Pl#{ev.eR} = K] =1. (4.117)

K=0

Remark 4.28. To get the complete expression for the joint density of the eigenvalues,
it remains to express the weight function (4.106) in terms of the eigenvalues only. One
way to achieve this is to use the relation between the eigen- and singular values of a
2 X 2 matrix as was done in [109]. However, we will not repeat this derivation here, since
it gives rise to a rather involved n-fold integral representation for the two-point weight
function, which seems too complicated for further computations. It remains an open
problem to obtain a more compact expression for the two-point weight function; for a
product of two Ginibre matrices such an expression was obtained in [17, 18].

4.3.1 Probability of a purely real spectrum

In general, the spectrum of a real asymmetric random matrix will consist of both real
and complex eigenvalues. Nonetheless, we will see in chapter 5 that it will be fruitful
to consider the special case where the spectrum is purely real. Thus, it is intriguing
to ask: What is the probability that all eigenvalues are real? For square matrices (i.e.
vy = --- = v, = 0) this question was answered by Forrester in [81]. Here, we present the
general result for rectangular matrices (for even matrix dimension this result was stated
without proof in the review [11]).

Proposition 4.29. Given a product matriz, Y, , with parameters as in proposition 4.20,
then the probability that all eigenvalues are real is

Myy ... M
P[#{e.v. ¢ R} = N] = det : : (4.118)
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for N even and

M 1 M, N1 my
)
P[#{e.v. € R} = N|] = det : : : (4.119)
My Mnyi1 N1 MmN
5 2 2 2
for N odd, where
ntlntl V21+]7a?+]70

M = A T+ 25— 0/ + 200/2) D+ N)/2]

(4.120)

f[ V1+2]_1)/2]'

(The Meijer G-function which appears in the definition of M;; is continuous at unity.)

Proof. We follow the same steps as in [81]: From proposition 4.103, we know that the
probability that all eigenvalues are real is given by

P[#{e.v.e R} = N] = B il H/dwawﬁ Yzy) H |zj — a;). (4.121)

ZN0 a=1 1<i<j<N
For N even, it follows from the method of integration over alternate variables [153, 78]

oN/2 N

Pl#ev. €R) =N =" Pf
Zyo 1SS

Z;;] (4.122)

with
Ty = [ do [ dywl= @™ o) sienly - ). (4.123)

The weight function, wn (ac) is an even function, thus it follows that Zo; o5 = T9;—12j-1 =
0. This allows us to write the Pfaffian in (4.122) as a determinant,

P R 272N T 4.124
[#{e.v. € } = ] = W 1<z,]<tN/2[ 21‘_1’2‘7‘]. ( . )
Following the usual modification for odd N (see [153]) gives
2(N+1)/2 N LA
Pl#{e.v. € R} = N] = ——5——det |:{I2z 1 2_7} e | ity v
ZNO D) [ARRS]
(4.125)
with
I := / drw?=(z)z L, (4.126)
R

The formulae (4.124) and (4.125) have the same structure as (4.118) and (4.119), hence
it only remains to compute the integrals (4.123) and (4.126).
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Table 4.1 Numerical evaluations of the probability that all eigenvalues are real (4.118) for various

values of matrix dimension, N, and the number of factors, n, with charges v1 = --- =1, =0 (top

panel) and 11 = --- = v, = 1 (bottom panel).
v, =0 n=2 n=4 n==~6 n==~, n =10
N=2 ]0.785 0.872 0.919 0.947 0.965
N =4 |0.242 0.418 0.540 0.629 0.696
N=6 |28)Ix10"2 0.110 0.201 0.288 0.365
N=8 [132x1073 157x1072 4.79%x1072 9.18x 1072 0.141
N=10|232x10"° 1.22x107% 7.30x107% 2.05x 1072 4.06 x 1072
v, =1 n=2 n=4 n==~6 n==~. n =10
N=2 ]0.705 0.780 0.828 0.863 0.890
N=4 |0.152 0.285 0.391 0.476 0.546
N=6 |120x1072 558x1072 0.117 0.182 0.246
N=8 |356x107* 593x107% 222x1072 4.86x 1072 8.19x 1072
N=10[398x106 344x10"* 271x107% 9.11x 1072 2.03 x 102

After a simple change of variables, it follows from (B.21) that

on(2j-1)/2 "

bj1 =" 1_[1I‘[(1/Z' +25 —1)/2). (4.127)
1=
To evaluate (4.123), we first note that wh ' (y)y® ! is an odd function, thus
[e.¢] oo i .
I = 2/ da;/ dy wP= (2)wl= (y)at~1y 7L (4.128)
—0o0 x

The two remaining integrals can be performed using (B.26) and (B.24), and it is seen
that

on(2i+2j—1)/2 1 3_m_y 3 _m _ ;1
PO e R R (2 2~ b Tl ‘1) 4.129
21—1,25 92 n+1,n+1 % _}_]"”7% +],0 ( )

The proposition follows after inserting (4.129) and (4.127) into (4.124) and (4.125). O

Remark 4.30. Note that for vy = --- = v, = 0, proposition 4.29 reduces to the result for
square matrices presented in [81]. Moreover, for n = 1 and v = 0 the Meijer G-functions
are easily evaluated and it is seen that the probability that the spectrum is purely real
is 2~ NIN=1/4 i agreement with [61]. Tt is slightly more challenging to evaluate the
Meijer G-function for n > 2 (see [137] for n = 2). Table 4.1 lists the numerical evaluation
of (4.118) for various values of N and n, which gives the probability of finding a purely
real spectrum. The table suggests that the probabilities increase when n increases, but
decrease when N increases. We will return to this question in chapter 5 where we will
look at the probability of finding a purely real spectrum for n — oo.
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4.4 Summary, discussion and open problems

In this chapter, we showed that it is possible find explicit expressions for the joint
probability density functions for eigenvalues of a product of an arbitrary number induced
Ginibre matrices with arbitary matrix dimension (proposition 4.1, 4.15, and 4.26). To
this end, it should be mentioned that similar formulae have also been obtained for mixed
products involving truncated unitary matrices, and inverse Ginibre matrices [1, 109, 9],
see [11] for a review.

In particular, we have verified that the exact formulae for product ensembles reproduce
the (universal) macroscopic density previously obtained using other methods [51, 52, 99,
169, 96]. In fact, the “product law” for the macroscopic density is known to be even more
general. It was shown in [98, 168], that the “product law” is reobtained when considering
products of elliptic matrices as long as the product has at least two factors (see the
aforementioned references for precise statements). It would be interesting to see whether
it possible to obtain exact expressions for the joint density of the eigenvalues for a product
of elliptic Gaussian matrices with arbitrary matrix dimension. We recall that an N x N
random matrix is said to be an elliptic Gaussian matrix if it is distributed according to
the density [179]

P(E) = %exp [— - _172 Tr (EET — %(E2 + ETQ))}, (4.130)
where Z is a normalisation constant and 7 € [—1, 1] is a parameter such that E is a Ginibre
matrix for 7 = 0 and a Wigner-Dyson matrix (i.e. Hermitian) for 7 = 1. Figure 4.2
shows scatter plots for products of complex elliptic Gaussian matrices with 7 =1 (left
column), 7 = 1/2 (centre column), and 7 = 0 (right column). The first row on the figure
shows the eigenvalue distribution for a single matrix and we recognise the semi-circle
law (the eigenvalues are real and in the interval [—2,2]), the elliptic law, and the circular
law. At first glance the spectra seem rotational symmetric in the second row, which show
products of two matrices (in agreement with [98, 168]), but a closer look reveals that the
rotational invariance is not exactly true for finite matrix dimension. In particular, we
note that the eigenvalues of a product of two Hermitian matrices are either real or come
as a complex conjugate pair, which follows from the fact that given two N x N matrices,
FE1 and FEs, then

det(ElEQ — /\) = det(E2E1 — )\) (4.131)

This symmetry between eigenvalues is similar to the symmetry between eigenvalues
stemming from the real Ginibre ensemble. It is clear that some non-trivial scaling
behaviour must occur if we were to study the microscopic correlations rather than the
macroscopic densities. Perhaps, the easiest way to approach these microscopic scaling
regimes is to start with elliptic Gaussian ensembles (4.130).

While formulae for the macroscopic densities of products of induced Ginibre matrices
were obtained prior to the exactly solvable models presented in this chapter, the micro-
scopic scaling regimes were complete unknown. In fact, so far the only results regarding
microscopic correlations for the eigenvalues of product matrices have been obtained using
the exactly solvable matrix models.
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Figure 4.2 The figure shows scatter plots for 50 realisations for products of one (top row) and
two (bottom row) 50 x 50 complex elliptic Gaussian random matrices with 7 = 1 i.e. Hermitian
matrices (left column), 7 = 1/2 (centre column), and 7 = 0 i.e. Ginibre matrices (right column).
Note that the top left and centre panels have different units than the rest.
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Figure 4.3 The figure shows the microscopic density as described by the Meijer kernel,
Porigin(2) = Kigin(2,2). The left panel shows the density for n = 2,4,8,16; for compari-
son between densities, we have unfolded the densities such that they all tend to unity as their
argument tends to infinity. The right panel compares the n = 8 case with numerical data from an

ensemble of 20 000 realisations of a product of 8 independent 100 x 100 complex Ginibre matrices.
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In this chapter, we have seen that the microscopic correlations of the eigenvalues
in the bulk and at the edge of spectrum for a product of (complex) induced Ginibre
matrices are identical to those of the standard Ginibre ensemble (and they are, in this
sense, universal); equivalent results hold for other product ensembles, see [9, 142|. At
the origin a new family of microscopic correlation kernels arose. These new kernels are
most conviniently expressed in terms of Meijer G-functions (see proposition 4.1). This is
very similar to the new family of kernels, which arose at the hard edge for the squared
singular values (see proposition 3.15). In fact, the two families of kernels have a striking
resemblance,

1 1 0 2 1,1 0
K™Y, (z,y) = —GY < ‘ |z| )G 7 (
origin \*"» oo Lntl Vi,... Un,0 1n+l 0,—v1,...,—Vp

1
n,v o n,0 - 1,0
KMeijer(x7 y) = /0 du Go,n+1 (V17 0 ’ U?J) Go,n+1 (07 -

ceey Un,

- :Cy) (4.132)

ua:) (4.133)

cey—Up,

(In (4.132) we have used (B.17) to rewrite (4.51).) It is, of course, natural to expect
that there is some type of relation between these two families of kernels, since they both
consider microscopic spectral correlations near the origin of a product of induced Ginibre
matrices (that is correlations for eigenvalues and squared singular values, respectively).
However, it remains unclear whether some more precise statement can be made. The
structure of the microscopic correlations near the origin is visualised on figure 4.3. We
note that (similar to figure 3.2) the amplitude of the oscillations in the microscopic density
seems to increase as the number of factors increases. We investigate the large-n limit in
chapter 5.
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Chapter 5
Stability and Lyapunov exponents

Let us for a brief remark return to the dynamical system mentioned in section 1.3. We

consider a system in the variables u(n) = {u1(n),...,un(n)} which evolves according to

ui(n+ 1) = fi[u(n)], where each f; is some smooth function. Such systems arise in a vast

variety of contexts in the physical, biological and social sciences. In order to study the

separation between two nearby trajectories, we introduce the tangent vector du(t) which

may be regarded as a small perturbation. This gives rise to the linearised problem
du(n+ 1) = X, du(n) with (Xn)ij == 9filw) , (5.1)

auj u(n)

where X, is known as the stability matrix at “time” n. The evolution of the system is
described by a product matrix,

Y, =X, X1 Xq, n €N, (52)

which is obtained by evaluating the stability matrix along the trajectory. We will typically
be interested in the large-n limit.

The simplest examples occur when we consider the evolution in the vicinity of a fixed
point. In these cases the stability matrices X; (i = 1,...,n) become delta-correlated
and we have Y,, = (X1)". For many large complex systems a reasonable approximation
can be obtained by choosing X7 as a random matrix with symmetries determined by
the underlying theory [90]. An example is provided by the evolution of large ecosystems
where minimal requirements demand that the stability matrix is an asymmetric real
matrix [151].

More challenging problems occur when studying evolution away from the fixed points.
A first non-trivial approximation is provided by choosing the stability matrices X;
(t=1,...,n) as independent random matrices [37, 170], see also [55]. This approximation
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is reasonable in the limit of strong chaoticity where the stability matrices are only weakly
correlated.

In this chapter we will consider one of the simplest toy models for such evolutions.
The stability matrices X; (i = 1,...,n) are assumed to be independent N x N induced
Ginibre matrices. The benefit of considering these models is, of course, that we (from
previous chapters) have explicit formulae for joint densities valid for an arbitrary number
of factors and arbitrary matrix dimension (proposition 3.3, 4.1, 4.15, and 4.26). We will
see that these exact formulae give new insights regarding such stability problems.

Contrary to the descriptions given in chapter 3 and 4, our main focus in this chapter
will be directed towards the limit n — oo rather than N — oo. It is known from
Oseledec’s multiplicative ergodic theorem [167, 174| that if V;, := X, --- X; where X,
(i=1,...,n) are independent N x N random matrices with measure P(dX) such that
lim;,—, 0 (log Tr Y, Y, )/n < oo, then we have almost sure convergence

lim (Y, Y;)1/20 = el (5.3)
n—oo
where H is a (non-random) Hermitian matrix with eigenvalues p; < --- < p,,. Here,
wi (i =1,...,n) are known as the Lyapunov exponents. This can, of course, also be

formulated as a statement about the singular values. If z1(n) < --- < zy(n) denote the
eigenvalues of the Wishart product matrix YnY,Zr (i.e. the squared singular values), then
Oseledec’s theorem tells that asymptotically we have

zp(n) ~ ek, k=1,...,N. (5.4)

Due to this asymptotic relation, we introduce the finite-n (or finite time) Lyapunov
exponents defined by

_ logy, (n)

/\k(n) : m s

k=1,...,N. (5.5)
The Lyapunov exponents are a natural measure for stability or instability of a dynamical
system. Comparing with (5.1), we see that if all Lyapunov exponents are less than zero
then the system is stable in the sense that

|ou(n)|| — 0 for n — 0o, (5.6)

but if one or more of the Lyapunov exponents are positive then nearby trajectories diverge
and the system is said to be unstable.

Although the Lyapunov exponents are the most common measure of stability, other
measures exists (and are sometimes more appropriate). One choice is the so-called stability
exponents [93] related to the eigenvalues of the product matrix (instead of the singular
values as for the Lyapunov exponents). In most cases, it is expected that the absolute
value of the eigenvalues will grow (decay) exponentially with the number of factors. Thus,
if z1(n) <--- < zy(n) denote the eigenvalues of the product matrix Y;,, then it is sensible
to introduce the finite-n (or finite time) stability exponents defined by

) loglau(n)

Cr(n) : S k=1 (5.7)

84



It has been conjectured in [93| that if the spectrum is non-degenerate, then the Lyapunov
and the stability exponents will agree in the large-n limit, i.e. they are equivalent as
measures of stability.

The simplest possible example is, of course, the N = 1 case, where we have a product
of scalar-valued random variables, where the definitions of the Lyapunov exponents (5.5)
and stability exponents (5.7) are identical. In section 2.1, we recalled the well-known
structure of a product of Gaussian distributed random scalars. We saw that the product
grew exponentially with a growth rate (i.e. Lyapunov/Stability exponent) subject to
Gaussian fluctuations. The main purpose of this chapter is to extent this result to the
case of Gaussian matrices.

The rest of the chapter is organised as follows: In section 5.1 we consider stability
as well as the Lyapunov exponents in large-n limit when N is kept fixed; we find their
limiting values as well as their fluctuations. Section 5.2 deals with macroscopic limit for
the spectral density in the case where both n and N tend to infinity. A discussion of the
results as well as open problems is given in section 5.3.

5.1 Stability and Lyapunov exponents at finite matrix dimension

5.1.1 Stability exponents

In this section, we will consider a product of induced Ginibre matrices with our attention
directed towards the statistical properties of the stability exponents (5.7), while a similar
description of the Lyapunov exponents are postponed to section 5.1.2. For our purpose,
the benefit of starting with the stability (rather than the Lyapunov exponents) is that
the stability exponents are based on the eigenvalues of the product matrix (5.7) while the
Lyapunov exponents are based on singular values (5.5). As we recall from chapter 3 and 4,
we have explicit formulae for the joint density of the eigenvalues in all three Dyson classes
(8 =1,2,4), while an explicit expression for the joint density of the singular values is only
known in the 8 = 2 case. For this reason, we can treat all Dyson classes equally when we
consider the stability exponents, while we need to prescribe different treatments to the
£ =2 and the 8 = 1,4 cases when we return to Lyapunov exponents in section 5.1.2.

We recall from propositions 4.1, 4.15, and 4.26, that the joint densities for the
eigenvalues on R (8 =1), C (8 =2), and C; (8 =4) are

N
1
1, =
Pﬁ)df (@1, 2N) = ZB=1 Hwﬁ Hay) H |z — 0, (5.8a)
Jj=1 1<k<t<N
. N
=2, _ 9
7Djﬂpdfn(zb VZN) = Zp—2 ng Q(Zg) H |2k — 26|, (5.8b)
Jj=1 1<k<(<N
. N
4, —4 )2 2 2
PJidf (21,5 28) = Zh=1 Hw5 (z)lz; — 2] H |2k — 2ol 2k — 2717, (5.8¢)

<.
Il
—_

1<k<t<N
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where wﬁ(z) are positive weight functions,

70 -
wﬁ(z) = Gg,n (51/1 Bvn
N

and ZP are constants,

NigNB-n/y N + k)
2(2— 7T’ynN N+1)/4 H H |: Vz } (510)

k=1/¢=1

zZ8 =

with y =1,1,2 for 8 =1,2,4 and v; (i = 1,...,n) denoting non-negative constants.

Note that for 5 = 1 we have taken the joint density which assumes that all eigenvalues
are real and the normalisation constant, Z°=1, is chosen such that integration over the
eigenvalues yields the probability that all eigenvalues are real (cf. proposition 4.26 and
remark 4.27). Although at first sight this seems like a strong restriction, it turns out to be
no restriction at all, since (as long as the matrix dimension is kept fixed) all eigenvalues
are real, almost surely, in the large-n limit (as we will see below). This surprising property
of real matrices was first observed numerically in [138], while a proof for square matrices
(0 =11 =wv9 =---) was provided in [81]. Here, we will proof this property for the more
general case, where {v;}y is a convergent non-negative sequence, i.e. v; > 0 for all ¢ and
Vi = Voo < 00 for n — oo. This result will be obtained using an idea presented in [108],
which differs considerably from the approach used in [81].

It will be convenient to change to exponential variables when we consider the large-n
limit. Thus, we parametrise the eigenvalues as

zi(n) = kT - — 1N, (5.11)

where (x(n) (k=1,...,N) are the finite-n stability exponents (5.7), while 0y (n) (k =
1,..., N) are real phases which take the discrete values 0 and 7 for 5 = 1, values in the
interval [0,27) for 8 = 2, and values in [0, 7] for § = 4. The restriction of the phases
appear since the eigenvalues belong to the real line, complex plane, and the complex
upper half-plane for 5 =1, 2,4, respectively.

We introduce the joint density of the finite-n stability exponents and their phases
defined by

Pﬁﬁf((h O1,....Cn,ON) - H ne®"%i/ P ),Pj%gllf(enCIerlv L, e NN (5.12)

where Pjpdf(zl, ..., 2N;t) is given by (5.8) and

XP(0) = 651(8(0) + 6(m — 6)) + 02 + dpalo<p<n- (5.13)

is an indicator function which incorporates the fact that the eigenvalues belong to the
line R, the plane C, and the half-plane C,. for real, complex, and quaternionic matrices,
respectively. With this notation, we have ¢; € R while 0; € [0,27) (i = 1,...,N) for
all three Dyson indices (5 = 1,2,4). Alternatively, we could have left out the indicator
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function (5.13) and imposed the individual constraints 6; € {0, 7} for 8 =1, ; € [0, 27)
for f =2, and 0, € [0, 7] for § = 4. It is important to note that (5.12) is nothing but a
change of variables; the prefactor on the right hand side is simply the Jacobian arising
from the change of variables.

It turns out that the stability exponents and their phases become independent in the
large-n limit if NV is kept fixed (as we will see). For this reason, it is often sufficient to
consider the one-point correlation function (the spectral density), which is defined in the
usual manner,

N 2 8
pﬁ,n(Clael) = N[gédCZA dal]pjégf(ChehaCNaeN) (514)

We are now ready to formulate the main statement of this section together with an
important corollary. This statement was originally presented in [108|, while the partial
result for products of square complex matrices (i.e. f =2and 0 =11 = vy = --+)
was given previously by Akemann, Burda and Kieburg in [8]. The striking statement
of corollary 5.2 was first shown for N = 2 in [138|; based on numerical evidence it was
conjectured to hold for N > 3 as well. This was shown analytically for square matrices
(i.e. 0 =v1 = vy =---) by Forrester in [81], while proposition 5.1 provides us with an
alternative proof as observed in [108].

Proposition 5.1. Let {v;} be a non-negative convergent sequence with the limit v; —
Voo < 00. For N fixed, the large-n limit of the joint density for the stability exponents
and their phases (5.12) becomes

: n 1
Jim pie(Gu O G O) = 57 per [Kﬁwk)é(ce )| (5.15)

while the density (5.14) allows the limit

lim ;%pﬁv”(uf + c\a/’%,e) = Kﬁ(e)‘f\;;, k=1,...,N. (5.16)
where
K4(0) = %W N 562% + 554251:2 O . (5.17)
and 1. 2 1 k 1 k
R R R e ] R

with ¥(x) denoting the digamma function (B.2).

Before we provide a proof of proposition 5.1, let us show a corollary which has
fundamental importance for the interpretation of the proposition in the 5 = 1 case.

Corollary 5.2. The eigenvalues of a product of independent real N x N induced Ginibre
matrices (with charges v; as in proposition 5.1) become real, almost surely, as the number
of factors tends to infinity.
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Proof. We recall that integration over the eigenvalues in (5.8a), and therefore also in the
B =1 case of (5.15), gives the probability that all eigenvalues are real, but

[f:[l /R e /0 - dﬁi]]\ln per [Kﬁ=1(9)5(@—ufl) =1 (5.19)

P1<kA<N
Thus the eigenvalues are real, almost surely. O

Remark 5.3. Corollary 5.2 tells us that the imposed assumption that all eigenvalues are
real is no real restriction in the large-n limit, since this happens with probability one.

Proof of proposition 5.1. The main idea of the proof is to show that the correlations
between eigenvalues (stability exponents and their phases) decay exponentially for large n,
while the distribution of individual stability exponents become Gaussians with variances
of order O(n~1'/2) for large n. For accessibility, the proof is divided into three parts: (i)
the complex case, (ii) the quaternionic case, and finally (iii) the real case.

(i) Complex case. We write the joint density (5.12) using (5.8b)

pdef (Clael)--'aCNaeN ZB= QHnw TLC]

x  det [ek("g‘ﬂrie@)} det [ek("Q_w"')] (5.20)
1<k<N 1<k<N

Here we have absorbed the prefactor from (5.12) into the Vandermonde determinants;
wh=%(z) and Z°=2 denote the weight (5.9) and normalisation (5.10), respectively. We
want to rewrite the right hand side of (5.12) as a sum involving a single determinant. To
achieve this, we expand the first determinant as

1<(]3%‘E<N[ k(nC;-HG/) Z sign o H eI (o) F0a()) (5.21)
oESN

where the sum is over all permutations and ‘sign o’ denotes the sign of the permutation.
This expansion can be used to rewrite the joint density (5.20) as a sum involving a
single determinant. After application of this expansion, we can pull the weight functions
into the the second determinant and, by reordering the rows in the determinant, the
‘sign o’ may be included in the determinant as well. Finally, we pull the product from the
expansion (5.21) into the determinant which yields

pjpdf (Cl, 01,..., (N, 91\7 Zﬂ 5 Z 1<k £<N [ k-i-Z)Ca(l)e i(k—2) a(e)nw;@;:Q(enCa(Z))]

(5.22)
with weight and normalisation as above.
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In order to simplify notation in the calculations below, we introduce the normalised
non-negative function

2G82< Miy k+£eg)
L | DR e 529

The normalisation may be checked using the integration formula (B.21), while the non-
negativity can be seen by writing the Meijer-G function as an n-fold integral similar to
the discussion of product of Gaussian random scalars in section 2.1.

With definition (5.23) in mind, we return to the joint density (5.22). If we write
the weight as a Meijer G-function (5.9) and use the identity (B.19), then we see that
the first exponential in (5.22) and the weight can be combined into a new Meijer G-
function identical to the one appearing in (5.23). We insert the explicit expression for
the normalisation constant (5.10) and after some standard manipulations we find

i(k—f)@a(e) DBZZJ’L 612771
€ kL fkg (C)
pdef (Cla ela cee 7<N7 9N N' EZ l<§€1,e€t§N |: o (524)
o€ESN
with the coefficient D,@ZQ’" defined by
- T T+ (k+0)/2)
D" = . 5.25
ke g T[v; + k12T [y; + £)1/2 (5.25)

So far no approximations have been used, hence the joint density (5.24) is valid at any
n. In order to understand the large-n asymptotics, we will look at Dﬁ 2 and fﬁ 21(C)
separately.

We start by evaluating the coefficient Dﬁ 2 We recall that k and ¢ are positive
integers and notice that

D[y + (k4 0)/2] < Ty + k]V?T[v; + /2 (5.26)

with equality if and only if £ = £. This can be seen by writing the gamma functions as
their integral representations and interpreting the expression using the Cauchy—Schwarz
inequality. Comparing this inequality with the expression for the coefficient (5.25), we
see that (recall that the sequence of charges is convergent)

DI — 8 for om0, (5.27)

where 0y is a Kronecker delta. Note that D,fk:Q’n = 1 even for finite n, while the
off-diagonal entries, D,@: Zn (k # ), decay exponentially with n.

Similar to the product of Gaussian random scalars discussed in section 2.1, we will
use the cumulant expansion to argue that the function fﬂ 2 "™(¢) reduces to a Gaussian in

the large-n limit. In the following, we will interpret fke "(¢) as the probability density

for a random variable. The cumulant-generating function g,’f; Zn (£) is given by
=2 > 2 k+€)/2+§/2n]
le (&) :=log (/ d¢ egcf,fg ) Zl )y (5.28)
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Here we have used formula (B.21) to evaluate the integral. The cumulants are found by
expanding the cumulant-generating function around ¢ = 0, hence the j-th cumulant is
given by

_ 1 gP=Em(€) 1 k+e
B=2mn . 9 Ige _ Z G=-1{(,,
ke T &I Lo B — (2n)j¢ ’ (V’ T ) (5:29)

where () (z) is the j-th derivative of the digamma function (also known as the polygamma
function). Due to convegence of the charges (1; — Vo) and continuity of the polygamma
functions on the positive half-line, we have convergence of the arithmetic means. In
particularly, we have

B=2.n 1 k+¢ . p=2
nlgn Kppp = izp(%@ + 5 ) =g, (5.30a)
g=2n 1 AN N
nh_r)n K mo_ Z¢/(ym + - ) =: (0y, )7, (5.30b)

such that ,ukk % and (O'kk %)2 are the mean and variance from (5.18). To find the limiting
distribution at large n, we switch from the variable ¢ to the standardised variable
( = /n(¢ — HM) /JM, which has mean zero and unit variance. The corresponding
standardised cumulants are

Rg;fn =0, Nge 22 =1 and Rg;?n =0(n'/?) for j>3. (5.31)

We see that the higher order cumulants tend to zero for large n, and it follows by standard
arguments that the limiting distribution is a Gaussian. In the original variables, we have

B=2,n n (C - /[822)2
ke 2 () ~ o B=2.9 2(01/::2)2

5.32
21 (o, )2 (5.32)

exp[—n

with mean and variance in terms by (5.30).

We can now return to the joint density. Without further rescaling, the function (5.32)
becomes a delta peak located at ,ufzz2 in the large-n limit. Thus, using the asymptotic
behaviour (5.27) and (5.32) in the joint density (5.24) we obtain the 8 = 2 case of (5.15);
the dependence of the phases cancels out due to the Kronecker delta stemming from (5.27).

To see that (5.16) holds, we notice that the strength of correlations between exponents
is determined by the coefficient ngz 2™ \which is exponentially suppressed compared to

the self-correlations. Thus, for large n, we have

gl f o [ ] 5 H o

O'GSNTL 1
Y1
=3 NG (5.33)
27
k=1
Now the limit density (5.16) follows since ‘uf — W ‘ is non-zero and independent of n

for k # (.
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(ii) Quaternionic case. The main idea for quaternionic matrices is the same as it was for
complex matrices. Our starting point is the joint density (5.12) expressed using (5.8¢),

k(nGet+ify)] N
(& S T L B=4/_n(;
k:g?%N [ek(ng—i@z)} HQme I sin jw, " (e"%).
¢=1,...N Jj=1

1
pjpdf (C17017“'7CN79N): 2524

(5.34)
Expanding the determinant yields

pjpdf (Cl; 017 v 7CN7 QN) - (535)

/3 =S 51gn0H2m5m96 (3)=0 G+ N))0; (o () (M) +1)G =1 (65
gESON

Analogously to the proof for complex matrices, we introduce a normalised non-negative
2n GS’O < k+e+1
L 2]/1 + T, e

function,
2ne2ncj>
. 5.36
[ T+ (k+ £+ /2 (530

Now, we can use the explicit form of the weight function (5.9) in the expression for the
joint density (5.35) and use (B.19) to absorb the prefactor involving Lyapunov exponents
into the Meijer G-function. With the notation (5.36) and the explicit expression for the
normalisation constant (5.10), we write the joint density as

k4041
72Vn + B —

Foe Q) =

pdef (Claeb "aCNaeN):

9N (N+1)n N oin 0,¢i(@()=o(i+N)e;

. 5:4711 =4,TL
TN ZS: iene Do Hl e Te TN do)o+m) (Gn)r (5:37)
oES2N J=

where the coefficient Dﬁ =4n depends on the permutation o,

6 4n_HH 2y + +U(j+N)+1)/2] (5.38)

i [2%—1—2]]

As in the proof for complex matrices, we will discuss the asymptotic limit of the coeffi-
cient (5.38) and the function (5.36) separately, and then combine the results.
In order to evaluate the coefficient (5.38) we will use the inequality (5.26) once again
to write
L[2v; 4+ (k+ £+ 1)/2] < (2u; + 0)Y?T[2v; + k]Y?T[20; + 0)1/2, (5.39)
where we have also used the recursive property I'[x + 1] = zT'[z]. Note that k£ and ¢ are
interchangeable. Given a permutation, o € Sop, it follows that

HF 2w+ (0(j) +0(j+ N)+1)/2] <
N
[T @vi + min{o(5), o(j + N))V2T (205 + 24]"°T[20; + 25 — 1]V, (5.40)
n=1
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The maximal value of right hand side of this inequality only depends on the permutation
through ‘min{o(j),0(j + N)}’. It follows that the product takes its maximal value if and
only if o(j) and o(j + N) comes in successive pairs, hence

N

Hr 2; + (0(j) + o(j + N) +1)/2] < [[ T[2vi + 2] (5.41)
j=1

with equality if and only if |o(j) —o(j+N)| = 1 for all j. Inserting this into the expression
for the coefficient (5.38), we see that (recall that the sequence of charges is convergent)

2

Di=H — H () +1oG+N) T 0o oien)+1)  for m = oo, (542)

This implies that in the large-n limit the sum over all permutations, Son, reduces to
a sum over permutations of pairs, Sy. The other permutations will be exponentially
suppressed at large n.

The evaluation of the asymptotic behaviour of the function f,f€:4’”(( ) proceeds exactly
as for complex matrices and it follows that the limiting distribution is a Gaussian,

" 1 ¢ — B=4y2
f,B 4, (€) ~ @05;4 exp[—ngwggi);] (5.43)

with
s 1.1 1 kA l+1 sty 1 k4041
pi = g log s+ v (e + o) and (0= 0 (e + ),
(5.44)

where the first term in the mean stems from the prefactor inside the argument of the
Meijer G-function (5.36). Note that with the above notation /Lgk:fl o and agszl o) agree
with (5.18). ’ ’
Combining the asymptotic behaviour for the coefficient (5.42) and the function (5.43)
in the expression for the joint density (5.37) we see that the large-n limit yields the
B =4 case of (5.15). Moreover, we notice that, similar to the complex case, the strength
Dg:4,n

of the correlations between exponents is determined by the coefficient which is

exponentially suppressed compared to the self-correlations. Thus (5.16) follows.

(#1i) Real case. Finally, let us look at a product of real matrices with eigenvalues distributed
according to (5.8a). The joint density (5.12) reads

N

pjpdf (Clv 01,....(N, 9N) _ % H |6an+i0k _ enQ—l—i@g‘ H nengjw5=1(en<j)_
1<k<t<N Jj=1
(5.45)
Recall that the phases 6, only take the discrete values 0 and 7 because we only consider
the eigenvalues which are located on the real axis.
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Our first step is to rewrite the joint density (5.45) as a determinant,
9—nN(N+1)/4
2N N

pjpdf (Clvala"'7<N50N) =

)

46)

where we have used the explicit form of the normalisation constant (5.10). As for complex
and quaternionic matrices, we introduce a normalised and non-negative function

1 |:€knﬁg+i(kl)9g angzl(eng)]
et )
1<k/<N [Iim: Tl(vs + 6)/2]

(1 +k)/2,...,(vn+k)/2
[l T [(Vz' +5)/2]

The joint density (5.46) simplifies considerably if we use the definition (5.47) together
with the explicit expression for the weight function (5.9) and the identity (B.19),

an G [2nean)

L) = (5.47)

[0 =] (5.48)

pjpdf "(C1,01,...,CN,ON) = NN ‘ngKN

Note that the stability exponents in the joint density (5.48) are unordered. This can
equivalently be expressed as a sum over all possible orderings,

N-1
k—1)0, ¢8=1,

Pdef G0 G ) = 2NN' Z ‘1<(g%t<N [ g n(@)]‘ H Le, <oy

i=1

(5.49)
where 1,<, denotes the indicator function which is equal to unity if x < y and zero
otherwise. Now, if we write the determinant as a sum over permutation, then the joint
density becomes

pdef (C17017--'7CN70N) -

N-1
k—1)0,) £B=1
QNNI DS 51ganeZ( ® £ Cow) [T Yoo <cogen |- (5:50)
ceSNIWESN k=1 j=1

So far no approximation have been used.
At large n the normalised function (5.47) can be evaluated using the same technique
as for complex and quaternionic matrices; we find that

- ule)Q]

BII,TL n
[ (O R I B o R -
s 2(05 )2

exp [— n (5.51)

with ’ug:1 and J,f:l as in (5.18). In the strict n — oo limit, the variances tends to zero

and the Gaussians (5.51) become delta-peaks. Inserting this into (5.50), we obtain

hmp (C1,¢917-~,CNa9N):

n—oo
1 N N-1
. y _ :1
vt 2 | O signw [L e TVR05(Cq = ) T Ve <ogin |- (5:52)
" oeSnlweSy k=1 j=1
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We know from (5.18) that ule < ,u? =! for k < £, hence the only contribution to the sum
within the absolute value comes from the term w = o (all other terms are zero due the
indicator functions). The absolute value cancels any overall sign of the remaining term,
such that

Jim pl " (G101, v O) = 2NN, > Hécgw ) (5.53)
oceSN k=1

with the constraint that the phases only takes the distributed values 0 and m, which is
the =1 case of (5.15).

At large but finite n, we have the Gaussian approximation (5.51) rather than delta-
peaks. Note that the means of the Gaussians are independent of n while the variances
decrease for increasing n, see (5.51). It follows that at sufficiently large n, fﬁ 1"(( )
(k=1,...,N) are well-separated Gaussian-peaks. Inserting this approximation into (5.50),
we see that at large n the dominant term in the sum inside the absolute value is w = o,
while all other terms will be exponentially suppressed due the indicator functions. The
simplest illustration of this is when there is only one indicator function, i.e. only one
constraint. In this case the Gaussian approximation (5.51) yields

B=1 _  p=1
B 1 n B=1,n 1 I B lu

This integral gives the probability for a particular ordering of Lyapunov exponents and
we see that it is exponentially close to unity for k£ < ¢ and exponentially suppressed for
k > {£. Tt is clear that the idea of this argument can be extended to the general case, and
it follows that asymptotically we have

pjpdf (Clvela-‘wCN’eN 2NN' Z H ﬁ 1n (555)
ceSn k=1
The density limit (5.16) follows similarly to the complex and quaternionic cases. O

Remark 5.4. Proposition 5.1 tells us that the eigenvalues of a product of independent
induced Ginibre matrices become independent and exponentially separated when the
number of factors tends to infinity. Furthermore, the absolute value of an individual
eigenvalue becomes log-normal distributed.

Remark 5.5. If we are interested in the stability exponents only (and not their phases),
then the proofs for the complex and quaternionic case can be simplified using proposi-
tions 4.4 and 4.19, respectively. After integration over the phases the joint densities for
the stability exponents becomes independent random variables even at finite n. Their dis-
tribution is identical to that of a product of gamma-distributed random variables [20, 13|,
thus the problem reduces to show that a product of gamma-distributed random variables
becomes log-normal distributed in the large-n limit, which is well-known.
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5.1.2 Lyapunov exponents

In this section we will investigate the statistical properties of the Lyapunov exponents (5.5)
for a product of induced Ginibre matrices. We will focus on complex (8 = 2) case, where
we have an exact formula for the joint density of the squared singular values. However,
there exist results for all three Dyson classes (5 = 1,2,4), see [161, 79, 124, 82|. In
fact, the analytic expression for the Lyapunov exponents (but not their fluctuations!)
pre-dates the exact formula for the joint density of the singular values from chapter 3.
The approach used in [161, 79, 124, 82] is based on an idea valid for isotropic matrices
introduced by Cohen and Newman in [54]. We will return to this method in remark 5.7.

We recall from proposition 3.3 that if x1,...,xxy denote squared singular values of
the product matrix (the n-dependence is suppressed for notational simplicity), then the
joint density is given by

p=2 _1 - (s
Pjpdf (x1,...,zN) = H (xj —x3) 1§%§%N [wj_l(xz)], (5.56)
1<i<j<N
where Z is normalisation constant and w;_i(z) (j = 1,...,N) is a family of positive

weight functions given by

N-1 n
Z=NT[R][Tlw+k+1] and wjx) =GO <V1 i x) (5.57)
k;:O 'Z,:l M bR | n

respectively. As above, N denotes the matrix dimension and n the number of factors.
Like for the stability exponents, it is convenient to change to exponential variables due

to the expected asymptotic growth of the singular values (5.4) when n becomes large. For

this reason, we introduce the joint density for the finite-n Lyapunov exponents defined by

N
Pipat( A1y -, AN) 1= H 2ne?nNi Pj’/f;?(eh)‘l, L, e (5.58)
j=1

where joint density on the right hand side is (5.56). Once again, it is important to note
that (5.58) is nothing but a change of variables; the prefactor on the right hand side is
simply the Jacobian arising from the change of variables. The spectral density is (as
always) given by

N
p'(0) = N [H L], (5.5)

We will not consider higher point correlations function, since it turns out that the
Lyapunov exponents become independent in the large-n if N is kept fixed (as we will see).

Now, let us formulate the main statement of this section, which regards the Lyapunov
exponents and their limits. This result was originally shown by Akemann, Burda and
Kieburg in [8] for square matrices (i.e. 0 = v; = vy = --+). The result given below,
which is valid for a non-negative convergent sequence of charges, is a straightforward
generalisation of their result, but it is included here for completeness and because it will
be useful in the following discussion.
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Proposition 5.6. Let {v;} be a non-negative convergent sequence with the limit v; —
Voo < 00. For N fixed, the large-n limit of the joint density for the Lyapunov expo-
nents (5.58) becomes

_ 1 =2
Tim it (Ar- - Aw) = N [6(e = g )], (5.60)

while the density (5.59) allows the limits

iy _ e
lim 2k ( A ): . k=1,...,N. 5.61
i =t (e “+ NG o (5.61)

=2

where uf and 0522 are defined as in proposition 5.1.

Proof. We follow the same steps as in [8]: Our starting point is the joint density for
the finite-n Lyapunov exponents (5.58). After absorbing the prefactor in (5.58) into the
Vandermonde determinant stemming from (5.56), we write

B=2,n — 2n by 2ng
Pipat (AL, -5 AN) 2 1§(13,68th e ] 13(133th [we—1(e”)]. (5.62)

Expanding the first determinant in this expression gives

8=2n CON : 2o (k)A 2nA
Pipar (A AN) = = ; signo e C et [we-1(e")], (5.63)
cESN

where the sum is over all permutations and ‘sign ¢’ denotes the sign of the permutation.

For the next step we recall the explicit form of the normalisation constant (5.57).
Absorbing factors into the remaining determinant and reordering columns within the
determinant to cancel sign o, we see that

2 an)\a(k) -~ 2”’\0(19)
ne wei(e )}, (5.64)

B=2,n
Pipai " (A1 AN) = N' Z 1<k€<N[ Llk] Ty Ty + K]

ocESN

with weight and normalisation as above.
In order to simplify notation, let us introduce the normalised, non-negative function

2n G82<V +k+0-1, ]/2—|—k' yn—l—k‘e%/\)

Pl +k+€-1]][L,T [Vi+k3]

Jie(A) == (5.65)
Here, the normalisation may again be checked using the integration formula (B.21), while
the non-negativity can be seen by writing the Meijer-G function as an n-fold integral
similar to the discussion of product of Gaussian distributed random scalars in section 2.1.
In fact, f;,(\) has a natural interpretation as the density for a product of random variables,
which explains its non-negativity.
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Using the relation (B.19) together with the definition (5.65), the joint density (5.64)
becomes

B=2n 1 +k+ 1]
P M) = ) 1<H<N[ S )| (666)

The prefactor within the determinant does not depend on n, thus we can restrict our
attention to asymptotic behaviour of (5.65).

Completely analogously to the discussion of a product of Gaussian random scalars in
section 2.1 and the proof from the previous section, we can use the cumulant expansion to
find the asymptotic behaviour of the function f}},(A). In the following, we will interpret
f74(X) as the probability density for a random variable. The corresponding cumulant-
generating function g,(€) is given by

sie(©) =log ([~ axepzn) (567

The integral within the logarithm may be performed using (B.21), which yields

Clvi+k+4—1+¢/2n] +Zl Vz+k+§/2n]

Tlvi+k+0—1] vi + k| (5.68)

gre(§) = log

The cumulants are found by expanding the cumulant-generating function around £ = 0,
hence the j-th cumulant is given by

n Vg _ 1

= J Dy,
K‘kf;j : 85] o (Qn) (Vz + k) (569)

w(] 1)(

In particular, we have (recall that v is a finite n-independent constant)

1 —
Jim g = Stb(vee + ) = =2, (5.70a)
1 _
nh_)rrolon/ﬁk“ = 1@[/(1/00 +k)= (05_2)2. (5.70b)

To find the limiting distribution in the large-n limit, we again switch from the variable
A to the standardised variable A := y/n(\ — ,ufg)/a,fg, which has mean zero and unit
variance. The corresponding standardised cumulants are

Ry =0,  Rlo=1 and  Fl, =0n'"7?) for j>3. (5.71)

We see that the higher order cumulants tend to zero for large n, and, as in the proof of
proposition 5.1, it follows that the limiting distribution is a Gaussian. In terms of the
original variables, we have

) ~ [

Mg:Q)Q] (5.72)

exp [ —-n —
2(0=2)?
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Inserting this asymptotic form back into the joint density (5.66) yields

- 1 vy +k+0—1]
B=2,n ~ !
Pipat (AL, An) N! 1§k,eZ§N|: LK1 + K| ]
oeSN
)\ — B=2y2
X %exp [—n(g_%) (5.73)
2m(oy, )? 2(0y, )2

It is straightforward to show using an induction argument that the determinant in this
expression is equal to unity independently of the value of vy, thus the right hand side is
recognised as a permanent and the limits (5.60) and (5.61) follows. O

Remark 5.7. As mentioned in the beginning of this section, the Lyapunov exponents
for a product of NV x N induced Ginibre matrices are actually known for all three Dyson
classes (8 =1,2,4). We have [161, 79, 124]

1. 2 1 /Blus+k)
B= Zlog 2 + = (L) =1 N 4
1, 20g5+2w 5 , k yeeo, N (5.74)
In fact, this result pre-dates the proof for 5 = 2 given above (at least for 0 =1y = v = - -).

The method used in [161, 79, 124] is based on an approach introduced Cohen and Newman
in [54] and is valid for isotropic matrices (we will refer to this approach as the Cohen—
Newman method).

Let us briefly recall the main idea of the Cohen-Newman method [54, 161] (here we
follow a formulation of the Cohen-Newman method similar to that presented in [8]). The
starting point is to note that the sum of the K largest Lyapunov exponents can be written
as

1 det MYV, M

det MTM (5.75)

where Y,, = X, -+ - X is the product matrix. We may write this as a telescopic sum

n

1 det M XX, M,
Ag(n) = o— sup S

) N x K ©8 det MM
MG]FB>< i=1 et i VG

(5.76)

with M; :=Y,_1M for ¢ > 2 and M; = M. Each of these matrices may be decomposed
as M; = U; P%;V; with U; € U(N,Fg) and V; € U(K,Fg) while ¥; is a K x K positive
semi-definite diagonal matrix and P = [d;;] is the NV x K projection matrix, which projects
the IV dimensional vector space down to a K dimensional vector space. If the matrices
X; (i=1,...,n) are statistically isotropic then we have

n n
a1 a 1
A(n) S50 logdet PIXIX;P S 505 sup  log
i=1 i=1 MGF/B

det M1 X)X, M

det MM (577)

Here, we may apply Kolmogorov’s law of large numbers to the right hand side, which in
the case of induced Ginibre matrices gives (5.74).
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Very recently, it was pointed out in [82] that the Cohen—Newman method also may be
used to make predictions for the variances of the Lyapunov exponents. Here, we look at

K
E[(Ax)’] —E[Ag] =) varQy_ps1) +2 Y covQAvitt, Av—jt1),  (5.78)
k=1 1<i<j<K

where expectation is with respect to the joint density (5.58). The left hand side may be
evaluated using ideas similar to those discussed above. We note that if K = 1 then the
second sum on the right hand side disappears, which allow us to determine the variance
of the largest Lyapunov exponent (this was done as early as [54]). It was argued in [82]
that this approach may be extended to K > 1 if the Lyapunov spectrum is discrete and
non-degenerate, since the covariances are expected to decay exponentially fast in this
case. If we believe this assumption, then the variances of the Lyapunov exponents are

1 k

(00)? = w’(m), k=1,...,N. (5.79)
4 2

We note that this prediction is in agreement with the exact evaluation for 5 = 2 given in

proposition 5.6 as well as the stability exponents from proposition 5.1.

5.2 Macroscopic density for large matrix dimension

In this section, we will consider the macroscopic spectral density for a product of induced
Ginibre matrices as both matrix dimension and the number of factors tends to infinity. We
will see that the two limits commute and that the macroscopic spectral density converges
in distribution to Newman’s triangular law [161, 113]. We note that the triangular law
also has been revisited in the context of free probability [123, 190] and in the context of
exactly solvable matrix models in [8].

Here, we will present separate proofs for the convergence of the eigenvalue spectrum
(stability exponents) and of the spectrum of the singular values (Lyapunov exponents).

Proposition 5.8. Let {v;} be a non-negative convergent sequence with the limit v; —
Voo < 00. Consider the spectral density, R’f’”(w), for the eigenvalues of a product of n
independent N x N real (8 = 1), complex (B = 1), or quaternionic (8 = 4) induced

Ginibre matrices with charges v1,...,v,. We have
a a s .
/ drpa(r) = lim lim dr 2nN"_11“2”_1/ do RY (N™?rme'?) (5.80)
0 N—o00 n—00 0 —T

a

= lim lim [ dr2nN"" it / df R} (N™/2pme'?) (5.81)

n—oo N—oo J —r

pointwise for a > 0, where

2z for O0<x <1

po(x) = { (5.82)

0 otherwise

s the density of the triangular law.
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Proof. Let us start with the iterated limit (5.80). We know from proposition 5.1 that

lim 2ne®™¢ d@R'B” ne+id) Z& ¢—ud), (5.83)

n—00 .

where ug (k=1,...,N) are given by (5.18). It follows by a change of variables that

n—o0

lim 2nN"1p2n-l / df R (N™/ 27 Z& r— i3 log Ny, (5.84)

In order to evaluate the large-N limit, we need to look at the asymptotic behavior of ,uk

for large k. The asymptotic formula (B.8) may be used to evaluate ,u for large k, since
Vso 18 a finite constant. If & > 0 and k& = a/V, then we have

=318 N — /5 (14 O(N™Y) (5.85)

and it follows that

a

v
lim lim dr 2nN"_17“2"_1/

N—ocon—o0 [

| 2 for 0 1
dHRf’”(N”/%”ew):{a orP=as (586

. 1  otherwise

which confirms that (5.80) converges as claimed.
We can now turn to the to the other iterated limit (5.81). We recall from proposition 4.8
and 4.22 that for 8 = 2,4, we have

™
lim 2nN"1p2n-t / do RV (N2 e?) = dmnpr?n 1 pho=0 (), (5.87)
—T

N—oo pmacro
where pmgcrg (r™) is the macroscopic density (4.37); the same is known to hold for g =1,
see [99, 169, 96|. In order to evaluate the large-n limit, we first recall that the outer edge
by definition is located at unity. Since we have integrated out the phase, the task of
finding the limiting density is a Haussdorff moment problem if the moments converge. It
follows from the explicit expression for the density (4.37) that

2
s+2

, (5.88)

pmacro

1
/ dr A1 prea=0pny.s —
0

thus the large-n limit for the moments becomes trivial. The density (5.82) is obtained by
an inverse Mellin transform or by a direct calculation of the moments of (5.82). t

Remark 5.9. We emphasise that the phase-average included in (5.80) and (5.81) is
necessary for the proposition to hold, since the N- and n-limit do not commute without
it. For instance, if we look at the spectrum for a product of real (8 = 1) matrices and we
take N — oo before we take n — oo then we find a limiting density which is invariant
under rotations in the complex plane; on the other hand, if we take n — oo before we take
N — oo then we find a limiting density restricted to the real line. A similar discrepancy
is present in the quaternionic case, while the spectrum is rotational symmetric in both
cases for complex matrices.
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Let us formulate the equivalent statement for the singular values.

Proposition 5.10. Let {v;} be a non-negative convergent sequence with the limit v; —
Voo < 00. The spectral density, R} (x), for the squared singular values for a product of n

independent N X N induced Ginibre matrices with charges vy, ..., v, satisfies,
a a
/ dzps(z) = lim lim [ da2nN" ‘22 PRI™ (NP2 (5.89)
0 N—oon—o0 Jg

a

= lim lim [ da2nN"" 122 PRI (NP (5.90)

n—o0o N—oo Jq
pointwise for a > 0, where pa(x) is given by (5.82)

Proof. We will follow exactly the same idea as for the proof of 5.8. First, we look at the
limit (5.89). We know from proposition 5.6 and remark 5.7 that

N
. 2n\ pb, n Qn)\
nh_)rgo 2ne”" R} 25 (A= uk (5.91)
k=1
where ,ug (k=1,...,N) are as in (5.83). Thus, the large-n limit can be evaluated in the
same way as in the proof of proposition 5.1.
It remains to investigate the limit (5.90). We know that [157, 52, 29, 171, 96|

lim 2nN" 122" RY(N™2?") = 2na® ! pRe(2®™), (5.92)

N—o0

where pii(x) is the Fuss—Catalan density (3.53) (for § = 2 this was stated as proposi-
tion 3.12). In order to evaluate the large-n limit, we first recall that the right edge for the
Fuss-Catalan distribution is located at (n + 1)"*!/n™. Thus, if the large-n limit exists,
then its edge must be located at unity, since

lim <(”+1)n+1>1/zn =1 (5.93)

n—o0 nmn

This means that the task of finding the limiting density reduces to a Haussdorff moment
problem if the moments converge. We have

00 o0
/0 dx 2nz® 1 pRe (P2 = /O dy pic(y)y™*"

- ((n + 1)(8/2n)) noe, 2

n(s/2n) +1 s/2n s+2 (5.54)

where the second equality follows from (3.54). As in the proof of proposition 5.6, the
density (5.82) can be obtained by an inverse Mellin transform. O
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Figure 5.1 Comparison of the analytic prediction for the fluctuations of the smallest Lyapunov
exponent [i.e. a Gaussian with mean and variance given according to (5.18)] with numerical data
stemming from 10000 realisations of a product of 4 (left panel), 40 (centre panel), and 400 (right
panel) independent 4 x 4 real Ginibre matrices.

5.3 Summary, discussion and open problems

In section 5.1, we have seen that the eigenvalues as well as the singular values for a product
of induced Ginibre matrices diverge exponentially for a large number of factors. As a
consequence, the stability and Lyapunov exponents become independent Gaussian random
variables, asymptotically; a structure which conveniently can be written as a permanent.
Furthermore, it was shown that the stability and Lyapunov exponents converge to the
same limit when the matrix dimension is kept fixed (in agreement with a conjecture
from [93]), i.e. the two approaches are (in this sense) equivalent. More precisely, (i)
on the scale which includes all exponents, we have convergence to a non-random limit
where the locations of the Lyapunov (stability) exponents may be expressed through a
digamma function, while (ii) on the scale of the fluctuations of the individual exponents
(which is suppressed compared to exponent interspacing for large n) we have Gaussian
fluctuations with variances which can be expressed through a trigamma function. The
Gaussian prediction for the smallest Lyapunov exponent is compared with numerical data
for different values of n on figure 5.1.

Furthermore, the complex phases of the eigenvalues have a striking dependence on
the Dyson class in the large-n limit: for 8 = 1 the spectrum is purely real, for g = 2
the spectrum is rotational symmetric, while for § = 4 there is a sine square repulsion
from the real axis (this corresponds to the Vandermonde repulsion for a single complex
conjugate pair). The structure is visualised by a numerical simulation on figure 5.2.

It might seem surprising that all eigenvalues of a product of real independent Gaussian
matrices become real when taking the number of factors to infinity, assuming that the
matrix dimension is kept fixed (as illustrated by the left panel on figure 5.2). In fact, this
phenomenon is far from fully explained. So far, only the Gaussian case has been proven
to have a real spectrum in the limit, but the phenomenon is highly expected to hold for a
more general class of matrices. This conjecture is supported by numerical results [102]. A
first analytical check for the generality of the statement could be to verify that the other
known exactly solvable models (i.e. mixed products including truncated orthogonal and
inverse Ginibre matrices [109, 11]) also have purely real spectra in the large-n limit (this
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Figure 5.2 Scatter plots of the eigenvalues of a product of 1000 independent real (left panel),
complex (centre panel), and quaternionic (right panel) 10 x 10 Gaussian random matrices. The
ensemble consists of 100 matrices for § = 1,4 and 200 matrices for 8 = 2. With the notation
from section 5.1.1, the plotted values corresponds to eSx+.

can be done using either the method presented in this chapter or using an approach similar
to [81]). It is an interesting, but challenging, task to establish more general conditions
implying that the spectrum becomes real. This would also be of physical interest since
it would imply that the limiting eigenbasis (the so-called stability basis [93]) is real. It
should be mentioned that in the opposite limit (i.e. large matrix dimension, fixed number
of factors) the macroscopic eigenvalue spectrum becomes rotational invariant [99, 169].

In section 5.2, we saw that the macroscopic spectral density for both the Lyapunov
exponents (singular values) and the stability exponents (phase-averaged eigenvalues)
tends to the same [-independent distribution, known as the triangular law [161, 113], in
the limit where both matrix dimensions and the number of factors become large (see left
panel on figure 5.3). In particular, we showed that the two limits were interchangeable (a
similar discussion was given for complex matrices in [8]). This triangular law dates back
to [161], where it was shown to hold for the singular values of a product of real Ginibre
matrices under the assumption that the number of factors was taken to infinity before
the matrix size.

It is, of course, highly desirable to establish results for the microscopic regimes in the
double scaling limit. It was argued in [8], that in general the large-n and -N limit will
not commute in the microscopic scaling regime. This must be true, since the microscopic
limits in the bulk and at the (soft) edge obtained for large N (see proposition 3.18, 3.19,
and 4.13) are incompatible with limits obtained for large n (see proposition 5.6 and 5.1).
The distribution of the eigenvalue furthest from origin for a product of complex Ginibre
matrices was considered in [117]. Here, a crossover between the Gumbel distribution
(Ginibre universality) and the log-normal distribution (stability exponent universality)
was observed.

Let us attempt to provide a heuristic understanding of the interplay between the two
limits. In this chapter, we have seen that the Lyapunov (stability) exponents become
independent Gaussians for large n but fixed N. The intuitive interpretation is that the
decorrelation occurs because the singular (eigen-) values separate exponentially fast with n
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Figure 5.3 The left panel compares the triangular law from proposition 5.10 with singular
values numerically generated from 100 realisations of a product of 100 independent 100 x 100 real
Ginibre matrices. The right panel shows the radial microscopic density at the origin for n = 16
(also seen on figure 4.3) together with asymptotic prediction of the “crystallised eigenvalues for
n — 0o.

while the correlation length does not. Thus, it seems justified to believe that the Gaussian
structure is a reasonable approximation as long as the separation between Lyapunov
(stability) exponents is much larger than the average amplitude of their fluctuations. In
other words, the approximation of independent Gaussians is expected to be reasonable if

B _,B

/’(‘Zﬂiuk > /2 (5.95)

Tpt1 T O

with uf and af as in (5.18). Let us assume that we are away from the hard edge (origin)

and set £ = aN where o > 0 is a positive parameter. Using the asymptotic formula (B.8),
we see that

“§N+1 - NgN =O(N™) and 02N+1 + UgN =O(N/?) (5.96)

for large N. Comparing with (5.95), we therefore expect that the Gaussian approximation
is reasonable if n > N. On the other hand, at the hard edge (the origin) we have k = O(1)
independently of the value of N, hence the amplitude of the fluctuations of the Lyapunov
(stability) exponents will always decay compared to their separation in this regime. This
heuristic argument leads us to believe that the microscopic spectrum at the hard edge
(the origin) will “crystallise” in a similar manner as in proposition 5.6 (proposition 5.1).
This is consistent with our observation for small n given on figure 3.2 (figure 4.3), where
we saw that the amplitude of the oscillation in the spectrum grew with n. In the case of
the complex spectrum, we can formalise this notion.

Proposition 5.11. Let {v;} be a non-negative convergent sequence with the limit v; —
Voo < 00. Introduce the microscopic eigenvalue density at the origin for a product of n
independent complex Ginibre matrices with charges v1,...,Vv, as given by proposition 4.10,
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oo (2) = K (2, 2), then

porlgln origin

oo
1
. 2 9 E
nh_}rrol02n€ ncpgrfgm nC—H k—l% 6(¢ - ,Uk ) (5.97)

and

=2 2 n,v B=2 0522 1 6742/2
Jim 2oy et (exp [n(uf = + P ) wio]) = 5 k=12
(5.98)

=2

with ,u,g and 05:2 defined as in (5.18).

Proof. The main idea is the same as in the proofs of proposition 5.1 and 5.6. In this case,
our starting point is the density
o 6271()7

2n§ 0
)Gl ntl (O, —UVi,...,VUnp
(5.99)

which we have from proposition 4.10. We can write the second Meijer G-function as a
sum, using (B.13) and (B.9). This gives

2n.
¢ n (enC—l—iG) _ 2ne ¢ n,0
- 0,n

2ne porlgm T , (1/1 Uy
N

QnGg”g (

eQnC)

00
2n¢ n,v n(—l—zﬁ 1 Vi -+ -sVn

g S
orgin Zaor [ Tl + K]

ke, (5.100)

2ne

Here, the last exponential can be absorbed into the Meijer G-function using (B.19), which
allow us to write the density as

2ne®Cplt s (en ) E ot (¢ (5.101)
with fﬁ 2"({) defined by
P )
B=2.n ’ Vl—l-k,...,l/n—l—k
Jie () T, Tl + 4 (5.102)

This function is recognised as (5.23) from the proof of proposition 5.1 and the rest of this
proof follows exactly as described there. O

It is remarkable that the same method used to study the large-n limit for fixed N can
be used to study the microscopic behaviour of eigenvalues near the origin. On the right
panel of figure 5.3, we compare the microscopic density for n = 16 (see also figure 4.3) with
the asymptotic values for the eigenvalues. We see emerging peaks around the asymptotic
values of the stability exponents even at relatively small n. It would be interesting to see
whether a similar approach can be applied to the microscopic density for the singular
values near the hard edge (given in terms of the Meijer G-kernel, see proposition 3.15).
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Finally, we emphasise that it is a non-trivial task to find an efficient algorithm
for the numerical calculation of the Lyapunov exponents from a matrix product with
large matrix dimensions and a large number of factors. A direct implementation of the
mathematical definition of matrix multiplication gives an algorithm that takes time on
the order O(nN?3), where (as above) n denotes the number of factors and N denotes
the matrix dimension. Moreover, high precision computations are often required for the
smallest Lyapunov exponents (singular values) when using the direct implementation of
the matrix product. In the regime where the Cohen—-Newman method can be trusted
(n > N) a more efficient (but less accurate) approach would be a Monte Carlo algorithm
based on the Cohen-Newman method. We refer to [198, 27, 193, 172, 79| for a discussion
of numerical methods. Analytic results, such as those presented in this chapter provide a
natural standard against which numerical methods can be compared. We stress that all
numerical data presented here (and throughout the thesis) have been obtained using a
direct implementation of the matrix product.
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Appendix A
Matrix decompositions and their Jacobians

In this appendix we introduce several matrix decompositions, which are used throughout
the thesis. The appendix is organised as follows: In section A.1 we briefly review
some properties of 2 x 2 matrices and their relation to the algebras of quaternions and
split-quaternions, while section A.2 summarises some important matrix decompositions.

A.1 Two-by-two matrices and their algebras

It is well-known from numerical linear algebra that 2 x 2 matrices are at the foundation
of many numerical computations. We believe that it is reasonable to say the same about
analytical computations. For this reason, we devote this section to the description of two
types of 2 x 2 matrices with particular importance in random matrix theory; namely,
matrices which are (ring-)isomorphic to either the quaternions or split-quaternions.
It is often useful to imagine the underlying algebraic structure as a consequence
of imposing certain symmetry constraints on the system under consideration. From a
physical point of view, we can imagine that we replace a physical operator by a random
matrix restricted by some global symmetries determined by physical considerations. This
approach is known to be very successful; sometimes it is even possible to establish an exact
link between the random matrix model and some (universal) regime of the corresponding
effective field theory, see e.g. the reviews [33, 195]. In fact, it often fruitful to classify
random matrix models according to their symmetries [59, 22, 39, 146]. Any symmetry
classification, of course, depends on what type of symmetries we allow and on which types
of matrices we consider to be equivalent. We will not give any details regarding such
classification schemes here, but rather refer the reader to the aforementioned references.
Let us consider a 2N x 2N complex matrix, X, and impose an anti-unitary symmetry
given by
JX* =X, (A1)

107



where J is either a symmetric (8 = 1) or an anti-symmetric (5 = 4) unitary matrix. We
will use the canonical representations: an identity matrix for § = 1 or an antisymmetric
quasi-diagonal matrix

J=diag([ % 5, [4 ) (A.2)

for 8 = 4. These are the so-called K-type symmetries in the classification from [39, 146].
If J is the identity then the anti-unitary symmetry (A.1) implies that X is a 2N x 2N real
matrix, or equivalently an N x N split-quaternionic matrix as we will see in section A.1.2.
If J is given by (A.2) then symmetry implies that the X consists 2 x 2 blocks of the form

[ b “*] . wuveC. (A.3)

—v* wu

Such matrices will be referred to as quaternions for reasons which will be made clear in
section A.1.1.

A.1.1 Symplectic symmetry and quaternions

Quaternions are described in several textbooks on random matrix theory, see e.g. [153,
78, 25]. Nonetheless, we briefly review some well-known properties of quaternions for easy
reference and to avoid any confusion about notation. In addition to the aforementioned
textbooks, we refer the reader to [201, 95].

Definition A.1. The skew-field of quaternions, H, is a four dimensional vector space R*
with basis {1,1,],k} equipped with associative multiplication defined such that 1 is the
identity and 1% = j? = k? = ijk = —1.

Definition A.2. Given ¢ = a+ bi+ ¢j + dk € H (a,b,¢,d € R), then we say that ¢ is a
(real) quaternion and define

¢" =a—bi—cj— dk, ¢ =a—bi+cj—dk and lgl = Vq'q (A.4)
called the quaternion conjugate, the partial conjugate, and the modulus, respectively.

Corollary A.3. Let g € H, then (i) the inverse of ¢ # 0 is ¢~ ' = qT/|q|2, (i) the partial
conjugate q is ¢* = —jqj, and (i) the modulus, | -|, is a norm on H.

Definition A.4. Let ¢;; (¢ =1,...,N;j =1,..., M) be quaternions, then X = [¢;;] €
HV*M is an N x M quaternionic matrix, and X' = [qu]T is said to be its quaternion
dual. Moreover, if N = M and either XT = X or X = X!, then we say that X is either
quaternion self-dual or quaternionic unitary, respectively.

We can now return to the symmetries mentioned earlier. Let us consider matrices
with the structure (A.3), if we choose a basis

C[+1 0 . [+ 0 . [0 41 [0 +i
1_[0 +1}’ “_[o —i]’ J_{—1 o]’ k‘Li 0}’ (A-5)
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then we see that the space of such matrices are (ring-)isomorphic to the skew-field of
quaternions (note that 12 = j? = k? = ijk = —1). The anti-unitary symmetry given
by (A.1) and (A.2) becomes

JX*=XJ with J=diag(Qj,...,j), X eHVN 2N (A.6)

Here, the equality may be thought of as a consequence of corollary A.3 (ii). Also other
concepts can be carried over to the matrix representation without too much effort, e.g.
the groups of invertible and unitary quaternionic matrices become

GL(N,H) 2 U*(2N)  and  U(N,H) = USp(2N), (A.7)

respectively. The former is the non-compact group related to the unitary group through
Weyl’s unitary trick, while the latter is the unitary symplectic group.

Henceforth, quaternion will always refer to the matrix representation. Thus, when
we refer to the eigenvalues of an N x N quaternion matrix, then we mean the 2N
eigenvalues (counted with multiplicity) of the corresponding 2N x 2N complex matrix;
and equivalently for singular values, determinants, traces, etc. Note that we have chosen
notation for the quaternions such that it matches our notation for matrices, i.e. the
quaternion dual “{” corresponds to the Hermitian conjugation, while “x” corresponds to
complex conjugation. It follows that a quaternion self-dual matrix is Hermitian and a
quaternionic unitary matrix is also unitary in the usual sense.

Keeping the notation from the 2 x 2 matrix representation (A.3) it is trivially seen
that the eigenvalues of a quaternion are

A+ = Reu =+ iy/(Imu)? + |v]*. (A.8)

Thus the eigenvalues of a quaternion are a complex conjugate pair with non-zero imaginary
part unless it is proportional to the identity in which case there is one real double
degenerate eigenvalue. We see that (A.8) is invariant under a transformation v — ve®,
0 € [0,27), and it is easily verified that any quaternion (A.3) can be diagonalised by a
unitary symplectic similarity transformation, ¢ — U~ 1qU, with U € USp(2)/U(1).

The benefit of introducing the quaternion algebra is that many results which hold for
vector spaces over the fields of real and complex numbers can be extended to include the
skew-field of quaternions (essentially using the same proofs). Thus, these results hold for
the matrices introduced above (at least up to 2 x 2 blocks).

Finally, let us extend the concept of a standard Gaussian random variable to the

quaternion case (we emphasise this, since not all authors use the same definition):

Definition A.5. A standard Gaussian quaternionic random variable is defined by the
probability density

2\2 _p, U v
p(q) = (*) e~ Tl = [_U* U*] € H c C?*? (A.9)

s

with respect to the flat measure, d*q = d*ud?v, on H.
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Remark A.6. As usual, standard refers to the fact that the constants are chosen such
that

E[Q]Z/}}Hd‘qu(Q)q:O and  Elq'q] Z/Hd4qp(q)qfq=ﬂ- (A.10)

This seems like a natural extension from the scalars fields to the skew-field of quaternions
and we will use this definition consistently throughout the thesis. However, it should be
noted that many authors prefer to work with an exponential that differs from ours by a
factor of two.

A.1.2 Real matrices and split-quaternions

The ring-isomorphism between the space of 2 x 2 real matrices and the algebra of split-
quaternions is rarely mentioned in the random matrix literature. Nonetheless, it might
be useful to keep this algebra in mind when considering real asymmetric matrices, where
2 x 2 blocks play an important role. Let us first recall the structure of the split-quaternion
algebra.

Definition A.7. The ring of split-quaternions, Hy, is a four dimensional vector space R*
with basis {1,1,],k} equipped with associative multiplication defined such that 1 is the
identity and —i% = j? = k? = ijk = 1.

Remark A.8. The split-quaternions constitute an associative algebra but (unlike the
quaternions) not a division algebra.

Let us return to real matrices. If our real matrix is even dimensional then we might
divide it up into 2 x 2 blocks and by choosing a basis (this is the same basis as in [61]),

S T A P A ) R

we see that the 2 x 2 blocks are ring-isomorphic to the split-quaternions®. If our real
matrix has odd dimension then there will remain an unpaired row and column after
dividing the matrix into 2 x 2 blocks. However, this does not cause any major difficulties,
since the block structure is most useful when considering complex eigenvalues and any
odd dimensional real matrix has at least one real eigenvalue.

It is useful to study the eigenvalues of a 2 x 2 block in greater detail. Due to the
basis (A.11), it is convenient to use a parametrisation,

R2X23X2a11+bﬁ+cj+d1k:1[a+d c+b

V2 V2 |ce—=b a—d

IThe split-quaternions have another commonly chosen representation as 2 x 2 matrices,

I B O P L S

This basis is natural if we consider matrices satisfying the anti-unitary symmetry

] , a,b,c,d € R. (A.12)

JX*=XJ  with J=diag(,...,j), X eH N VN,

which is equivalent to the case of real matrices within the classification scheme of [39, 146].
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It follows immediately from the characteristic equation that the eigenvalues of X are real
if and only if ¢? + d? > b?; otherwise the eigenvalues will be a complex conjugate pair. It
is fruitful to consider the same problem from a different point of view. Let us look at a
real orthogonal (unit determinant) similarity transformation,

cosf/2 sinf/2

X'=UXU", U=]|_ snf/2 cos6)a| € SO(2). (A.13)
Using our split-quaternionic basis, this may be written as
a’ 10 0 0 a
/
g’ - 8 (1) (3020 - s(i)nﬁ g (A.14)
d 0 0 sinf coséd d

If X has real eigenvalues then ¢? + d? > b? and it follows from (A.14) that we can choose
the rotation 6 so that ¥’ = ¢/; in this case X’ becomes upper-triangular and the eigenvalues
are simply given as the diagonal entries. If X has non-real eigenvalues then ¢ + d? < b2,
hence there exists no rotation which brings X to an upper-triangular form and therefore
no obvious choice for fixing . Nonetheless, two different choices appear frequently in
the literature: 6 is chosen such that either ¢ = 0 or d = 0. However, neither of these
choices, nor any other value of # € R, is such that the remaining algebraic structure is
closed under multiplication, which suggests that new ideas are needed when considering
products of real random matrices with complex eigenvalues.

A.2 DMatrix decompositions

A.2.1 Standard decompositions

In this section, we recall the structure of some standard matrix decompositions and their
corresponding Jacobians. Most results in this section are well-known and will therefore
be presented without proof. The reader is referred to [94| and references therein for a
comprehensive description of different matrix factorisations (and related algorithms). For
derivation of the corresponding Jacobians we refer to [153, 78, 156, 149, 163].

In the following Fg—; 24 = R, C,H denotes the real numbers, the complex numbers,
or the quaternions, while U(N,Fg=124) = O(N),U(N),USp(2N) denotes the unitary
group over the corresponding (skew-)field.

Proposition A.9 (Spectral decomposition). Let H be a Hermitian (real symmetric,
quaternionic self-dual) N x N matriz, then there exists a unitary (orthogonal, unitary
symplectic) matriz U and a real diagonal matriz A such that

H=UAU"'. (A.15)

The diagonal entries of A are referred to as the eigenvalues and they are (up to an ordering)
uniquely determined by H. Furthermore, the decomposition becomes unique if we fix the
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phases of the first column in U and the ordering of the diagonal elements of A. The
Jacobian of the decomposition reads

N
dH= [ N—x]]dndu), (A.16)
1<i<j<N k=1

where \; denotes the i-th eigenvalue (double degenerate for 8 =4) and du(U) = [U~1dU]
is the Haar measure on U(N,Fg)/U(1,Fz)V.

Remark A.10. Before we go on, it is worthwhile to pause for a minute to see how the non-
uniqueness of the spectral decomposition manifests itself in the unitary transformation and
why this is cured by fixing phases in the unitary matrix and ordering the eigenvalues. Let
H be as in proposition A.9 and U € U(N,F3) be a unitary matrix which diagonalises H.
If we introduce another unitary matrix, V' = diag(vi, ..., vn) with vi,...,ony € U(1,Fg),
then it is evident that

H=UAU"'=U0vAWUV)™. (A.17)

This invariance may be removed by inserting constraints in the first column of U. Next,
consider the almost diagonal matrix

P, =diag(1,...,1,[93],1,...,1) € UWN,Fp), (A.18)

which contains a 2 x 2 block on the i-th position. We see that A and PZ'AP[1 are
identical except for an interchange of two eigenvalues. Moreover, P; (i =1,...,N — 1)
are the generators of the permutation group of the eigenvalues. All such matrices are
indistinguishable in the decomposition unless we introduce an ordering of the eigenvalues,
e.g. A\ <--- < Ay (the eigenvalues are, of course, double degenerate for 8 = 4).

Proposition A.11 (Singular value decomposition). Given a complex (real, quaternionic)
(N +v) x N matriz, X, then there exist two unitary (orthogonal, unitary symplectic)
matrices, U and V', and an (N + v) x N diagonal matriz > with non-negative entries,
such that

X=UxvhL (A.19)

We refer to the diagonal entries of ¥ as the singular values of X, and they are (up to an
ordering) uniquely determined by X. If we fix the phases of the first N entries in the first
column of U as well as a v X v matrix subgroup of U, then the decomposition is unique
up to a ordering of the singular values. The Jacobian reads

N
dPX = H Iaf- — o2 H U]f(u-i_l)_ldO'kd/L(U)d,u,(V)? (A.20)

1<i<j<N k=1

with o; denoting the i-th singular value (double degenerate for B = 4) and du(U) =
[U=dU] and du(V) = [V=1dV] are the Haar measures on U(N + v,Fg)/U(1,Fg)" x
U(v,Fg) and U(N,Fg), respectively.
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Proposition A.12 (QR decomposition). Let X be a complex (real, quaternionic) (N +
v) x N matriz, then there exists a decomposition,

X =U [R+T] , (A.21)

X=U 0

where U is a unitary (orthogonal, unitary symplectic) matriz, T is a complex (real,
quaternionic) N x N strictly upper-triangular matriz, and R is a positive semi-definite
diagonal matriz. ]f)? has full rank, then the decomposition can be made unique by fizing
a v X v matrixz subgroup of U. The corresponding Jacobian is given by

N
dﬁ)} = H rf(N+V_l+1)_1dTidﬂTdM(ﬁ), (A22)

i=1

where 7; are the (positive) diagonal entries of R (double degenerate for f = 4) and
dp(U) = [U1dU] is the Haar measure on U(N + v,Fg)/U(v,Fg).

Remark A.13. There is no permutation invariance of diagonal entries of R, such
transformations require pivoting, see [94].

Remark A.14. As we will see in section A.2.2, the QR decomposition is essential for
the study of products of random matrices. In addition to this, the QR decomposition
also plays a prominent réle in numerical linear algebra as a part of the QR algorithm
which is used to obtain the Schur form (and therefore also the eigenvalues) of a matrix,
see [94]. Here, input from random matrix theory is relevant as well; Edelman et al. [65]
comment: “Notice that in earlier versions of LAPACK and MATLAB [Q,R]=qr(randn(n))
did not always yield Q with Haar measure. Random matrix theory provided the impetus
to fix this!”

Proposition A.15 (Block-QR decomposition). Let N be a positive integer and let v,
be non-negative integers. Given an (N +v) x (N +pu) complex (real, quaternionic) matriz,
X, then there exist complex (real, quaternionic) matrices X and T of size N x N and
(N + v) x u, respectively, as well as a unitary (orthogonal, unitary symplectic) matriz U,
such that

X = (7[)0( ' T] (A.23)

The decomposition becomes unique if the matric X has full rank and we fix a diagonal
sub-group U(N,Fg) x U(v,Fg). The Jacobian is

X = det(XTX)?/?7aP X dPTdu(U), (A.24)

with du(U) = [U~1dU] denoting the Haar measure on U(N + v, Fs3)/U(N,Fg) x U(v,Fg).

Above we have considered only real-valued spectral properties. Now, let us turn to
eigenvalues of non-Hermitian matrices which may be complex. One way to approach this
is by means of an eigenvalue decomposition as in [91], see also [153]. However, we will
use a more modern approach, namely the Schur decomposition (which is also valuable for
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numerical computation due to the QR algorithm). This decomposition is more involved
than the decompositions given above and we will state the complex, quaternionic, and
real case separately.

Proposition A.16 (Complex Schur decomposition). Let X be a complex N x N matriz;
there exist a unitary matriz U, o diagonal matriz Z, and strictly upper-triangular complex
matriz T, such that

X=UZ+T)U" (A.25)

The diagonal entries of Z are the eigenvalues of X and they are (up to an ordering)
uniquely determined by X. If we fix the phases in the first column of U, then the
decomposition becomes unique up to the order of the eigenvalues. The Jacobian reads

N
X = [ lz—al ] dudTduU), (A.26)
1<i<j<N k=1
where z; denote the i-th eigenvalue and du(U) = [U~1dU] is the Haar measure on

U(N)/U(1)V.

Proposition A.17 (Quaternionic Schur decomposition). Given a quaternionic N x N
matriz, X, then there exist a unitary symplectic matriz U, a diagonal matriz Z consisting
of complex conjugate pairs, and strictly upper-triangular quaternionic matriz T, such that

X=UZ+T)U (A.27)

Here, the diagonal entries of Z are the eigenvalues of X and they come in complex conjugate
pairs. If the eigenvalues are non-degenerate, then the decomposition becomes unique by
fixing their order as well as the phases in the first column of U. The corresponding
Jacobian s

N
dx = I[ lz—2llz -2 [l — 2 d*ard* Tdu(U), (A.28)
1<i<j<N k=1

where z; denotes an eigenvalue in the upper-half plane stemming from the i-th eigenvalue
pair and du(U) = [U~1dU] is the Haar measure on USp(2N)/U(1)V.

Proposition A.18 (Real Schur decomposition). Let K and L be integers such that
K +2L = N. Given N x N real asymmetric matriz, X, with K real eigenvalues (and
therefore L complex conjugate pairs), then there exists a factorisation in terms of real
matrices,

A+TH T2

X=U]" 7 4+ T22

Ut (A.29)
Here T™ is a K x K strictly upper-triangular matriz, T'? is a K x 2L matriz, and T'?

is a 2L X 2L matriz which is strictly upper-triangular in terms of 2 X 2 blocks; U 1is an
orthogonal matriz, A = diag(A1, ..., k) is a K x K diagonal matriz where the entries
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are (unordered) real eigenvalues, while Z is a 2L x 2L block diagonal matriz where the
J-th entry given by

x; cj + bj
(Z): |: J J ]:|’ (A30)
ool =t w
with b? > c?, such that z; = xj + i, /b? — c? 1s a complex complex eigenvalue of X. The

corresponding Jacobian is given by

K L
e | IPYEPHEN | IEEETEE T | B ] RN

1<i<j<K 1<i<j<L i=1j=1
K L
x dT AT 2dT?dp(U) [ | di [ [ dej db; ¢jde;, (A.31)
i=1 j=1

where du(U) is the Haar measure on O(N)/O(1)V.

Remark A.19. The Jacobian given in proposition A.18 is closely related to the Jacobian
presented in [61], but other parametrisations for the 2 x 2 block matrices are possible, see
e.g. [140].

A.2.2 Generalised decompositions

In this section, we present some generalisations of the decompositions from the previous
section. These decompositions are closely related to products of random matrices and
they have only recently appeared in the literature.

Proposition A.20 (Generalised block-QR decomposition). Let each X; (i =1,...,n)
be an (N + v;) X (N + v;—1) complex (real, quaternionic) matriz, where N is a positive

integer and vy, V1, ...,V are non-negative integers. Then we have the decomposition,
-~ ~[Xx ~ '
Xi:Ui[O’ Ti}Uill, i=1,...,n, (A.32)

where (72 are unitary (orthogonal, unitary symplectic) matrices, X; are N x N complex
(real, quaternionic) matrices, and T; are (N + v;) X v;—1 complez (real, quaternionic)
matrices fori =1,...,n, while Uy is the (N +vo) X (N +1g) identity matriz. Furthermore,
if each individual matriz has full rank and we fix a diagonal sub-group U(N,Fg) x U(v;, Fg)
for each ﬁi, then the decomposition becomes unique and the corresponding Jacobian is

[1d°x: = I det(x]X:)**/*d° X;dP Tydpu(Uy), (A.33)
=1 =1

where dp(Us) = [ﬁi_ld(}i] is the Haar measure on U(N + v;,Fg)/U(N,Fg) x U(v;,Fg)
andy=1,1,2 for 5 =1,2,4.
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Proof. We first notice that the n = 1 case is nothing but the ‘ordinary’ block-QR
decomposition (proposition A.15). Next, let us assume that (A.32) holds for n — 1. Using

X1
a8

this we may write

Xn—l

O

T } (A.34)

with matrices defined as in the proposition. Here, we may use the block-QR decomposition
of the matrix X,,U,_1 which yields

Xn

XnUn—l = Un|: 0

Tn] . (A.35)

Thus, the complete decomposition follows by induction. Clearly, the generalised block-QR
decomposition becomes unique, if make each of n individual block-QR, decompositions
unique.

Now, let us turn to the Jacobian (A.33). We assume that (A.33) holds for n =k — 1
and let [dX}] denote the matrix of one-forms. We have

X X
n)-[}

0
First, we notice that we may ignore the second term since all independent one-forms from
U, kf_lldUk_l] (by assumption) already have appeared in the wedge product

[dXk]

U dX ) Up—y = [ﬁ,;ldﬁk][ 0

Tk:| [U,L,dU, 1] + [

[dT3] } . (A.36)

N U7'dXUiy. (A.37)
1<i<k

Second, since Uy, € U(N + v, Fg)/U(N,Fg) x U(vg, Fg) it follows that

0 —[dA]T] 7

U dUL) = LdA] 0

(A.38)
where [dA] is v, x N matrix of independent one-forms. Using these two observations, we
write (A.36) as

[dX]

ﬁkjl[d‘)}k]ﬁk—l = {[dA]Xk

‘ [dT}] + [ﬁkldﬁk]Tk} : (A.39)

Here, ‘~’ means equal up to terms depending on [ﬁl;lldﬁk_l] which do not contribute to
the Jacobian. Writing out the wedge product, we have

N U 1dXk| Uy = N[dXi] \[dAIX, N\ [dTy] (A.40)
and the well-known identity
A (dAIXR)a = det(X[Xp)2P20 0 N\ [d AL, (A1)
b b

Combining (A.41) with (A.40), we see that if the Jacobian (A.33) is valid for n = k—1 then
it holds for n = k as well. Since the n = 1 case is the familiar block-QR decomposition,
the Jacobian follows by induction. O
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Remark A.21. Note that if we have vy = 0 in proposition A.20, then it follows that

¢ X Tn] {Xz Tﬁ m _ 7, [XX] (A.42)

X”"'XFU”[O 0 0 0

This is an important property in section 2.2.3.

Corollary A.22. Let )Z, (i =1,...,n) be as in proposition A.20. Then we have the
decomposition,

-~ X, 0]~

X; =U; | = U, i=1,...,n, (A.43)
E (2

where U;—1 are unitary (orthogonal, unitary symplectic) matrices, X; are N x N complex

(real, quaternionic) matrices, and T; are v; X (N + v;_1) complex (real, quaternionic)

matrices for i =1,...,n, while Uy, is the (N +vy,) X (N + vy) identity matriz. Fizing a

diagonal sub-group U(N,Fg) x U(v;—1,Fg) for each U; makes the decomposition unique
assuming that the individual matrices has full rank. The corresponding Jacobian reads

[1d°X: = I det(X] X,)2%=2/*d° X;d° Tydp(Us 1), (A.44)
i=1 =1

where dp(Uy) = [ﬁi_ldﬁi] is the Haar measure on U(N +v;,Fg)/U(N,Fg) x U(N,v;) and
v=1,1,2 for  =1,2,4.

Proof. Follows from proposition A.20 by taking the Hermitian conjugate of (A.32). O

Proposition A.23 (Generalised complex Schur decomposition). Let X; (i=1,...,n)
be a family of non-singular N X N complex matrices, then there exists a family of unitary,
diagonal, and strictly upper-triangular matrices, U;, Z; and T; (i =1,...,n), such that

X, =U(Z;+T)U Y, i=1,....n  Uy="U,. (A.45)
The decomposition becomes unique (up to an ordering) if we fix the phases of the first
column in each U; (i =1,...,n). The corresponding Jacobian reads
n n N
H d2Xk = H |Zj — Zi|2 H d2de,u(Uk) H d2:17k,g, (A46)
k=1 1<i<j<N k=1 =1

where xy, o € C is the {-th diagonal entry in Zy, and zp := T4+ Tp e 5 the £-th diagonal
entry in Z = Zy,---Z1 and, thus, is an eigenvalue of the product matriz X, --- X;.
Finally, du(Uy) = [U, 'dUy] denotes the Haar measure on U(N)/U(1)N.

Proof. Tt follows from the complex Schur decomposition (proposition A.16), that there
exists a unitary matrix U,, such that

Ul X X1Up = Z +T, (A.47)
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where Z is a diagonal matrix and 7T is a strictly upper-triangular matrix. Since X Uy is
a complex matrix, we know from the QR decomposition (proposition A.12), that there
exists a unitary matrix U; such that

XUy = Ul(Zl + Tl) (A48)

with Z; and 77 denoting a diagonal and a strictly upper-triangular matrix, respectively.
Inserting this decomposition back into (A.47) and repeating the same idea for Xo, ..., X,,_1
yields

X; =Ui(Z + T) U, i=1,...,n—1, (A.49)
Uy ' XnUn1(Zn-1+Tnr) - (Z1+T) = Z+T (A.50)

with U;, Z; and T; denoting unitary, diagonal, and strictly upper-triangular matrices as
before. We recall that each X; is invertible and therefore so is Z; + T}, thus

Uy ' X U1 = (Z+T)Zy+T1) - (Zpey + Tyr) ™ (A.51)

Here, the right hand side is an upper-triangular matrix and the decomposition (A.47)
follows with

Zy =277 271 Tni=(Z+TWZ1+T1) " (Zno1 +Too1) ™t = Zy. (A52)

n—1

As seen, the generalised Schur decomposition is a combination of an ‘ordinary’ Schur
decomposition and n — 1 QR decompositions, thus in order to make the generalised
decomposition unique we need to make each of the individual decompositions unique. Up
to an ordering of the eigenvalues of the product matrix, this can be done by fixing the
phases in the first column in U; for every i.

The derivation of the Jacobian is given in [7]. O

Remark A.24. We note that the generalised Schur decomposition for n = 2 was
previously known in the literature (sometimes called the QZ decomposition), see e.g. [94].
As we have seen, the extension to arbitrary n can be done without too much effort; this
was originally presented in [1, 183| with inspiration from [7]. More surprising is the fact
that the Jacobian for the generalised Schur decomposition has the same form as the
‘ordinary’ Schur decomposition, see proposition A.16.

Proposition A.25 (Generalised quaternionic Schur decomposition). Given a family of
non-singular N x N quaternionic matrices, X; (i =1,...,n), then there exists a family
of unitary symplectic, diagonal, and strictly upper-triangular quaternionic matrices, Uj,
Ziand T; (i=1,...,n), such that

X, =U(Z;+T)UY,  i=1,....n  Uy="U,. (A.53)

Furthermore, if we order the eigenvalues of the product matriz X, - - - X1 and fix the phases
of the first column in each U; (i =1,...,n) then the decomposition becomes unique and
the Jacobian reads

N

n n
[Téxe= I 1z -2z — =P ] @ Tedp@e) [ 120 — 2P dP2re. (A54)
k=1 1<i<j<N k=1 /=1
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Here du(U) = [U~1dU] denotes the Haar measure on USp(2N)/U(1)N, while 2, and 2} ,
are the (20 — 1)-th and the 2¢-th diagonal entry in Zy, respectively. Thus zp == 214+ - Zn:g
s an eigenvalue of the product matrix X, - - - X1 which by fixing of the phases of the first
column in U, is chosen to belong the upper-half plane.

Proof. The derivation (A.47) to (A.52) carries over from the complex to the quaternionic
case by simple replacement of the field C with the skew-field H; finally (A.53) follows due
to the isomorphism between the 2 x 2 block structure and the quaternions, see [13] for
details.

In order to find the Jacobian we follow [107]. Denoting the matrix of one-forms by
[dX;], we have (recall that Uy = U,,)

U7 NdXi)Uimy = (U7 N dU)(Zi + T) — (Zi + T,)[UZ dUs—1] + [dZ;] + [dT;],  (A.55)

for i = 1,...,n. Here, we have used the anti-Hermiticity, [Ui,ldUi:ll] = —[U;_lldUi,l],
which follows from the constraint UzT,le'—1 = 1. We will consider the strictly lower-
triangular, the diagonal, and the strictly upper-triangular part of (A.55) separately
(interpreted in terms of quaternions or equivalently 2 x 2 block matrices).

We start with the upper-triangular part, which is the simplest case. We have

N\ U dX Ui )k = N\ [dT ke + - (A.56)
k> k>t

but we notice that the one-forms [dT;|xs (the ‘k€’ subscript refer to the (k, £)-th entry of
the matrix) only appear above the diagonal in (A.55) and since they all must appear in
the final exterior product it immediately follows that the contribution to the Jacobian is
trivial,
n

147 (A.57)

k=1
Henceforth, we will use ‘~’ to mean equal up to terms that can not contribute to the
Jacobian.

Now, we can turn the lower-triangular part, which is significantly more difficult. We
have

(U7 dX3 Ui )ke = ) ([U;ldUi]km(Zi + Tt — (Zi + mkm[U;ﬁdUH]mz) (A.58)

m>{

with k < £. Here the sum starts at m = £ since Z; + T; consists of only zeros below the
diagonal. We would like to take the wedge product with respect to indices k < £. Since
each [U;ldUi]M can appear at most once in the final wedge product (and similarly for
(U} dU;_1]e), we have

AU AX Uik = N (107 40Dk Zi)ee = (Z)a U dUialie) - (A59)
k<t k<t
The next step is easier if we introduce some new notation. Let ‘vec’ denote the vectorisation

operator which transform a matrix into a vector by stacking its columns; and let ® denote
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the Kronecker product (tensor product). Using the identity vec(ABC) = (CT ® A) vec B
(see e.g. [104, 192, 62]), we see that

/\ vec(U; HdX)Ui—1)ke =

k<t
A ((Z0)F @ 1) vee[U7 ' dUe — (1@ (Z))as) veelUh dUs1)ie) - (A.60)
k<t

with 1 denoting the 2 x 2 identity matrix. We can now take the exterior product with
respect to the index i, which yields

/\ /\ VeC(Ui_l[dXi]Ui_l)kg =
i=1k</
H det [H( e @ 1) H i)k } /\ /\ vec[U; 1dUjlre.  (A.61)

k<t i=1 i=1 i=1k</

Let Z = Z,,--- Z1, i.e. a (block) diagonal matrix with entries (Z)gy = (Zn)ee - - (Z1) e,
then using identity (A ® B)(C ® D) = (AC) ® (BD) we find

N\ /\ vee(U; dXiUi-1)ee = [ [ det [(2)f, @1 — 1@ ( /\ /\ veelU; " dUi]xe

i=1k</ k<t i=1k</
(A.62)

Thus, the contribution to the Jacobian (A.54) from the terms below the diagonal in (A.55)
is given by

’det (2)L 21 -18 (2).]
1<i<j<N
where dp(Uy) is the Haar measure on USp(2/V)/USp(2). Note that the unitary integral
differs from (A.54), since the contribution from [U; 'dU;]z has not been included yet.
The determinantal prefactor is the 2 x 2 block analogue of the Vandermonde determinant
and due to the quaternionic structure, (Z);; = diag(z;, 2}), we have

[ ] duvi). (A.63)
k=1

I1 jdet (2L e1-10@)u|= I |-zl -" (A.64)
1<i<j<N 1<i<j<N

by evaluation of the determinant.
It remains only to investigate the diagonal terms in (A.55), i.e. terms of the form

(U MdX3 Uik = (U7 AUk (Za) it — (Z3) i [UZ AU 1l + [dZ5] - (A.65)

Here, we will exploit the internal structure of the 2 x 2 block matrices. To do so, we first
recall that (U;)gr € USp(2)/U(1) and (Z;)kr = diag(zi, 27), hence

0 —da’t dz 0
LUy, = ik d  [dz ik A.
U5 dUjlx dase 0 and  [dZi]x 0 dety) (A.66)
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where dojj, and dzjj are complex one-forms (different for all j = 1,...,n and k =
1,...,N). Writing (A.65) in matrix form, we find

. . * * _ . *
dz;j i (daﬁkzj’k Z]7kdaj—1,k)

U YdX Ui )ik = . j
( p [ ] l)kk |:(d06j7kzj,k _Zj,kdaj_lzk) de,k:

(A.67)

Now, we can to take the exterior product with respect to the indices ¢ and k, and we read
off the contribution from the diagonal part of (A.55) to the Jacobian,

1_[|z;c — 22 du(Uy) H 25 k (A.68)
k=1 j=1

with z = 2z, 1 - - - 214 as above and du(Uy) denoting the Haar measure on USp(2)/U(1).
Finally, we can combine (A.57), (A.63), and (A.68) which gives (A.54) and completes
the derivation of the Jacobian. O

Proposition A.26 (Generalised real Schur decomposition). Let K and L be integers
such that K + 2L = N. Consider a family X; (i =1,...,n) of non-singular N x N real
matrices, such that the product matriz X, --- X1 has at least K real eigenvalues. We can
decompose each matriz X; as

Ai + 111-11 T12

Xi=Ui| ™ Zi+T?

vk, (A.69)

where A; = diag(Xi1, ..., \i k) is a K x K real diagonal matriz, Z; = diag(Z; 1, ..., Zi.1)
is a block diagonal matrix constructed from L real 2 X 2 block matrices, TZ11 isa K x K
real upper-triangular matriz, TZ-12 1s a K X 2L real matriz, TZ-22 18 @ 2L X 2L real 2 X 2 block
upper-triangular matriz, while U; and U;_1 are orthogonal matrices with the constraint
Uyp = U,. The decomposition becomes unique up to reordering of the (block) diagonal
elements of the product matriz if we fix the sign in the first K column as well as a diagonal
subgroup, O(2)%, of each U;.

Furthermore, \j := A1 j---Anj (J =1,...,K) are real eigenvalues of Xy, --- X1, while
the remaining 2L eigenvalues may be either real or complex conjugate pairs; these are given
as the eigenvalues of the 2 x 2 matrices defined by (Z)j; = Z1j-+Znj (j =1,...,L).
The corresponding Jacobian reads

K L
[Taxi= ] =2l [ ldetl(2)j;@1-1&(Z)ul [T []Idetl(2);;— 10Xl
i=1 1<i<j<K 1<i<j<L i=1j=1

n K L
x [[ar a2 du(Uy) [T dxig [ dZins  (A70)
i=1 j=

where du(U;) denotes the Haar measure on O(N)/O(1)X x O(2)L and dZ;, denotes the

flat measure on R?*2.
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Proof. If K = N, then the derivation (A.47) to (A.52) carries over from the complex
to the real case by simple replacement of the field C with the field R. If the product
matrix has less than IV real eigenvalues and, thus, K < N, then there is no orthogonal
similarity transformation which brings the product matrix to upper-triangular form,
cf. section A.1.2 and proposition A.18. However, if we replace a sufficient number of
diagonal elements with 2 x 2 blocks, then we can follow exactly the same step as in the
derivation (A.47) to (A.52), which gives us (A.69).

In order to find the Jacobian, we essentially follow the same steps as in the proof
of proposition A.25. Denoting the matrix of one-forms by [dX;], we have (recall that
Uy =U,)

_ _ Ai_|_Tvill 1‘;12 Ai“‘j—‘ill 1’;12 B
U XUy = [U7 U] |07 | = | e | [UD1dU]
[dA] + [dT;H] T3]
+{ ) azi+ |- AT

We need to look at the exterior product /A a7b(Ui_1[dXi]Ui_1)ab. For notational simplicity,
it is convenient to let the ab-index denote 1 x 2 block matrices for a < K < b, 2 x 1 block
matrices for b < K < a, and 2 x 2 block matrices for K < a,b, i.e. we use the following

block structure
1x1]1x2
[2><1 2><2]' (A.72)

Since each of the one-forms must appear in the final exterior product, we immediately
see that the contribution to the Jacobian from the (block) upper-triangular part is

K
N U XU Da >~ N AT /\ die, (A.73)
a<b<K a<b<K c=1

L
N OAXUi )~ N\ 1dTP)as [\ dZin, (A.74)
K<a<b K<a<b h=1
N X Ui~ )\ 14T (A.75)
a<K<b a<K<b

Here ‘~’ means equal up to terms that do not contribute to the Jacobian.
The contribution to the Jacobian from the (block) lower-triangular part can be
obtained following essentially the same steps as in the proof of proposition A.25. This
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gives

A U7X U D= [ QCa=X) A N U7 dU]a, (A.76)
i=1b<a<K 1<b<a<K i=1b<a<K
A U aXUDa = [ detl( @)@ 1 -1@ 2wl N\ N U dUw,
=1 K<b<a 1<b<a<L =1 K<b<a

(A.77)
n L K n
A U; 14X Ui 1)ap = [[ [] detl(Z)aa = 1@ Xa] \ N\ [U; ' dUilas, (A.78)
i=1b<K<a a=1b=1 i=1b<K<a

where we have used the notation Ay = A g+ A\pg and (Z2)eq = Z1,4 - - - Zn,q introduced
earlier. Combining the contributions from the lower- and upper-triangular part yields the
Jacobian (A.70) and completes the proof. O

Remark A.27. We emphasise that even though the Jacobian (A.70) might look unfa-
miliar, it is nothing but a Vandermonde determinant. Let us assume that the product
matrix has exactly K real eigenvalues such that the eigenvalues of each (Z);; is a complex
conjugate pair denoted by z; (2)), then we have

IT =xl I letl(@)f; @1 -1 (2)u] [] Idet[(2);;— 1@ ]

1<i<j<K 1<i<j<L i=1,.. K
j=1,..L
= I W=xl I lm—zPlz—=7 I - Al (A.79)
1<i<j<K 1<i<j<L i=1,.. K
j= L

geeey

The equality is easily seen to hold, if we use the identities

(BoAX®1-1QY)(B1oA)=(BXB 'ol-10AYA™), (A.80)
(BoA) '=B1loAl (A.81)
where A and B are non-singular matrices. Due to these identities, the two matrices

(Z)4 and (Z);; in the second determinant on the first line in (A.79) may be diagonalised
independently and the evaluation of the determinant becomes a trivial matter.
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Appendix B
Higher transcendental functions

For easy reference, we will in this appendix collect some definitions and identities for the
higher transcendental functions which are used frequently throughout this thesis; namely
the gamma, the digamma, the hypergeometric and the Meijer G-function. The Meijer
G-function is probably the less well-known of these functions but it is nonetheless of the
utmost importance for the topic of this thesis. For general reference the reader is referred
to [164, 67, 100, 145, 196|.

B.1 Gamma and digamma functions

This section summarises some formulae for the gamma and digamma function which
are used repeatedly in this thesis. All the formulae stated in this section can be found
in [164].

The well-known gamma function is a meromorphic function with no zeros and with
simple poles at the non-positive integers. It is (typically) defined as

Iz] = /OOO dte "1 (B.1)

for Re z > 0 and by analytic continuation for Re z < 0. Similarly, the digamma function
(also known as the Euler psi function)

(B.2)

is a meromorphic function with no zeros and with simple poles of residue —1 at the
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non-positive integers. We need the following simple relations,

Tz 4 1] = =T[4, Yz 41 = 0E) + -, (B.3)
LT -2 = . YL — 2] = — (B.4)

which are known as the recurrence and reflection formulae, respectively. Additionally, we
will use the Gauss multiplication formula

[[nz] = (2r)1—")/2pna—1/2 H Iz + &1, (B.5)
k=1

where n is a positive integer.
We also need some asymptotic formulae for the gamma function. Stirling’s formula
states that

[[z] = (27)Y/2227 122 (1 + é + 0(2_2)>, (B.6)

for z — oo in the sector |arg z| < m. We have an equivalent formula for ratios of gamma

functions,
Peta ]
m =z b(1+0(z 1)) (B?)

for z — oo in the sector |arg z| < m with a and b denoting complex constants.
The analogue of Stirling’s formula for the digamma function is

W(z) = log 2 — % +0(=7?) (B.8)

for z — oo in the sector |arg z| < 7.

B.2 Hypergeometric and Meijer G-Functions

Let us first consider the (generalised) hypergeometric function, which is defined as a
power series

. <a1,...,ap‘z) ._i (i) 2F (B.9)

PRA\by, ... by — H?:1(bj)k k!
in the region of convergence. Here p and ¢ are non-negative integers, a; (i = 1,...,p) and
bj (j=1,...,q) are real or complex parameters, and the Pochhammer symbol is defined

as (a)o=1and (a)y =ala+1)---(a+k —1) for k > 1 (the b;’s cannot be non-positive
integers unless the corresponding singularities cancel due to zeros in the numerator). In
the special case when one of the a;’s is a non-positive integer, the sum terminates and
the hypergeometric function becomes a polynomial,

—N,G1,...,G "L (—1)kn! 10, (ai)i 2
1F 9 9 9 p‘z e ) — n:0’172’.,. (Blo)
p+ q( bh...,bq ) kzzo(n—k:)' ?:1(51‘)16 k!
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For our purpose, a particularly important example of a hypergeometric polynomial is the
(associated) Laguerre polynomial which may be written as

LY (z) = (VJ7;'1)1F1< ). (B.11)

The Laguerre polynomials appear naturally in the study of the Wishart ensemble (see
e.g. [78]). In section 3.1.2, where we consider the Wishart product ensemble, we will face
a generalised version of these polynomials given as a more complicated hypergeometric
function or, equivalently, a Meijer G-function.

Definition B.1. The Meijer G-function is defined through a contour integral in the
complex plane [67],

mmn (@1, -, 0p . [b _U]H F[l_al+u] B.12
G <bl,-- b, : 2m/duz @ n—i—lr[ ] zq:m-i-l [—bit+d (B.12)

Here an empty product is interpreted as unity, 0 < m < ¢ and 0 < n < p are integers,

while a; (1 =1,...,p) and b; (j = 1,...,q) are real or complex parameters with the

constraint that no pole of [, I'[b; — u] coincides with any pole of [[;"; I'[1 — a; + u.
There are three possible choices for the contour L:

(i) The contour runs from —ico to +ico and the path is chosen such that all poles

[T~ T'[b; — u] are to the right of L, while all poles of 7", T'[1 —a; +u] are to the left

of L. The integral converges if m +n > £(p+¢) and |arg 2| < m(m+n — 3(p + q)).

(ii) The contour forms a loop starting and ending at 400, such that it encircles all poles
[T[:%, T'[bi — u] once in the negative direction, but none of the poles stemming from
[T, T[1 — a; + u]. In this case, the integral converges for all z(# 0) if ¢ > p and
for0<|z|<1lifg=p>1.

(iii) The contour forms a loop starting and ending at —oo, such that it encircles all poles
[T;=; T[1 — a; + u] once in the positive direction, but none of the poles stemming
from [[;%, T'[b; — u]. In this case, the integral converges for all z(# 0) if ¢ < p and
for 1 < |z|ifg=p>1.

The Meijer G-function is defined when the integral converges.

Remark B.2. The criteria of convergence stated in the definition may be established
using Stirling’s approximation for the gamma functions in the integrand. Note that if
more than one of the contours (i-iii) result in a convergent integral then they will also
yield the same result.

Remark B.3. In order to avoid too much repetition, we will assume that the above
stated conditions of convergence are fulfilled for all formulae introduced below. We
additionally note that, as a consequence of its definition, the Meijer G-function is an
analytic function for all z (where it is defined) with the possible exceptions of the origin,
z = 0, the unit circle, |z| = 1, and infinity.
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The Meijer G-function generalises the hypergeometric function in the sense that any
hypergeometric function can be written as Meijer G-function. Due to (B.12), this also
gives an explicit contour integral representation of the hypergeometric functions, which
will be useful for analytical computations. In the non-polynomial case, we have [67]

F(al,...,ap‘z>:Hg‘{:lf[bj]Gl,p (1—@1,...,1—ap 72) (B.13)
PRa\by, ..., by b Tla] PatIN0, 1 = by,...,1 — b, '

with parameters as above. In the polynomial case, we will need the formula

- =1 T'1bs] _ _
n,ai,...,ap _szl J 1,p 1 al,...,l ap,n—|—1
p+1Fq< bl,...,bq )Z) _WGP+1,q+1( Oal_bl,-u,l—bq )Z), (B14)

which is valid for p < ¢. Both (B.13) and (B.14) are obtained by writing the Meijer
G-function as a sum over the residues.

In this thesis, we will several times be faced with Meijer G-functions with m =p = ¢
and n = 0. In this case the contour changes discontinuously when z crosses the unit
circle, which typically gives rise to non-analytic behaviour. Let us mention two simple
but important examples on the positive half-line:

4(1—x)

10/1 1 for0<z<1 10/ 1 ——= for0<z<1
Gl’l( ‘5U> = ; Gl’l( 1 ‘95) = ™ -
“\0 0 forl<u ’ 2 0 forl1 <z

(B.15)
The former is the Heaviside step function which is discontinuous at unity, while the
latter is the Marcenko—Pastur density (on the unit interval) which is continuous but not
differentiable at unity. Both cases are immediate consequences of the residue theorem.
In addition to the cases mentioned above, the following relations between the Meijer
G-function and other special functions will be used in this thesis [67],

14

G(l):(l) (_ ‘ m) =zx"e ", G(l]:g (1/_0 ‘ 1‘) = 2"/2J,(2y/7),
’ (B.16)
Gi% (_On Y ‘ :z:) =nle "L, (x), Gg’g( B ‘ m) = 22" K, (2y/7).
; ,—V A\, 0
Here L (x) denote the Laguerre polynomial, while J, (z) and K, (x) are Bessel functions.
Furthermore, we need the following simple identities for the Meijer G-function: by
cancellations of gamma functions in the integrand in the definition (B.12), we have

ai,...,a mn—1 ag, ...,
Gm,n( ) » Up ‘ ) — ) < ’ P ‘ ) > 1 B.17
P bl,...,bq_l,al o p—lg—1 bl,...,bq_l ) P4 =5 ( )
A1y ..y AQp—_1 bl m—1.n A1y .y AQp—1
Gm’"< TP ‘z) =G ( TP ‘z) m,p,q > 1; B.18
P4\ by, by pLa=1\ by .. b, |7) TRPE= (B.18)

by shifting the contour, we have

xCGm’”<a1""’af’"x>: myn(al—I—c,...,aP—i—c
Pa \by,...,b, Pa \by+c,...,by+c

x) (B.19)
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where c is a constant; and finally by changing the direction of the contour

mvn(al,...,ap‘l) :Gmm(lfal SL1—aq,
bi,...,bq | 2 1—0b1,...,1 =10

) (B.20)

which maps zero to infinity and vice versa.

As discussed in section 2.1 the Meijer G-function plays an important réle when
considering products of independent random variables due to its close relation with the
Mellin transform. Let us consider the Mellin transform of a Meijer G-function [67],

/Oodxxs len<a1,.. ap‘xy) _ 1 [L2 T +s) [[= (1 —a; —s) ‘
0 bi, ..., by y* HZ:erl (1= bk = ) [T7=ppi1 Tlae + )
(B.21)

This means that we may think of the Meijer G-function as the inverse Mellin transform
with respect to s of the right hand side in (B.21) whenever this transform exists and is
unique.

The relation between the Meijer G-function and products of independent random
variables may be used to establish the following n-fold integral representations [182],

Gg;g(yl [H / du; 7 %]5( - (B.22)

Hi—vi—1
GZ’% (Hl, Ry [ / d% xz) ]5@” coexy — ), (B.23)

VlyennyUpn Wi — Vil

where z € (0,00) and —p; > v; > —1 (i = 1,...,n). After multiplication with a factor
[T, Tlvi + 1], the Meijer G-function (B.22) becomes the density of a product of
n independent gamma-distributed random scalars, while (B.23) becomes the density
of a product of n independent beta-distributed random scalars after multiplication by
[T Dlvi + pi + 2] /Tl + 1.

With a change of variables like in (2.2), the representations (B.22) and (B.23) may
be written as (n — 1)-fold Mellin convolutions, where each convolution transforms a lower
order Meijer G-function into a higher order Meijer G-function. These results are part
of a more general integration formula which says the Mellin convolution of two Meijer
G-functions gives another Meijer G-function [173],

m—+pu,n+v (A1, -, Apy Cly ..., Co,y an_,_l,...,ap) )
Gt gr (b N dT,bmH,...,bq e
al,...,ap‘ ) MV(Cl,...,CU g)
/ x b1,...,bq ) Gor di,...,d: | x (B.24)
d:c al,...,ap pw [ —Clyees—Co | & .
/ w bl,...,bq‘m)GU’T<—d1,...,—dT 5)’
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this integration formula is valid whenever each of the individual Meijer G-functions is
well-defined. For the purpose of this thesis two cases are of particular importance:

o0
mAlm( Gl Qp _ dr _,. , o (G155 p | Y
Gpari (b b 1Y)~ PR RV by |
’ V,01,...,0q 0 T 1,---50¢ 1 T

_[TdT e —u i (G155
_/0 R (bl,...,bq‘xy>’ (B.25)

which is related to products of gamma distributed random variables (B.22) and
Gm+1’n (al, cey Qpy b ’ y) _ 1 dj xV(l — a:)#—u—l Gm,n<a17 ap ‘ g>
PLEHI by LD, o ©  Tlp—v PA by, by L

® dr x'7H(x — 1)Hv 1 at,...,ap
_ [Tdx mn (@15 B.2
/1 x N i (bl,...,bq a:y) (B.26)

which is related to products of beta distributed random variables (B.23).

Many integrals found in this thesis either are performed using the above given
integration formula for Meijer G-functions. One of the benefits of using (B.24) to perform
(even quite simple) integrals is that the method is very systematic. This is also the
reason why similar methods are often favoured in computer implementations; Wolfram’s
MATHEMATICA writes in Notes on Internal Implementation: “Many other definite integrals
are done using Marichev—Adamchik Mellin transform methods. The results are often
initially expressed in terms of Meijer G-functions, which are converted into hypergeometric
functions using Slater’s Theorem and then simplified.”

The last property of the Meijer G-function that we will need is the asymptotic
behaviour for large argument. We have [74, 145]

m—1

m,0 - L 21 2 —mz'/% _(by4-+bm)/m —1/m
Govm(bl,...,bm Z) m( 2 ) ¢ z (1+0(""")  (B.27)
as z — 0Q.

We end this appendix by mentioning the Fox H-function which generalises the Meijer
G-function similarly to the way the Fox—Wright function generalises the hypergeometric
function. Analogously to the Meijer G-function, the Fox H-function is defined as a
contour integral in the complex plane,

e <(a1, Ay, ... (ap, Ap) z) _/ du z-“ 2, T — Biw] [T T[1 — a; + Ajul
4\ (b1, B1),...,(bg, By) r 2mi [T, 4 Tlas — Asu] [T, .1 T[1 — b + Biu]’
(B.28)
where 0 < m < g and 0 < n < p are integers, a;, 4; (i=1,...,p)and b;,B; (j =1,...,q)
are constants and the contour, L, separates the poles of the two products in the numerator;
see [150] for precise statements of constraints and criteria for convergence. In many aspects
the Fox H-function is no harder to work with than the Meijer G-function, e.g. all the
identities for the Meijer G-functions mentioned above have direct analogues in terms of
the Fox H-function (see [150]). A comparison between (3.53) and (3.60) shows that the
use of the Fox H-function sometimes simplifies formulae considerably. Moreover, the Fox
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H-function was given a prominent role in study of the algebra of random variables [182].
The main drawback of the function is that it is not included in standard tables of special
functions, such as [164] and [100], neither is it predefined in mathematical software such
as MATHEMATICA and MAPLE.

131






Bibliography

[1] K. Adhikari, N. K. Reddy, T. R. Reddy, and K. Saha, Determinantal point
processes in the plane from products of random matrices, arXiv:1308.6817 [to
appear in Ann. Inst. Henri Poincaré| (2013).

[2] G. Akemann, Microscopic correlations for non-Hermitian Dirac operators in
three-dimensional QCD, Phys. Rev. D 64 (2001), 114021.

3] , Microscopic correlation functions for the QCD Dirac operator with
chemical potential, Phys. Rev. Lett. 89 (2002), 072002.

[4] , The complex Laguerre symplectic ensemble of non-Hermitian matrices,
Nucl. Phys. B 730 (2005), 253.

[5] , Non-Hermitian extensions of Wishart random matriz ensembles, Acta

Phys. Pol. B 42 (2011).

[6] G. Akemann, J. Baik, and Ph. Di Francesco (eds.), The Ozford handbook of
random matrix theory, Oxford University Press, 2011.

[7] G. Akemann and Z. Burda, Universal microscopic correlation functions for
products of independent Ginibre matrices, J. Phys. A 45 (2012), 465201.

[8] G. Akemann, Z. Burda, and M. Kieburg, Universal distribution of Lyapunov
exponents for products of Ginibre matrices, J. Phys. A 47 (2014), 395202.

[9] G. Akemann, Z. Burda, M. Kieburg, and T. Nagao, Universal microscopic
correlation functions for products of truncated unitary matrices, J. Phys. A 47
(2014), 255202.

[10] G. Akemann, P. H. Damgaard, U. Magnea, and S. Nishigaki, Universality of
random matrices in the microscopic limit and the Dirac operator spectrum, Nucl.
Phys. B 487 (1997), 721.

133



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

G. Akemann and J. R. Ipsen, Recent exact and asymptotic results for products of
independent random matrices, Acta Phys. Pol. B 46 (2015), 1747.

G. Akemann, J. R. Ipsen, and M. Kieburg, Products of rectangular random
matrices: singular values and progressive scattering, Phys. Rev. E 88 (2013),
052118.

G. Akemann, J. R. Ipsen, and E. Strahov, Permanental processes from products of
complex and quaternionic induced Ginibre ensembles, Random Matrices: Theory
Appl. 03 (2014), 1450014.

G. Akemann, M. Kieburg, and L. Wei, Singular value correlation functions for
products of Wishart random matrices, J. Phys. A 46 (2013), 275205.

G. Akemann, J. C. Osborn, K. Splittorff, and J. J. M. Verbaarschot, Unquenched
QCD Dirac operator spectra at nonzero baryon chemical potential, Nucl. Phys. B
712 (2005), 287.

G. Akemann, M. J. Phillips, and L. Shifrin, Gap probabilities in non-Hermitian
random matrixz theory, J. Math. Phys. 50 (2009), no. 6, 063504.

G. Akemann, M. J. Phillips, and H.-J. Sommers, Characteristic polynomials in real
Ginibre ensembles, J. Phys. A 42 (2009), 012001.

, The chiral Gaussian two-matrix ensemble of real asymmetric matrices, J.

Phys. A 43 (2010), 085211.

G. Akemann and A. Pottier, Ratios of characteristic polynomials in complex matriz
models, J. Phys. A 37 (2004).

G. Akemann and E. Strahov, Hole probabilities and overcrowding estimates for
products of complex Gaussian matrices, J. Stat. Phys. 151 (2013).

G. Akemann and G. Vernizzi, Characteristic polynomials of complex random matriz
models, Nucl. Phys. B 660 (2003), 532.

A. Altland and M. R. Zirnbauer, Nonstandard symmetry classes in mesoscopic
normal-superconducting hybrid structures, Phys. Rev. B 55 (1997), 1142.

J. Ambjgrn, J. Jurkiewicz, and Yu. M. Makeenko, Multiloop correlators for
two-dimensional quantum gravity, Phys. Lett. B 251 (1990), 517.

Y. Ameur, H. Hedenmalm, and N. Makarov, Fluctuations of eigenvalues of random
normal matrices, Duke Math. J 159 (2011), 31.

G. W. Anderson, A. Guionnet, and O. Zeitouni, An introduction to random
matrices, Cambridge University Press, 2010.

C. Andréief, Note sur une relation les intégrales définies des produits des fonctions,
Mém. de la Soc. Sci. Bordeaux 2 (1883), 1.

7.-Q. Bai, On the cycle expansion for the Lyapunov exponent of a product of
random matrices, J. Phys. A 40 (2007), 8315.

134



28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

|44]
[45]

J. Baik, P. Deift, and E. Strahov, Products and ratios of characteristic polynomials
of random Hermitian matrices, J. Math. Phys. 44 (2003), 3657.

T. Banica, Serban T. Belinschi, M. Capitaine, and B. Collins, Free Bessel laws,
Canad. J. Math 63 (2011), 3.

E. L. Basor and C. A. Tracy, Variance calculations and the Bessel kernel, J. Stat.
Phys. 73 (1993), 415.

C. W. J. Beenakker, Universality in the random-matriz theory of quantum
transport, Phys. Rev. Lett. 70 (1993), 1155.

, Universality of Brézin and Zee’s spectral correlator, Nucl. Phys. B 422
(1994), no. 3, 515-520.

, Random-matriz theory of quantum transport, Rev. Mod. Phys. 69 (1997),

731.

R. Bellman, Limit theorems for non-commutative operations I., Duke Math. J. 21
(1954), 491.

G. Ben Arous and S. Péché, Universality of local eigenvalue statistics for some
sample covariance matrices, Comm. Pure Appl. Math. 58 (2005), no. 10, 1316.

F. Benaych-Georges, On a surprising relation between the Marchenko—Pastur law,
rectangular and square free convolutions, Ann. Inst. Henri Poincaré Probab. Stat
46 (2010), 644.

G. Benettin, Power-law behavior of Lyapunov exponents in some conservative
dynamical systems, Physica D 13 (1984), 211.

R. J. Berman, Determinantal point processes and fermions on complex manifolds:
bulk universality, arXiv:0811.3341 (2008).

D. Bernard and A. LeClair, A classification of non-Hermitian random matrices,
Statistical Field Theories (A. Cappelli and G. Mussardo, eds.), NATO Science
Series, vol. 73, Springer Netherlands, 2002, p. 207.

M. Bertola and T. Bothner, Universality conjecture and results for a model of
several coupled positive-definite matrices, Comm. Math. Phys. 337 (2015), 1077.

M. Bertola, M. Gekhtman, and J. Szmigielski, The Cauchy two-matriz model,
Comm. Math. Phys. 287 (2009), 983.

, Cauchy—Laguerre two-matriz model and the Meijer-G random point field,
Comm. Math. Phys. 326 (2014), 111.

J.-P. Blaizot and M. A. Nowak, Large-N,. confinement and turbulence, Phys. Rev.
Lett. 101 (2008), 102001.

C. Bordenave and D. Chafai, Around the circular law, Probab. Surv. 9 (2012).
A. Borodin, Biorthogonal ensembles, Nucl. Phys. B 536 (1998), 704.

135



|46]

[47]

48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

A. Borodin and C. D. Sinclair, The Ginibre ensemble of real random matrices and
its scaling limits, Comm. Math. Phys. 291 (2009), 177.

E. Brézin and S. Hikami, Characteristic polynomials of random matrices, Comm.
Math. Phys. 214 (2000), 111.

E. Brézin, C. Itzykson, G. Parisi, and J.-B. Zuber, Planar diagrams, Comm. Math.
Phys. 59 (1978), 35.

E. Brézin and A. Zee, Universality of the correlations between eigenvalues of large
random matrices, Nucl. Phys. B 402 (1993), no. 3, 613.

Z. Burda, Free products of large random matrices—a short review of recent
developments, J. Phys: Conference Series, vol. 473, IOP Publishing, 2013,
p- 012002.

Z. Burda, R. A. Janik, and B. Waclaw, Spectrum of the product of independent
random Gaussian matrices, Phys. Rev. E 81 (2010), 041132.

Z. Burda, A. Jarosz, G. Livan, M. A. Nowak, and A. Swiech, Figenvalues and
singular values of products of rectangular Gaussian random matrices, Phys. Rev. E
82 (2010), 061114.

J. E. Cohen, H. Kesten, and C. M. Newman (eds.), Random matrices and their
applications, Amer. Math. Soc., 1986.

J. E. Cohen and C. M. Newman, The stability of large random matrices and their
products, Ann. Probab. (1984), 283.

A. Crisanti, G. Paladin, and A. Vulpiani, Products of random matrices, Springer,
1993.

N. G. de Bruijn, On some multiple integrals involving determinants, J. Indian
Math. Soc 19 (1955), 133.

P. Deift, T. Kriecherbauer, K. T.-R. McLaughlin, S. Venakides, and X. Zhou,
Uniform asymptotics for polynomials orthogonal with respect to varying exponential
weights and applications to universality questions in random matriz theory, Comm.

Pure Appl. Math. 52 (1999), 1335.

P. Desrosiers and P. J. Forrester, Hermite and Laguerre 3-ensembles: Asymptotic
corrections to the eigenvalue density, Nucl. Phys. B 743 (2006), no. 3, 307.

F. J. Dyson, The threefold way. algebraic structure of symmetry groups and
ensembles in quantum mechanics, J. Math. Phys. 3 (1962), 1199.

J. D’Anna and A. Zee, Correlations between eigenvalues of large random matrices
with independent entries, Phys Rev E 53 (1996), 1399.

A. Edelman, The probability that a random real Gaussian matriz has k real
eigenvalues, related distributions, and the circular law, J. Multivariate Anal. 60
(1997), 203.

136



|62]
[63]

[64]
[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

|76]

[77]

78]
[79]

[80]

, Finite random matriz theory, MIT handouts (2005).

A. Edelman, E. Kostlan, and M. Shub, How many eigenvalues of a random matriz
are real?, J. Amer. Math. Soc. 7 (1994), 247.

A. Edelman and N. R. Rao, Random matriz theory, Acta Numer. 14 (2005), 233.

A. Edelman, B. D. Sutton, and Y. Wang, Random matriz theory, numerical
computation and applications, Proc. Sympos. Appl. Math. (2014), 53.

B. Epstein, Some applications of the Mellin transform in statistics, Ann. Math.
Stat. 19 (1948), 370.

A. Erdélyi (ed.), Higher transcendental functions [volumes I, II & I1I],
McGraw-Hill, 1953-1955.

L. Erdos, Universality of Wigner random matrices: a survey of recent results,
Russian Math. Surveys 66 (2011), 507.

B. Eynard and C. Kristjansen, Fzact solution of the O(n) model on a random
lattice, Nucl. Phys. B 455 (1995), 577.

B. Eynard and M. L. Mehta, Matrices coupled in a chain I. Eigenvalue correlations,
J. Phys. A 31 (1998), 4449.

B. Eynard and J. Zinn-Justin, The O(n) model on a random surface: critical points
and large-order behaviour, Nucl. Phys. B 386 (1992), no. 3, 558.

J. Feinberg and A. Zee, Non-Gaussian non-Hermitian random matriz theory: phase
transition and addition formalism, Nucl. Phys. B 501 (1997), 643.

W. Feller, An introduction to probability theory and its applications, 3 ed., John
Wiley and Sons, 1968.

J. L. Fields, The asymptotic expansion of the Meijer G-function, Math. Comp.
(1972), 757.

J. Fischmann, Figenvalue distributions on a single ring, Ph.D. thesis, Queen Mary
University of London, 2013.

J. Fischmann, W. Bruzda, B. A. Khoruzhenko, H.-J. Sommers, and K. Zyczkowski,
Induced Ginibre ensemble of random matrices and quantum operations, J. Phys. A
45 (2012), 075203.

P. J. Forrester, The spectrum edge of random matriz ensembles, Nucl. Phys. B 402
(1993), 709.

, Log-gases and random matrices, Princeton University Press, 2010.

, Lyapunov exponents for products of complex Gaussian random matrices, J.
Stat. Phys. 151 (2013), 796.

, Figenvalue statistics for product compler Wishart matrices, J. Phys. A 47
(2014), 345202.

137



[81]

[82]

[83]

[84]

[85]

[36]

[87]

[38]

[89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

97]

(98]

, Probability of all eigenvalues real for products of standard Gaussian
matrices, J. Phys. A 47 (2014), 065202.

, Asymptotics of finite system Lyapunov exponents for some random matrix
ensembles, arXiv:1501.05702 (2015).

P. J. Forrester and M. Kieburg, Relating the Bures measure to the Cauchy
two-matriz model, arXiv:1410.6883 (2014).

P. J. Forrester and D.-Z. Liu, Raney distributions and random matriz theory, J.
Stat. Phys. (2014), 1.

P. J. Forrester and A. Mays, Pfaffian point process for the Gaussian real
generalised eigenvalue problem, Probab. Theory Related Fields 154 (2012), 1.

P. J. Forrester and T. Nagao, Figenvalue statistics of the real Ginibre ensemble,
Phys. Rev. Lett. 99 (2007), 050603.

P. J. Forrester and D. Wang, Muttalib—Borodin ensembles in random matrix
theory—realisations and correlation functions, arXiv:1502.07147 (2015).

H. Furstenberg and H. Kesten, Products of random matrices, Ann. Math. Stat. 31
(1960), 457.

Y. V. Fyodorov and E. Strahov, An exact formula for general spectral correlation
function of random Hermitian matrices, J. Phys. A 36 (2003), 3203.

M. R. Gardner and W. R. Ashby, Connectance of large dynamic (cybernetic)
systems: critical values for stability, Nature 228 (1970), 784.

J. Ginibre, Statistical ensembles of complex, quaternion, and real matrices, J. Math.
Phys. 6 (1965), 440.

M. L. Glasser, The quadratic formula made hard: A less radical approach to solving
equations, arXiv:math/9411224 (1994).

I. Goldhirsch, P.-I. Sulem, and S. A. Orszag, Stability and Lyapunov stability of
dynamical systems: A differential approach and a numerical method, Physica D 27
(1987), 311.

G. H. Golub and Ch. F. van Loan, Matriz computations, 3 ed., JHU Press, 2012.

R. Goodman and N. R. Wallach, Symmetry, representations, and invariants,
vol. 66, Springer, 2009.

F. Gétze, H. Kosters, and A. Tikhomirov, Asymptotic spectra of matriz-valued
functions of independent random matrices and free probability, Random Matrices:
Theory Appl. 4 (2015), 1550005.

F. Gotze, A. Naumov, and A. Tikhomirov, Distribution of linear statistics of
singular values of the product of random matrices, arXiv:1412.3314 (2014).

, On one generalization of the elliptic law for random matrices,
arXiv:1404.7013 (2014).

138



199]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

F. Gotze and A. Tikhomirov, On the asymptotic spectrum of products of
independent random matrices, arXiv:1012.2710 (2010).

K. I. Gross and D. St. P. Richards, Special functions of matriz argument 1.
Algebraic induction, zonal polynomials, and hypergeometric functions, Trans. Amer.
Math. Soc. 301 (1987), 781.

U. Haagerup and S. Moller, The law of large numbers for the free multiplicative
convolution, Operator algebra and dynamics, Springer, 2013, p. 157.

S. Hameed, K. Jain, and A. Lakshminarayan, Real eigenvalues of non-Gaussian
random matrices and their products, J. Phys. A 48 (2015), no. 38, 385204.

Harish-Chandra, Differential operators on a semisimple Lie algebra, Am. J. Math.
(1957), 87.

R. A. Horn and Ch. R. Johnson, Matriz analysis, 2nd ed., Cambridge University
Press, 2012.

J. B. Hough, M. Krishnapur, Y. Peres, and B. Virag, Zeros of Gaussian analytic
functions and determinantal point processes, vol. 51, Amer. Math. Soc., 2009.

S. lida, H. A. Weidenmiiller, and J. A. Zuk, Statistical scattering theory, the
supersymmetry method and universal conductance fluctuations, Ann. Phys. 200
(1990), 219.

J. R. Ipsen, Products of independent quaternion Ginibre matrices and their
correlation functions, J. Phys. A 46 (2013), 265201.

, Lyapunov exponents for products of rectangular real, complex and
quaternionic Ginibre matrices, J. Phys. A 48 (2015), 155204.

J. R. Ipsen and M. Kieburg, Weak commutation relations and eigenvalue statistics
for products of rectangular random matrices, Phys. Rev. E 89 (2014), 032106.

J. R. Ipsen and K. Splittorff, Baryon number Dirac spectrum in QQCD, Phys. Rev.
D 86 (2012), 014508.

H. Ishitani, A central limit theorem for the subadditive process and its application
to products of random matrices, Publ. Res. Inst. Math. Sci. 12 (1977), 565.

M. Ismail, Classical and quantum orthogonal polynomials in one variable,
Cambridge University Press, 2005.

M. Isopi and C. M. Newman, The triangle law for Lyapunov exponents of large
random matrices, Comm. Math. Phys. 143 (1992), 591-598 (English).

C. Ttoi, Universal wide correlators in non-Gaussian orthogonal, unitary and
symplectic random matriz ensembles, Nucl. Phys. B 493 (1997), 651.

C. Itzykson and J.-B. Zuber, The planar approzimation. I1I, J. Math. Phys. 21
(1980), 411.

139



[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]
[124]

[125]

[126]

[127]

[128]
[129]

[130]

[131]

[132]
[133]

R. A. Janik and W. Wieczorek, Multiplying unitary random matrices—universality
and spectral properties, J. Phys. A 37 (2004), 6521.

T. Jiang and Y. Qi, Spectral radii of large non-Hermitian random matrices,
arXiv:1411.1833 (2014).

0. Kallenberg, Foundations of modern probability, Springer Science & Business
Media, 1997.

E. Kanzieper, Figenvalue correlations in non-Hermitean symplectic random
matrices, J. Phys. A 35 (2002), 6631.

E. Kanzieper and G. Akemann, Statistics of real eigenvalues in Ginibre’s ensemble
of random real matrices, Phys. Rev. Lett. 95 (2005), 230201.

E. Kanzieper and V. Freilikher, Random-matriz models with the
logarithmic-singular level confinement: method of fictitious fermions, Philos. Mag.
B 77 (1998), 1161.

E. Kanzieper and N. Singh, Non-Hermitean Wishart random matrices (I), J. Math.
Phys. 51 (2010), 103510.

V. Kargin, Lyapunov exponents of free operators, J. Funct. Anal. 255 (2008), 1874.

, On the largest Lyapunov exponent for products of Gaussian matrices, J.
Stat. Phys. 157 (2014), 70.

A. Khorunzhy, B. Khoruzhenko, and L. Pastur, On the 1/N corrections to the
Green functions of random matrices with independent entries, J. Phys. A 28 (1995),
L31.

M. Kieburg, Supersymmetry for products of random matrices, Acta Pys. Pol. B 46
(2015), 1709.

M. Kieburg, A. B. J. Kuijlaars, and D. Stivigny, Singular value statistics of matrix
products with truncated unitary matrices, arXiv:1501.03910 (2015).

E. Kostlan, On the spectra of Gaussian matrices, Lin. Alg. Appl. 162 (1992), 385.

M. Krishnapur, From random matrices to random analytic functions, Ann. Probab.
(2009), 314.

A. B. J. Kuijlaars, Multiple orthogonal polynomial ensembles, Contemp. Math. 507
(2010), 155.

, Universality, Chapter 6 in "The Ozford handbook of random matrix
theory” Oxford University Press, 2011.

_, Transformations of polynomial ensembles, arXiv:1501.05506 (2015).

A. B. J. Kuijlaars and D. Stivigny, Singular values of products of random matrices
and polynomial ensembles, Random Matrices 3 (2014).

140



[134] A. B. J. Kuijlaars and M. Vanlessen, Universality for eigenvalue correlations from
the modified Jacobi unitary ensemble, Int. Math. Res. Notices 2002 (2002), 1575.

[135] , Universality for eigenvalue correlations at the origin of the spectrum,

Comm. Math. Phys. 243 (2003), 163.

[136] A. B. J. Kuijlaars and L. Zhang, Singular values of products of Ginibre random
matrices, multiple orthogonal polynomials and hard edge scaling limits, Comm.
Math. Phys. 332 (2014), 759.

[137] S. Kumar, Ezact evaluations of some Meijer G-functions and probability of all
eigenvalues real for product of two Gaussian matrices, arXiv:1507.05571 (2015).

[138] A. Lakshminarayan, On the number of real eigenvalues of products of random
matrices and an application to quantum entanglement, J. Phys. A 46 (2013),
152003.

[139] E. Le Page, Théoremes limites pour les produits de matrices aléatoires, Probability
measures on groups, Springer, 1982, p. 258.

[140] N. Lehmann and H.-J. Sommers, Eigenvalue statistics of random real matrices,
Phys. Rev. Lett. 67 (1991), 941.

[141] D.-Z. Liu, D. Wang, and L. Zhang, Bulk and soft-edge universality for singular
values of products of Ginibre random matrices, arXiv:1412.6777 (2014).

[142] D.-Z. Liu and Y. Wang, Universality for products of random matrices I: Ginibre
and truncated unitary cases, arXiv:1411.2787 (2014).

[143] D. S. Lubinsky, Universality limits at the hard edge of the spectrum for measures
with compact support, Int. Math. Res. Notices 2008 (2008), rnn099.

[144] T. Liick, H.-J. Sommers, and M. R. Zirnbauer, Energy correlations for a random
matriz model of disordered bosons, J. Math. Phys. 47 (2006), 103304.

[145] Y. L. Luke, Mathematical functions and their approzimations, Academic Press,
2014.

[146] U. Magnea, Random matrices beyond the Cartan classification, J. Phys. A 41
(2008), 045203.

[147] S. N. Majumdar and G. Schehr, Top eigenvalue of a random matriz: large
deviations and third order phase transition, J. Stat. Mech. 2014 (2014), P01012.

[148] V. A. Marcenko and L. A. Pastur, Distribution of eigenvalues for some sets of
random matrices, Sbornik: Mathematics 1 (1967), 457.

[149] A. M. Mathai, Jacobians of matriz transformations and functions of matriz
argument, World Scientific, 1997.

[150] A. M. Mathai, R. K. Saxena, and H. J. Haubold, The H-function: theory and
applications, Springer Science & Business Media, 2009.

[151] R. M. May, Will a large complex system be stable?, Nature 238 (1972), 413.

141



[152]

[153]
[154]

[155]

[156]
[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

A. Mays, A real quaternion spherical ensemble of random matrices, J. Stat. Phys.
153 (2013), 48.

M. L. Mehta, Random matrices, Elsevier, 2004.

M. L. Mehta and P. K. Srivastava, Correlation functions for eigenvalues of real
quaternian matrices, J. Math. Phys. 7 (1966), 341.

P. A. Mello, P. Pereyra, and N. Kumar, Macroscopic approach to multichannel
disordered conductors, Ann. Phys. 181 (1988), 290.

R. J. Muirhead, Aspects of multivariate statistical theory, John Wiley & Sons, 20009.

R. R. Miiller, On the asymptotic eigenvalue distribution of concatenated
vector-valued fading channels, IEEE T. Inform. Theory 48 (2002), 2086.

K. A. Muttalib, Random matriz models with additional interactions, J. Phys. A 28
(1995), L159.

R. Narayanan and H. Neuberger, Universality of large N phase transitions in
Wilson loop operators in two and three dimensions, JHEP 2007 (2007), 066.

T. Neuschel, Plancherel-Rotach formulae for average characteristic polynomials of
products of Ginibre random matrices and the Fuss—Catalan distribution, Random
Matrices: Theor. Appl. 3 (2014), 1450003.

C. M. Newman, The distribution of Lyapunov exponents: Fxact results for random
matrices, Comm. Math. Phys. 103 (1986), 121.

A. Nica and R. Speicher, Lectures on the combinatorics of free probability,
Cambridge University Press, 2006.

Ingram Olkin, The 70th anniversary of the distribution of random matrices: a
survey, Linear Algebra Appl. 354 (2002), 231.

F. W. J. Olver, D. W. Lozier, R. F. Boisvert, and C. W. Clark (eds.), NIST
Handbook of Mathematical Functions, Cambridge University Press, 2010.

J. C. Osborn, Universal results from an alternate random matriz model for QCD
with a baryon chemical potential, Phys. Rev. Lett. 93 (2004), 222001.

J. C. Osborn, K. Splittorff, and J. J. M. Verbaarschot, Chiral symmetry breaking
and the Dirac spectrum at nonzero chemical potential, Phys. Rev. Lett. 94 (2005),
202001.

V. I. Oseledec, A multiplicative ergodic theorem. Lyapunov characteristic numbers
for dynamical systems, Trans. Moscow Math. Soc. 19 (1968), 197-231.

S. O’'Rourke, D. Renfrew, A. Soshnikov, and V. Vu, Products of independent
elliptic random matrices, J. Stat. Phys. (2014), 1.

S. O’Rourke and A. Soshnikov, Products of independent non-Hermitian random
matrices, Electron. J. Probab 16 (2011), 2219.

142



[170] G. Paladin and A. Vulpiani, Scaling law and asymptotic distribution of Lyapunov
exponents in conservative dynamical systems with many degrees of freedom, J. Phys.
A 19 (1986), 1881.

[171] K. A. Penson and K. Zyczkowski, Product of Ginibre matrices: Fuss—Catalan and
Raney distributions, Phys. Rev. E 83 (2011), 061118.

[172] M. Pollicott, Mazimal Lyapunov exponents for random matriz products, Invent.
Math. 181 (2010), 2009.

[173] A. P. Prudnikov, I. U. A. Brychkov, and O. I. Marichev, Integrals and series:
special functions, vol. 1-5, CRC Press, 1998.

[174] M. S. Raghunathan, A proof of Oseledec’s multiplicative ergodic theorem, Israel J.
Math. 32 (1979), 356.

[175] B. Rider, Deviations from the circular law, Probab. Theory Rel. 130 (2004).
[176] Christian Schmidt, Lattice QCD at finite density, PoS LAT2006 (2006), 021.

[177] B. Simon, The classical moment problem as a self-adjoint finite difference operator,
Adv. Math. 137 (1998), 82.

[178] H.-J. Sommers, Symplectic structure of the real ginibre ensemble, arXiv:0706.1671
(2007).

[179] H.-J. Sommers, A. Crisanti, H. Sompolinsky, and Y. Stein, Spectrum of large
random asymmetric matrices, Phys. Rev. Lett. 60 (1988), 1895.

[180] H.-J. Sommers and W. Wieczorek, General eigenvalue correlations for the real
ginibre ensemble, J. Phys. A 41 (2008), 405003.

[181] K. Splittorft, The Sign problem in the e-regime of QCD, PoS LAT2006 (2006),
023.

[182] M. D. Springer, The algebra of random variables, Wiley, 1979.
[183] E. Strahov, Unpublished notes (2013).

[184] G. Szegd, Orthogonal polynomials, Amer. Math. Soc., 1939.

[185] T. Tao, Topics in random matriz theory, Amer. Math. Soc., 2012.

[186] T. Tao and V. Vu, Random matrices: The distribution of the smallest singular
values, Geom. Func. Anal. 20 (2010), 260.

[187]

, Random matrices: Universality of local spectral statistics of non-Hermitian
matrices, Ann. Probab. 43 (2015), 782.

[188] I. E. Telatar, Capacity of multi-antenna Gaussian channels, Euro. Trans. Tel. 10
(1999), 585.

[189] C. A. Tracy and H. Widom, Level-spacing distributions and the Airy kernel, Comm.
Math. Phys. 159 (1994), 151.

143



[190] G. H. Tucci, Limits laws for geometric means of free random variables, Indiana
Univ. Math. J. 59 (2010), 1.

[191] A. M. Tulino and S. Verda, Random matriz theory and wireless communications,
vol. 1, Now Publishers Inc, 2004.

[192] Ch. F. van Loan, The ubiquitous Kronecker product, J. Comput. Appl. Math. 123
(2000), 85.

[193]| J. Vanneste, Estimating generalized Lyapunov exponents for products of random
matrices, Phys. Rev. E 81 (2010), 036701.

[194] J. J. M. Verbaarschot, Spectrum of the QCD Dirac operator and chiral random
matriz theory, Phys. Rev. Lett. 72 (1994), 2531.

[195] J. J. M. Verbaarschot and T. Wettig, Random matriz theory and chiral symmetry
in QCD, Ann. Rev. Nucl. Part. Sci. 50 (2000), 343.

[196] E. T. Whittaker and G. N. Watson, A course of modern analysis, Cambridge
university press, 1996.

[197] J. Wishart, The generalised product moment distribution in samples from a normal
multivariate population, Biometrika 20A (1928), 32.

[198] T. G. Wright and L. N. Trefethen, Computing Lyapunov constants for random
recurrences with smooth coefficients, J. Comp. Appl. Math. 132 (2001), 331.

[199] J. M. Yeomans, Statistical mechanics of phase transitions, Oxford University Press,
1992.

[200] A. Zabrodin, Matriz models and growth processes: from viscous flows to the
quantum Hall effect, Applications of random matrices in physics, Springer, 2006,
p. 261.

[201] F. Zhang, Quaternions and matrices of quaternions, Linear Algebra Appl. 251
(1997), 21.

[202] L. Zhang, Local universality in biorthogonal Laguerre ensembles, arXiv:1502.03160
(2015).

144



	Preface
	Contents
	Why products of random matrices?
	Wireless telecommunication
	Disordered spin chains
	Stability of large complex systems
	Symplectic maps and Hamiltonian mechanics
	Quantum transport in disordered wires
	QCD at non-zero chemical potential

	From random scalars to random matrices
	Products of independent random scalars
	Finite products of random scalars
	Asymptotic behaviour

	Products of independent random matrices
	Finite products of finite size square random matrices
	Weak commutation relation for isotropic random matrices
	From rectangular to square matrices

	Gaussian random matrix ensembles

	Wishart product matrices
	Exact results for Wishart product matrices
	Joint probability density function
	Correlations and bi-orthogonal functions

	Asymptotic results for Wishart product matrices
	Macroscopic density
	Microscopic correlations

	Summary, discussion and open problems

	Eigenvalues of Gaussian product matrices
	Products of complex Ginibre matrices
	Correlations for finite size matrices
	Macroscopic density
	Microscopic correlations

	Products of quaternionic Ginibre matrices
	Correlations for finite size matrices
	Asymptotic formulae for large matrix dimension

	Products of real Ginibre matrices
	Probability of a purely real spectrum

	Summary, discussion and open problems

	Stability and Lyapunov exponents
	Stability and Lyapunov exponents at finite matrix dimension
	Stability exponents
	Lyapunov exponents

	Macroscopic density for large matrix dimension
	Summary, discussion and open problems

	Matrix decompositions and their Jacobians
	Two-by-two matrices and their algebras
	Symplectic symmetry and quaternions
	Real matrices and split-quaternions

	Matrix decompositions
	Standard decompositions
	Generalised decompositions


	Higher transcendental functions
	Gamma and digamma functions
	Hypergeometric and Meijer G-Functions

	Bibliography

