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Abstract

In Quantum Chromodynamics low energy spectral properties of the Dirac operator can be described
by random matrix ensembles. In time-series analysis strong statistical fluctuations coincide with
eigenvalue statistics of random matrices. These two completely different fields share the same type of
random matrix ensembles: chiral symmetric random matrices.

The analysis of two random-matrix models of this type is presented: the product of two coupled
Wishart matrices and the sum of two independent Wishart matrices. Here, we expose the integrability
of these models and compute quantities being of interest in Quantum Chromodynamics and in time-

series analysis, respectively.
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1 Introduction

Random Matrix Theory (RMT) is a statistical method and a mathematical tool to characterise spec-
tra which arise in a multitude of research topics and applications. Spectra to which RMT is applied
can belong to chaotic or to systems with strong and dominant spectral fluctuations. They appear in
a variety of areas such as: physics [3], finance [4], medicine [5], sociology [6] and engineering [7]. RMT
provides analytical predictions to quantities which can experimentally be measured and it classifies
spectra and unifies systems which a priori have nothing in common. RMT has become an indispens-
able tool in many research fields. To highlight the most well-known: In quantum mechanics we ask
for the spectrum of the Hamilton operator, which for complex systems is characterised by a large
number of degrees of freedom as for instance in many body systems. In nuclear physics the approach
to the heavy-nuclei-Hamilton-operator was very successful in describing the statistics of energy levels
measured in experiments, where heavy nuclei were excited by thermal neutrons [8]. In molecular
physics, parts of spectra of acetylene or of nitrogen dioxide arising from excitations of vibrational and
electronic degrees of freedom can be characterised in their frequency distribution, spacing or rigidity
by RMT [9,/10]. In Quantum Chromodynamics, the random matrix appraoch serves an analytical so-
lution in the deepest infrared limit of the eigenvalue statistics of the Dirac operator, which in various
thermodynamical regimes are unknown [11,/12]. Recently, another application of RMT was found, in
the spatial distribution of a non-interacting Fermion gas at zero temperature due to similar anaytical
structures. It turns out that it coincides with the macroscopic eigenvalue distribution of a particular
random matrix model [13H15].

In disciplines beyond physics, spectra appear to which RMT provides analytical predictions. The
random matrix approach to the analysis of statistical fluctuations in time series especially provided a
diversity of application fields, to which many of those listed above belong. In [4] price fluctuations on
the asset marker “S&P 5007 from 1991-1996 with daily changes were compared to RMT prediction in
the global eigenvalue spectrum corresponding to the covariance matrix. Here, statistical fluctuations
can be separated from system specific signals to identify the market factor indicating a trend for all
observed prices and to estimate the correlations between the price movements. In [5] human EEG
signals were studied, which typically differ strongly in time, with respect to individual test persons
and given circumstances stimulating the test persons. It was shown that universal features emerge
in the recorded data that are coinciding with RMT predictions like the spectral density of covari-
ance matrices evaluated for small time intervals, the level spacing distribution as well as the number
variance, where these observations may help to understand synchronisation and stimulation of brain
activities in different regions. In [6] reports of criminal offenses throughout ten years within the City
of Philadelphia were studied with respect to different neighbourhoods, different types of the recorded
crime events and the times of events. For this large data set, RMT provides models to separate noise

from significant signals and to uncover relations between neighbourhoods as well as to verify their
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underlying dynamics.

Furthermore, we find applications in telecommunications, in which progressive scattering in wireless
transmission has to be included [16]. In addition, RMT influences mathematics as well, free prob-
ability is one example, where non-commutative random variables are studied, and random matrices
are their finite dimensional realisation [17,/18]. A further prominent example can be found in number
theory, where for example the statistics of the zeros of the Riemann zeta function at the critical line
z =1/2 can be provided by RMT [19).

The detailed description of all areas of application of RMT is a great challenge and would go beyond
the scope of this thesis. We recommend the comprehensive collection in [3] and a very detailed review
of the history of RMT in [20]. The random matrix models being studied in the present thesis are
very particularly chosen. They belong to the so-called chiral Gaussian Unitary Ensembles, which are
of special interest in Quantum Chromodynamics (QCD) and time-series analysis. These two fields of
application are discussed in more detail in Chap. [2| which is meant to be a part of the introduction
to the thesis.

The most important concept of RMT is the global symmetry requirement. Although the very first
random matrix was proposed in 1928 by Wishart [21], the field of RMT became popular in the 1950s
and 1960s for its application in nuclear physics due to global symmetry considerations. Wigner sug-
gested in 1951 to model a Hamilton operator with the help of a random matrix to characterise the
generic spectral statistics of heavy nuclei [22]. Obviously, one symmetry of the Hamilton operator
is self-adjointness ensuring real eigenvalues. Moreover, further physical symmetries might occur like
time-reversal invariance and rotational symmetry with reference to the spin. These symmetries trans-
late to a self-adjoint random matrix by the choice of the algebraic number field for the matrix entries.
We denote with 5 =1 time-reversal invariant systems with rotational symmetry or time-reversal sys-
tems with integer spin and broken rotational symmetry, then the random matrix must be chosen to be
real and symmetric. If the time-reversal symmetry is broken, the random matrix is complex and the
self-adjoint property is translated to a hermitian matrix, which we denote by 8 = 2. For systems with
preserved time-reversal symmetry but with broken rotational symmetry or systems with preserved
time-reversal symmetry and half-integer spin, the entries of the random matrix need to be chosen
real quaternions and the self-adjointness translates to self-dual hermitian, which is denoted by 5 = 4.
All entries of the so composed random matrix were taken to be independent and all real independent
degrees of freedom were Gaussian distributed. These three ensembles are called: Gaussian Orthogonal
Ensemble (8 = 1), Gaussian Unitary Ensemble (8 = 2) and Gaussian Symplectic Ensemble (5 = 4),
where the middle part of these names (GSE) indicates the set of similarity transformations keeping
the ensemble invariant.

The mathematical formulation of a self-adjoint matrix of size N x N, say H, can be equally presented

for all three 8 values. A self-adjoint matrix,
HY'=H, (1.1)
can be decomposed as

H=UAU', with U'U =1y, (1.2)




where 1, is the unit matrix of dimensions N x N. Thereby, A is a diagonal matrix containing the
eigenvalues of H. The matrix U belongs to the orthogonal, unitary or symplectic group, respectively
to according 8 values, and its columns are composed by the eigenvectors of H. The operation (.. .)T
for the value 8 = 2 translates to the transposition and the complex conjugation of the present matrix.
The statistics of eigenvectors of random matrices are as important as the eigenvalues. However, for
our purposes we focus on the eigenvalues only. The classification with the help of the 8 index was
introduced by Dyson [23,[24]. The Gaussian distribution was a choice of convenience simplifying
computations due to the integrability of this particular distribution.

The macroscopic eigenvalue density for all of the GSE for infinite matrix dimensions, N — oo, is given
by a semicircle symmetric with respect to the y-axis, called Wigner semicircle [25]. This situation
might not appar often in physics as the typical energy spectra are not bounded from above. The
applicability of RMT was facilitated by a quantification of levels in spectra through their relative
behaviour to each other. One key quantity is the level spacing distribution describing the probability of
finding two consecutive levels in a certain distance. Although the entries of H were chosen statistically
independent, the eigenvalues of such a random matrix are not [26]. This correlation depends on Dyson’s
[ index. The first mathematical description of these correlations was provided by a conjecture, known
as the Wigner surmise [25] which we recall from [20, Eq. (3.50)],

Ps(s) = agsﬁ e~bss” , (1.3)

and illustrate it in Fig. together with the Poisson distribution, which is an exponential function.

1.2+
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Figure 1.1: Typical level spacing distributions: Poisson distribution (blue) and Wigner surmise labelled by the
Dyson-f index: 8 =1 (orange), S =2 (green) and 5 =4 (red).

The two constants ag and bg are given by the normalisation and a normalised first moment.

The Wigner surmise shows that the eigenvalues of random matrix ensembles for =1, 2 and 4 are
repulsively correlated. The most probable distance between two eigenvalues, which can be read off
from the maximum in the Wigner surmise, increases by increasing the  value. Simultaneously, from
the behaviour near the origin, i.e. s < 1, we observe a vanishing probability of finding two levels very
close to each other with a linear, quadratic or quartic slope, respectively. Level repulsion is absent for

the Poisson distribution reflecting statistically independent levels. The measured heavy nuclei levels
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agree perfectly with the 8 =1 random matrix prediction [827-31]. The same level repulsion could also
be observed later on in other systems, such as molecular and atomic spectroscopy [10}32,[33] and in
microwave experiments in the 1990s [34H37]. Systems with broken time-reversal symmetry exhibiting
B =2 level repulsion could be arranged in microwave experiments in the 1990, too [38,39], where an
external magnetic field was exploited for the symmetry breaking.

Roughly speaking, the RMT approach to physical systems relies on the composition of an ensemble of
Hamilton operators that are randomly distributed but coincide in their symmetry with the underlying
physical system. With the help of “good quantum numbers”, like spin or parity, the underlying
physical Hamilton operator has first to be block-diagonalised. For one of these irreducible blocks an
ensemble of random matrices serves as a tool to study generic spectral features. In particular, in the
above mentioned situation the local spectral behaviour becomes universal and coincides with RMT
results. Thereby, these universal features are reached by averaging over the random matrix ensemble
and by taking the limit of infinite matrix dimensions, N — oco. Here, the limit of infinite matrix
dimensions ensures that details of the composed ensemble do not affect local spectral effects, but only
the 8 index is crucial.

The symmetries of the Hamilton random matrix and its irreducibility constraint does not necessarily
lead to a possible comparison of the eigenvalues of the random matrix to the spectrum of the physical
system. The entire spectrum of a Hamilton operator of a complex system as mentioned above might
be large and rich on structure. After the division of the complete spectrum with respect to fixed values
of good quantum numbers related to the symmetries discussed above, the studied subspectrum still
has to remain sufficiently large for statistical analysis. In addition, for the comparison of the physical
system with RMT results, the subspectra have to be zoomed onto the scale of the typical mean level
density. This spectral mapping is called unfolding [20]. Hence, the correlations can be uncovered and
eigenvalue statistics of random matrices may serve as a blueprint. Experimentally, after the unfolding,
we are visually faced with sequences of lines. For a demonstration, we recall some typical spectra from
Mehta’s book [40], which are depicted in Fig. and originally taken from Bohigas, Haq and Pandey
from 1983 [8]. The differences or similarities between these spectra are a piori not visible. The level
spacing distribution quantifies them and infer the global symmetries.

A qualitative understanding of why these spectra exhibit universal features and coincide with random
matrix predictions was provided by a conjecture formulated by Bohigas, Giannoni and Schmit in
1984 [30], which refers the studied quantum mechanical system to its classical analog. This conjecture
signifies that if the classical analog is a chaotic system then the quantum mechanical counter part
shows the same fluctuation properties as predicted by random matrix ensemble. Thereby, the above
discussed symmetries play a crucial role for specifying the fluctuation properties. For a detailed
discussion about Quantum Chaos and RMT we recommend the book written by Haake: Quantum
Signatures of Chaos, [41]. The Bohigas-Giannoni-Schmit conjecture is considered as well understood,
see [42H44].

The classification of random matrix ensembles has been developed until today. We distinguish between
ten Gaussian classes worked out by Altland and Zirnbauer in 1996 [45]. However, we would like to
emphasise the chiral Gaussian ensembles (chGSE). They were introduced by Verbaarschot in the field
of Quantum Chromodynamics [46], to which the random matrix models analysed in this thesis for
8 =2 belong.
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Figure 1.2: Typical spectra on the scale of their typical mean level density, source: Mehta’s book |40} Fig. 1.2]
and reprinted from [8|: "Some typical level sequences. From Bohigas et al. (1983). (a) Random
levels with mo correlation, Poisson statistics. (b) Sequence of prime numbers. (c) Slow neutron
resonance levels of the erbium 166 nucleus. (d) Possible eneregy levels of a particle free to move
inside the area bounded by 1/8 of a square and a circular arc whose center is the midpoint of the
square; i.e., the are specified by the inequalities, y >0, v >y, x <1, and z? +y2 >r (Sinai’s
billiard table). (e) The zeros of the Riemann zeta function on the line Rez =1/2. (f) A sequence
of equally spaced levels.".

In RMT, a chiral matrix, say D, is characterised by a block-diagonal form and its anti-hermiticity,

0o w
DZZ(WT 0), (1.4)

which results from the anti-commutation relation with respect to the «s-matrix, which we will discuss
in the next chapter in depth. The matrix W is assumed to be random and in the simplest case
it is composed of independent, Gaussian distributed matrix entries in the respective number field
corresponding to the Dyson index 8. The dimensions of W can be chosen to N x (N +v). The
additional parameter v is called number of zero modes referring to null-eigenvalues of the matrix
WHW, which shares its spectrum with WWT. Namely, the spectrum of D is pure imaginary, there are
v null-eigenvalues and the 2N remaining eigenvalues are distributed symmetrically. The distribution
of the part of the eigenvalues of D lying on the positive imaginary axis is equivalent to eigenvalue

spectrum of the hermitian random matrix H as
H=WWT, (1.5)

which carries the name Wishart matriz.

The integrability, which we address in the title, is not referring to integrable physical systems in the
sense of integrals of motion nor in terms of the number of conserved quantities: we refer to integrable
probabilities, which emerge in the eigenvalue statistics in the studied class of random matrix models.
There, all information about the eigenvalues can be derived via an analytical approach yielding an

exact and explicit solution as we explain below.
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What kind of observables do we study for the eigenvalues of random matrices? In spectral statistics we
may ask for global or local properties like the macroscopic or microscopic level densities. As discussed
above, the level spacing distribution is one particular observable. Other quantities that are conceivable
are distributions of individual eigenvalues and their correlation to the residual part of the spectrum,
where extreme eigenvalue statistics are particularly prominent. In the most general sense we ask for
correlations among the considered eigenvalues. There are especially two definitions to the so-called
k-point correlation function. One of these definitions makes use of Green’s functions, which is common
in quantum field theories. However, we refer to Dyson’s k-point correlation function [24]. For this
purpose, we denote the normalised joint probability distribution function for all N eigenvalues Ay, ...,
An of H by Py. The k-point correlation function is obtained by integrating out (N — k) eigenvalues
from Py,

N! oo oo
Rk(}\17...,)\k):m 0 dAk-‘rl 0 dANPN()\l,,)\N) (16)

This quantity describes the probability of finding one eigenvalue in each of the intervals
[Aj,Aj+dNj] for j=1, ..., k. The factor N!/(N —k)! is a combinatorial factor emerging from all
possible permutations by the assumption that the eigenvalues are not ordered. The limits of the
integrals in Eq. already take care of the positive definiteness of the chiral random matrix H as
presented in Eq. . We call a random matrix model integrable if the k-point correlation function
for arbitrary k=1, ..., N as defined in Eq. can analytically and explicitly be computed as an
exact result for finite matrix dimensions, N < oo, in terms of one single function: the kernel.

A well-known result of the general k-point correlation function as defined in Eq. is the macroscopic
distribution of all eigenvalues, which results from the one-point correlation function as Ry () ~ p()) for
N > 1. As mentioned above, for infinite matrix dimensions the global level density for the eigenvalues
of GAE forms a semicircle on the real line for all fixed 5 > 0, the Wigner semicircle [25]. The global
level density for chGSE is restricted to the positive real line and yields in analog consideration a
different distribution, which was first derived by Marchenko and Pastur in 1967 [47],

LV
27 qA

ovp(N) XDoaa)s with Ax = (1£7)%. (1.7)

The Marchenko-Pastur distribution is illustrated in Fig. [I.3] for different numbers of zero-modes in the
ratio limy o0 N/(N +v) = ¢ € (0,1]. Here, the number of zero modes has to scale with the dimension
v — Nv for a deformation of the global level density in the limit to infinite V. The eigenvalues are
distributed on the compact support [A_,\;], reflected by the indicator function, x, being unity in
the given interval in Eq. and zero elsewhere. The Marchenko-Pastur distribution visualises two
issues playing central roles in the present thesis. In the application in Quantum Chromodynamics
investigations of random matrix models are addressed to the microscopic behaviour of chGUE at the
origin for ¢ = 1. In time-series analysis the macroscopic behaviour of all eigenvalues is of interest.

The content of this thesis is organised as follows: in Chap. [2] we present two applications of chGUE:
time-series analysis and Quantum Chromodynamics. By doing so we motivate the choice of the par-
ticular random matrix models studied later on in detail: the sum of two independent Wishart matrices

and the product of two coupled Wishart matrices. We continue with the eigenvalue representation
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Figure 1.3: Marchenko-Pastur distribution: global level density for the eigenvalues drawn from the chiral
Gaussian unitary ensemble for various values of the limiting ratio limy_ oo N/(N +v)=q € (0,1].

of the chosen models in Chap. [3] and discuss the inclusion of external parameters in these models.
The discussion in Chap. [4]is addressed to the definition and the integrable structure of determinantal
point processes, to which the joint probability distribution functions for the eigenvalues of both mod-
els belong. The heart of the thesis is the spectral analysis of these two models presented in Chap.
containing the main results published in the principal publications 1] and [2]. The thesis also con-

tains several unpublished results which appear to be new. We close the thesis with a summary and

an outlook in Chap. [6]
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2 Applications

In the present chapter we propose two fields of application of chiral Gaussian Unitary Ensembles:
time-series analysis and Quantum Chromodynamics (QCD). The indicated fields are of interest in
modern research and give rise to the study of the two particular random matrix models discussed in
this thesis.

2.1 Time-Series Analysis

The application of RMT in time-series analysis is based on the separation of statistical fluctuations
from system specific correlations. Time series is an essential issue in many different disciplines and
enjoys being a very generic subject. It occurs in a very broad sense by measuring observables at
discrete time steps. Questions that can be asked are regarding correlations between these observables
and regarding the time evolution of the observables.

In this section we refer to different sources and we strongly reduce the area of time-series analysis to
the motivation of our desired random matrix model. In particular, we recommend the broad work
representing the state of the art of chiral RMT from 2015 in [48], a big part of which is devoted to

covariance matrices.

2.1.1 Covariance Matrix and Fluctuations

We distinguish between spatial correlations and temporal correlations of a set of observables, which we

denote by v1, ..., vn. These observables are measured with respect to the time parameter, v; = v; (¢),
at T distinct time steps, t1, ..., tp. We arrive at a rectangular table of empirically given data,
vy (t1) w1 (te2) vy (t7)
v V2 (:tl) U2 (:tg) V2 (:tT) . 2.1)
oy (t1) won(t2) ... on(t7)

The most general question is: what is the correlation between two different observables at different
time steps, v; (ty,) <> vy (tg) for j# 7 and k #Kk'?

We call spatial the correlation between the two observables v; and v/, being two rows in the table in
Eq. , in order to highlight the geometrical difference to temporal correlations between two time
steps t and tj/, being between two columns.

Our observables might have different units and might be measured at a different scale. To achieve
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dimensionless quantities we apply well known point measures to: mean and variance,

vit)—p  wilt2)—pn wiltr)—m 1 &
Uz(tf)l—uz vz(tg)l—uz v2(t;%—u2 Hi=T kzz:l 05 (1)
N = 2 Z
V= .2 -2 .2 ,  with 0]2 _ % kzi:l lv; (1) —Mj|2 7 (2.2)
UN(t;;m UN(ta22)7u2 UN(t(fZ)ﬂQ for alfj =1,...,N.
Spatial correlations can be reflected by the covariances, which we define with
Sy = LS v, = L (v 2
jj’—f; ik jfk—f( )jj,’ (2.3)

where we denote with (...)* complex conjugation. In this way the empirical covariance matriz, ¥, is
introduced. The rank of the covariance matrix is given by the lower value of the numbers: observables
or time steps, min (N,T). Time-series analysis with less time steps than observables, T' < N, is very
difficult due to zero eigenvalues appearing in the covariance matrix, see for example [49]. For our
purposes, the number of time steps is larger than the number of observables. By making use of the
number of zero modes introduced in Chap. [I] we set T=N +v.

The covariance matrix is hermitian, £ = ¥, and positive definite, det[X] > 0. Due to the zero-mean
and unity-variance of 1% presented in Eq. , the covariance matrix is unity in its diagonal entries
and for real valued time series it is valued between [—1,1] in its off-diagonal entries, whereas for
complex valued time series the entries of the covariance matrix are valued inside the complex unit
circle. A full correlation between two observables is indicated by an entry of the covariance matrix
being equal to one and uncorrelated by an entry being equal to zero. Thus, the covariance matrix
can be studied with respect to distinguished values of its entries. However, by increasing the number
of observables, the covariance matrix is increased and the analysis of its entries has to be reduced to
spectral analysis.

There are several extreme scenarios of the resulting covariance matrix X, which are affecting its
eigenvalues. Let us emphasise the main ones: assuming that all observables are uncorrelated,

Y =0, forall j,j’=1, ..., N, then all eigenvalues of ¥ are equal to one, A = 1. Assuming that all
observables are fully correlated, Cj;; =1 for all j,j' =1, ..., N, then all eigenvalues of ¥ are equal to
the number of observables, A = N. The fully anti-correlated case is also thinkable, but slightly more
problematic in its illustration. It is simple to see that a covariance matrix with entries chosen to be
negative C; = —1 for for all pairwise distinct j # j' would not satisfy the convergence condition.
Thus, we restrict ourselves in this scenario to the idea of the tendency of eigenvalues of a covariance
matrix with increased number of anti-correlated observables. Namely, the eigenvalues become smaller
than one in the strong anti-correlated regime and, thus, the eigenvalues belonging to anti-correlated
observables lye on the interval A € (0,1).

The eigenvalue distribution of the covariance matrix defined in Eq. carries the information of
how many observables are correlated with a certain strength. The eigenvectors belonging to certain
eigenvalues point out which particular observables are correlated with this particular strength.

The application of RMT in time-series analysis is due to statistical fluctuations in the measured

entries of the time series. These fluctuations perturb the measured observables leading to a smear of

10



2.1 Time-Series Analysis

the covariance matrix and, thus, true correlations might be hidden.

The main possibility to describe statistical fluctuations is via white noise. A pure white noise in our
time series V is composed by assuming that all deviations in the measured observables from their
means are described by a Gaussian distributed random variable independently from all other entries.
Thus, the entries of the zero-mean and unity-variance time series exchanged by random variables,
V — X, are distributed by

P(X) :W—N(N“"/)e_TrXXT, for X € CN*WV+v), (2.4)

This ensemble is called complex Wishart-Laguerre ensemble. The influence on the covariance matrix
caused by statistical fluctuations motivated John Wishart in 1928 [21] to compose an ensemble of
rectangular and Gaussian distributed random matrices with real entries. For spectral analysis of the
eigenvalues of the covariance matrix, X XT, the application of the method of orthogonal polynomials
is well known [40], where the classical Laguerre polynomials turn out to serve as a mathematical
key tool. The global level density of the Wishart-Laguerre ensemble for infinite matrix dimensions,
N — oo and N/(N +v) — ¢, was discussed in Chap. |1} We recall that the Marchenko-Pastur distribu-
tion pyp (A), see Eq. (1.7), is supported on a compact interval, [A_,A;], and is sensitive with respect
to the parameter q.

Statistical fluctuations in the eigenvalue distribution of the empirically given covariance matrix ¥ ex-
hibit a characteristic shape which is of Marchenko-Pastur distribution type. As an example we depict
here the comparison of the Marchenko-Pastur distribution and data of stock prises abtracted from [50]

in Fig. 2.1} The parameter ¢ serves as a fit parameter deforming the Marchenko-Pastur distribution
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Figure 2.1: Empirical eigenvalue density for 406 stocks from S&P 500 (red curve) compared with the
Marchenko-Pastur distribution (blue curve). The presence of one outlier is shown in the inner
graph. Abstracted from [50].

as presented in Fig. The system specific correlations are represented by eigenvalues lying outside

of the bulk called outliers, A > A4, |4]. This separation of the covariance spectrum is according to the

11



2 Applications

discussion about the expected behaviour of eigenvalues and the main goal of the application of RMT
in time-series analysis.

The comparison of RMT results with empirically measured data has to be improved if the statistical
fluctuations become strong with respect to the order of measured observables. System specific correla-
tions might be hidden in the bulk and not separated as outliers. An extension of the Marchenko-Pastur
distribution can be done by the so called sample-covariance matrix [51], one-side correlated Wishart

ensemble or to what we will refer later as well: one-epoch model,
P(X|D) = n~ NO+) qog [2] "N +9) o= TI=TIXXT g x e VX (V+) | (2.5)

This model can be interpreted as a model for time series driven by statistical fluctuations and coin-

ciding in the first moment in the square form with the empirically measured covariance matrix, see
for comparison the Eq. (2.3)),

N+v

1 *

i = <N+y > Xijj’k> ; (2.6)
k=1 P(XID)

which we will prove explicitly below.

For the application of the one-epoch model an explicit solution for the eigenvalue density of the square
form X X1 for finite matrix dimensions is of interest. The standard Wishart-Laguerre ensemble can be
solved analytically as well as for its real analogue, 8 = 1, meaning that all k-point correlation functions
as defined in Eq. are accessible, see [52]. This integrability is lost for the real case by introducing
the covariance matrix in the one-side correlated Wishart ensemble. However, the analytical approach
to the one-point correlation function yielding finite-N expressions was derived in [53] and [54] by
making use of supersymmetry techniques.

The joint probability distribution function for the eigenvalues of X Xt implies a group integral, whose
solution is required to access all k-point correlation functions, which we will discuss in the next chapter.
The derivation of an exact expression for all k-point correlation functions for finite matrix dimensions

in the g =2 case will be presented in Sec. as a preliminary consideration.

2.1.2 Time Evolution in Time-Series Modelling

The approach to time-series analysis described above is intended to study spatial correlations in time
series. Thereby, the covariance matrix X is assumed to be stationary in the point measures: mean and
variance applied in Eq. . This stationarity reflects reproducibility of each of the observable v; (),
for all j, at every time step, for all k. Thus, no time correlations are included. For our purposes, time
dependence in time series is crucial.

Temporal correlation may exist in time series and might describe time dependencies in time series.
In an analogous way to the one-side correlated Wishart ensemble in Eq. , we introduce the

doubly-correlated Wishart ensemble, implying non-trivial temporal correlations,

P(X|S,I) =7 N+ det (S o 11] o= It z*lxnfl)ﬂ’ for X € CNx(N+v) (2.7)
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2.1 Time-Series Analysis

where ® denotes the Kronecker product and II is a (N +v) x (N +v) complex valued and positive

definite matrix. This ensemble is to interpret from the view of reproducibility of measured time series.

Let us recall that the observables, {v; }jzl,.‘.,N’ have been measured at N +v time steps, t1, ..., tN4u,

which has led us to the composition presented in Eq. . We now add the assumption that the

entire measurement of all observables at all time steps can be be reproduced, which for experiments

is reasonable. Consequently, we have more than one realisation of our time series, which we denote
(r)

with the upper index, v; (t) with r =1, ..., R. Then, the most general spatio-temporal correlations

of covariance type are given by averaging over all realisations as
*
(7 ) (o7 () ) gy = Bt (2.8)

which may be performed by making use of point measures for averaging over realisations. The corre-
lations in the so obtained X,/ 1 encode time evolution.

In order to include these correlations into the modelling of white noise via random matrix en-
sembles, simplifications have to be made. The factorisation of spatial and temporal correlations,
it kker ~ 245 @I motivates the doubly-correlated Wishart ensemble. Factorising but non-trivial
spatio-temporal correlations were considered in economics [55], in sociology [6] and telecommunica-
tions [16]. Analytically this ensemble was discussed first in [56] and recently, an exact solution to the
one-point correlation function was derived with the help of the supersymmetry technique in [57].

For the doubly-correlated Wishart ensemble the first moment condition compared to Eq. can

now be formulated in both external fixed matrices: ¥ and II,

1 N+v 1 N
S, = <N+V > Xjkx;,k> and Il = <N2Xjkx;k,> , (2.9)
k=1 P(X[Z,I) J=1 P(X|L,)

which will be shown below. The one-side correlated Wishart ensemble from Eq. can thus be seen
as the limit of stationary observables from the doubly-correlated Wishart ensemble from Eq. ,
=1y, .

The natural spectral analysis regarding temporal correlations would focus on the random matrix XX
However, the matrix XTX shares all non-zero eigenvalues with X XT, which can be seen on the well
known Silvester’s determinant identity z* det [:EIIN - XXT] =det [x]lN+V - XTX] [58]. Thus, in the
analysis of time evolution in Wishart ensembles modelling time series, spectral analysis of XTX do
not yield new insights.

Recently, a block form of the temporal-covariance matrix was introduced to study temporal cross-

correlations in [59/60], which can be embedded in the doubly correlated Wishart ensemble by setting

S=1y and = <1Nl @ ) , (2.10)
Of 1,

with N1+ No = N +v. Here, the random matrix X is divided in two sectors of length Ny and Ns of

the form <X1 XQ) representing time evolution between the time steps N7 and Nj + 1. Questions

regarding cross-correlations are related to the product matrix X I Xo . In this model, the temporal

correlations are non-trivial, whereas the correlations between the observables are set to be trivial.

Due to statistical dependence of the two matrices X; and Xy so-called time-lagged correlations can
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be modeled.

The two-epoch model, which will be studied in this thesis in detail, possesses a similar block structure
comprising two random matrices: X of dimensions N x (N 4+v1) and X2 of dimensions N x (N +vs)
arranged analogously to Y = (X 1 Xg). Kumar introduced in [61] time dependent spatial correla-

tions, which can be embedded into the doubly-correlated Wishart ensemble by setting

Y =YAX[1,N401] T EBX[N4v14+1,N4v N4 and II=1n4,, (2.11)

where y denotes the indicator function being identity in the indicated interval and zero elsewhere.
Here, spatial correlations are assumed to be time dependent, ¥ = X(¢), and spatial cross-correlations
can be introduced with respect to the random matrix YY T = X; X I JrX2X;r , for unequal covariances
Y4 # Y p. The visualisation of differences in the spectra between Y'Y from the two-epoch model and
X X1 from the one-epoch model for finite matrix dimensions is one of the main goals in this thesis in

making use of the integrability of these two models.

2.1.3 First-Moment Condition

The models introduced above: one-side correlated Wishart ensemble in Eq. and the doubly-
correlated Wishart ensemble in Eq. satisfy first moment conditions with respect to the empirical
covariance matrices, see Egs. and . The two-epoch model, which will be discussed in detail,
satisfies the first moment condition with respect to the covariance matrix presented in Eq. .
We would like to present here a simple calculus yielding the first moment conditions for complex
covariance matrices.

Let us consider a self-adjoint, complex valued and positive definite N x N-size matrix ¥, which we call
covariance matrix. With ¥ = UT diag(o1,...,0n5)U we denote its eigenvalue decomposition, where
all N eigenvalues are pairwise distinct and positive. There is one unique unitary matrix for this
diagonalisation with U~! = U and det[U] = 1. The derivative with respect to an eigenvalue, 9/ 0o,
acting on the determinant of the covariance matrix yields the multiplicative inverse of this eigenvalue,

0 1

which can be seen on the product of all eigenvalues, det[X] = H;V:1

04, as a representation for the
determinant. It is an important property for our derivation, as determinants of this form arise in
the normalisation of our ensembles. The one-side correlated as well as the doubly correlated Wishart

ensembles are normalised through the complex generalisation of the Gauss integral,

o = / dz / dye—o ' (@+v?) = / [dX]e—o XX (2.13)
R R C

which by extending to X € CN*(N+%) yields the determinants in front of the densities: in Eq. 1)
it is a factor of det [Z]_(N+V) for the one-side correlated Wishart ensemble and in Eq. 1} it is
det [Z@H]fl for the doubly correlated Wishart ensemble. Let us stick on the former first moment
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2.2 Quantum Chromodynamics

condition, which reads by making use of the covariance matrix ¥ ~! as a source for the first moment:

<(XX*) > —det [5V(—-0 Yder[s ) (2.14)
Ji’ P(X|D) 15))

s/

J'y

It remains to compute the differentiation with respect to the j’j entry of the inverse covariance matrix
applied on its determinant.

The differentiation operator 9/ BEJ._,; is a derivative with respect to the j’j-entry of the inverse covari-

ance matrix,

9 1
'3

However, it can be interpreted as a matrix entry by itself,

: ( ; >
g - , (2.16)
azj,]l, Ox=1 )

which defines a differential-operator matrix 9/0X~!. Note that the order of our indices has to change,
which can be seen by investigating the equation (8/ 82_1) Y~ ! =1y from a sum over k¥’ and j' in
Eq. . We now would like to apply the eigenequation from the beginning of our computation,
see Eq. (2.12), on the differentiation left to perform in Eq. (2.14). Here, the diagonalisation of the
differential-operator matrix 9/0X~! has to be introduced.

The transformation of the inverse covariane matrix under similarity transformation belonging to the
unitary group U(N) can be investigated on the defining property, ¥~13 = 1. It is obvious that
our inverse covariance matrix can be diagonalised as X ~! = UT diag (af Lo ,a;,l) U with the same
unitary matrix diagonalising the covariance matrix. The differential-operator matrix has the same
transformation property, 9/0%~! = Ut diag (8/801_1, e ,8/80&1) U.

It is now a simple matter to apply the eigenequation presented in the beginning in Eq. on the
matrix form, diag (8/80;1,...,6/30;,1)det [271} = diag(o1,...,0n)det [Zfl] , yielding

0 _ _
Fr1det [T N=Xdet[27'], (2.17)

which by applying on the remaining differentiation in Eq. (2.14) finishes the proof of our claim. The

first moment conditions for the doubly-correlated Wishart ensemble can be proven analogously.

2.2 Quantum Chromodynamics

QCD is a part of the Standard Model which describes elementary particles [62]. The Standard Model
is, due to its success in experimental findings and corresponding predictions, one of the most celebrated
achievements in modern physics. In the basic classification we distinguish particles interacting among
each other and particles carrying the interactions. There are three interactions included in the standard
model: the electromagnetic interaction transmitted by photons, the weak interaction transmitted by
so-called Z and W¥ bosons and the strong interaction transmitted by eight gluons. The latter one
couples with particles called quarks, of which we find six in nature, called: up, down, charm, strange,

top and bottom. The strong interaction is the subject of QCD.
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The application of RMT in QCD is a very sophisticated issue and we only can reduce this topic to the
central ideas motivating our random matrix model. We constrain ourselves to selected considerations
of global symmetries in the QCD partition function and local spectral properties. We refer to the
lecture notes from 2015 [12], which are much more detailed and go beyond the description here, as

well as we recommend the wide overview from 2000 [63].

2.2.1 QCD Partition Function and Global Symmetries

There are two global symmetries to which we refer in the application of RMT in QCD: chiral symmetry
and anti-hermiticity. These two symmetries are associated with the so-called Dirac operator, of which
spectral properties are of interest.

Quarks are fermions with spin 1/2. Thus, the mathematical description of their dynamics is based
on the Dirac operator, D. The Dirac operator can be formulated in space-time representation as a

first-order partial differential operator,
D=,(0,+19sA.), (2.18)

where we sum over the Greek letter = 1,...,4, indicating four space-time dimensions. This sum
represents the geometry of the space-time. For our purposes, the Euclidean metric has to be chosen
such that the first-order partial differentiation with respect to the time parameter posses the same

sign as the ones with respect to the space parameters,

0 0 0 0
7ﬂau—7187m+7287x2+7387x3+74a7 (2.19)

in natural units. The so-called -matrices respect the existence of anti-particles and satisfy the Clifford

algebra, which is related to the fermionic nature of quarks, given by anti-commutation relations,
VYo + VoY =20, for pv=1,....4. (2.20)

A standard representation of the y-matrices as 4 x 4 matrices is composed essentially by the Pauli

matrices,

0 0 1
e = ( w’“)  for k=1,2,3, and v = ( 2) . (2.21)

-0, 0 12 0

The strong interaction is carried by gluons, which are bosonic particles. They are introduced by the
principle of minimal coupling in the composition of the Dirac operator in Eq. through the strong
coupling constant gs;. We denote the gluon fields by A%, where the number of gluons, counted by a,
depends on the group characterising the interaction. The gauge fields A can be represented in terms

of generators, T, of the suitable gauge group SU (N,.), and read in their components
N2_1

Ap= > AT (2.22)
a=1

The so-called number of colours N, depends on the appropriate Lie group SU(N,), where we have in

nature: N, =3. The generators, T%, satisfy the corresponding Lie algebra, which implies non-trivial
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2.2 Quantum Chromodynamics

commutation relations for arbitrary number of colours. The action determining the dynamics of non-
Abelian gauge fields is called the Yang-Mills action [64], which we denote by Sy [A] and we will not
specify in more detail.

From this construction, both symmetries can be introduced: the Dirac operator is anti-hermitian,
Dt =—D. (2.23)

This symmetry is given due to hermiticity of the y-matrices in Euclidean space, anti-hermiticity of
partial derivatives as quantum mechanical operators representing momentum and energy if multiplied
by the imaginary number ¢, and the hermiticity of generators of SU(N.) encoded in the gluon fields
Ae.

The Dirac operator obeys the chiral symmetry,
0=Dy5+5D. (2.24)

The chiral symmetry was emphasised in the introductory chapter in Eq. (1.5). Here, this symmetry
is represented by an anti-commutation relation to the 5 matrix which is composed by the generators

of the above-mentioned Clifford algebra,
1 0
V5 = V1727374 = ( ’ > ) (2.25)
0 -1

where its representation after the last equality is due to the standard representation of the y-matrices

as given in Eq. (2.21]).
From these two symmetries we obtain information about the spectrum of the Dirac operator. The anti-
hermiticity implies pure imaginary eigenvalues of D, whereas the chiral symmetry has as a consequence

an axial symmetry in the spectrum of D with respect to the origin. This can be illustrated in a

0o W
D=1 (WT 0) . (2.26)

In this schematic representation of the Dirac operator, the differential operator as well as the coupling

reformulation of the Dirac operator to

on gluons via SU (N, )-group properties are taken into account in W. The imaginary element 2 in front
is due to the anti-hermiticity, which is preserved by the hermiticity of the remaining part. The block

structure is due to the chiral symmetry. By making use of the standard formula of a determinant

a b
comprising square-block structure, det =det [ad — bc], applied on the characteristic polynomial,
c

det M4 — D] = det [)\2]12 +WWT} : (2.27)

we obtain the connection to the chiral symmetry presented in Eq. . The spectrum of D is up to
null-eigenvalues, purely imaginary, as the eigenvalues of WW! are always real and positive. Moreover,
its eigenvalues come up in pairs because of the square form in A on the right hand side in Eq. .
We now would like to turn to the formulation of the partition function. With the help of the Dirac

operator, the fermionic part of the QCD-Lagrangian density can be composed. Therefore, we denote
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with Ny the number of quarks, called flavours, and with 1 (z) the corresponding wave function for

j=1, ..., N;. The Lagrangian density reads

Ny
£ [61 (@), ny (@)] = D005 (@) (D+myta) vy (a), (2.28)
j=1

where m; denotes the mass of the quark of flavour j and in addition we use the abbreviation z/;j (x) =
) (x)T ~v4 , where z indicates the space-time dimensions. The partition function reads

) J 220 91w (09)

250 (ml,...,me) :/d[A]dm e~ SvM (2.29)

where all possible gauge fields are integrated through d[A] and d[¢] as Feynman path integrals. The
integration over the fermionic fields can be performed in a formal sense. We namely have, with the

Grassmann integral [65],

Ny Ny
[ det[D+m 1) = / d[y]d [¢] exp / Az (@) (D+myia) () | - (2.30)
j=1 j=1

The QCD partition function can thus be read as an expectation value over the gluon fields of deter-

minants containing the sum of the Dirac operator and quark masses,

Ny
N _
Z((QCfD) (ml,...,me) z/d[A] e~ SymlAl H det [D+m;ly]. (2.31)
j=1
The quark masses mq, ..., my ; are breaking both symmetries in the partition function, as the identity

matrix is obviously hermitian and commutes with all gamma matrices. Moreover, with the help of

the v5 matrix, projection operators can be composed as

Py=_(l4%7s), P?=Py, P,P. =P P, =0, Pi+P_ =1y, (2.32)

N =

and, thus, the corresponding Hilbert space can be divided with respect to these two subspaces, 1; =
w;' —l—wj_ , with wjt = P11; . Defining the vector ¢ = (z/q, e ,wa), we observe that due to the chiral
symmetry of the Dirac operator from Eq. the corresponding states preserve the separation in
theses chiral subspaces,

DY = DYt +y DY, (2.33)

while the mass terms violate this separation mj1/_)j1/1j =m; 7,5;'1/); +1/_)j_1/)j+> forall j=1, ..., Ny.
The symmetry preserved by the Dirac operator in Eq. 1} is yt = Utyt with Ut € U(Nf)
and independently v~ - U~ ¢~ with U~ € U (N f). The basic mechanism of breaking the chiral
symmetry by the mass term can be conceived by considering the simplifying case of all masses being

equal, mj =m forall j =1, ..., Ny,

mpp=m (PTYT +o7eT), (2.34)
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2.2 Quantum Chromodynamics

contrary to the Dirac operator part as shown in Eq. (2.33). The mass term formulated in Eq. (2.34))

is invariant under the transformations U and U~ only if Ut = U~. The pattern of breaking the

chiral symmetry can be formulated to
SU(Nf) XSU(Nf) — SU (Nf) , (2.35)

where the invariance in Eqs.: and with respect to one degree of freedom as an overall
phase, U (Ny) =U(1) x SU (Ny), has been included.

The quark masses can formally be avoided in the QCD partition function in Eq. by setting the
number of flavours to zero, Ny = 0, which is called the quenched case. There, the pure gauge field
effect on the Dirac spectrum can be studied. The physical interpretation of the quenched case is that
the quarks are so heavy that the mass term dominates the determinant and the dynamics described
by D do not contribute. Thus, the determinant can be factorised out of the partition function and
only the gauge field part remains.

Our random matrix model is to embed in a further symmetry breaking problem in the QCD partition
function. Namely, the introduction of quark chemical potential, u, is breaking the anti-hermiticity,
but preserves the chiral symmetry.

The quark chemical potential can be introduced on the level of the Lagrangian density by adding
an additional term in Eq. of the form ,uz;\]:fl 1/);[ ()Y (x) = MZ;‘V:G Vjva ()¢ (z), where we
make use of the identity 474 = 14. The chemical potential can thus be directly implied in the Dirac
operator in the formulation from Eq. through

0 0  1,®Id
D=1 W 4 2% (2.36)
Wi 0 1o®Id 0

by keeping the formulation of the partition function in Eq. . The identity element Id in Eq.
is referring to the space spanned by the generators 7. The Dirac operator still preserves the chiral
symmetry, however, it is anti-hermitian only if the chemical potential vanishes y — 0. The application
of RMT in QCD on which our random matrix model is based, is built on this block structure of the
Dirac operator.

The main structure in the phase diagram of QCD is due to the breaking of the chiral symmetry by
the mass term in the fermion determinant in Eq. , called spontaneous symmetry breaking. This
symmetry breaking implies a non-vanishing expectation value of the ground state at low energies

called chiral condensate, which can be written as

5 = [(0[¢]0)| = [ (O[T +4p 797 ]0)| £ 0. (2.37)

The pattern of this symmetry breaking is the same as described with Eq. . We distinguish mainly
between two phases: the phase of preserved chiral symmetry, ¥ = 0, present at high energies where we
find so-called quark-gluon plasma and the phase of broken chiral symmetry, 3 # 0, in which quarks
and gluons are confined to compound particles. In certain low-energy regions lattice simulations
have tested these ideas from first principles along the temperature axis [66]. The introduction of the
chemical potential causes a fundamental problem, called sign problem. The main consequence is that

the chemical potential, quark or baryonic, can’t be included in Monte Carlo simulations on a lattice,
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see |67] for a review on this subject.

Another approach to the ¥ # 0 area is using effective theories. The chiral perturbation theory serves
as an approach by making use of low excitation states, see [68]. In particular, the so-called e-regime
in chiral perturbation theory, introduced by Gasser and Leutwyler [69], opened the possibility to

approach the chiral transition analytically from the low-energy sector.

2.2.2 Random Matrix Models in QCD

RMT provides an approach to the leading order e-regime as an effective theory based on global
symmetries in the computation of spectral properties of the Dirac operator. Due to the Banks-Casher
relation [70],

Y= lim %pp(/\), for A< 1, (2.38)

V—o0

where V' denotes the volume of the condensate, the chiral condensate ¥ can be reached through the
computation of the eigenvalue density of the Dirac operator pp for small \. The next term for the
chiral condensate is of the order O(|A|), which was derived by Stern and Smilga [71] and depends in
addition on the pion decay constant. Thus, the local behaviour of the Dirac-operator spectrum near
the origin provides an access to test chiral symmetry.

It was suggested by Shuryak and Verbaarschot in 1993 [11] to replace the differential operator W from
the formulation in Eq. by a complex valued random matrix W of dimensions N x (N +v). The
eigenvalues z; belong now to a complex Gaussian random matrix WW?H. The Yang-Mills action, Sy
in Eq. , was replaced by Gaussian distributions for the entries. The chiral and anti-hermitian

symmetries of the Dirac operator are preserved in this model:

Ny

Z00) L verbanrschon (ml, mN f) - / W] VW T det [m 1 TN W ] (239
i W melny,

Their motivation was that spectral fluctuations of the Dirac operator in the local scale near the origin

become universal in the limit of infinite matrix dimensions, in the sense that the non-linear interaction

from the non-abelian gauge field theory of the exact formulation of QCD can be avoided.

The first inclusion of chemical potential in a random matrix model in the application of QCD was

formulated by Stephanov in 1996 [72]. The anti-hermiticity of the Dirac operator is broken by including

the chemical potential u as

0 W 0 1IN,
DStephanov =1 (WT 0 > +un (ﬂ;[\m/ 0 ) s (240)

where we call the extended identity matrix: 1y, = (]1 N O). The block structure of the original
Dirac operator D in Euclidean space implying the chemical potential p presented in Eq. (2.36) is

carried over. The corresponding partition function with Gaussian probability weight for the random
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matrix W reads

Z(Nf) (ml,...,me) :/[dW]efNTrWWT

Stephanov
s 1 W 4 pil
m; )
x [ det J HEIN2 L (2.41)
W +/“1N,u M LN 4o

The random matrix model of Stephanov presented in Eq. results in the model by Shuryak and
Verbaarschot in Eq. by the limit of vanishing chemical potential, 4 — 0. The spectrum of
the Dirac operator is for non-vanishing chemical potential affected by the breaking of anti-hermiticity.
The eigenvalues of the Dirac operator are for g > 0 no longer pure imaginary, but they scatter to a
two-dimensional picture on the complex plain. Thereby, the extension of the spectrum of the Dirac
operator from one dimension to the complex plain has to be studied near the origin.

The RMT approach to the eigenvalue density of the Dirac operator pp at the origin implies the limit of
infinite matrix dimensions. Thereby, we distinguish between strong and weak non-hermiticity regimes.
In particular, the weak non-hermiticity regime, where the chemical potential depends on the matrix
dimension as pu? = O (N71).

A further turn in the progress of random matrix models in application to QCD was done by Osborn

in 2004 [73|. He introduced a two matrix model by attaching a second complex Wishart matrix on

0 W 0 Wy
D =1 + , 2.42
Osbo <W1T 0 > H (Wg 0 ) ( )

preserving the hermiticity of the second part of the Dirac operator. The matrices W7 and Wy are

the chemical potential,

independent of each other and are of dimensions N x (N +v). For equally distributed entries of both

random matrices, the partition function reads:

N ) T t
Z(()S{:()’m (ml’”"me) = /[dwl] [dW3]e NTr (Wlwl +W2W2)

Ny

' i 4% 1%
«[[aet| M o AR (2.43)
j=1 Wy +uWy m;

The eigenvalues of Doghorn are now obtained by analogous consideration to Eq. (2.27)) through the
product X1X;r with

Xy =Wy +puWy and X3 =W +puWi . (2.44)

The above-mentioned equations can be seen as a substitution for Wi and W5 yielding an equivalent
formulation of the partition function in Eq. (2.43)),

_ N e t Y v loeT " i
Z(()];]k{())rn (mh...,me) :/[Xm][dXz}e NG T (X[ +Xa X0) =N AT T (Xa X5 4 X0X])

Ny
x ] det (2.45)
j=1

m; X1
X5 my|

21



2 Applications

The characteristic polynomial for the Dirac operator yields now the product of two coupled Wishart

matrices,
(mtpn2N+V-xDoﬁbwnL:dm[A2nN-Xaxg}, (2.46)

where compared to the characteristic polynomials in Eq. a minus sign is regained for vanishing
chemical potential, 4 = 0 in the substitution in Eq. , where we have X; = —X;. The coupling
between these two matrices is parametrised by p through the term (1—p?)/4u?. For vanishing
chemical potential y — 0, the one-matrix model of Shuryak and Verbaarschot presented in Eq.
is reached, whereas if g =1, the matrices X; and X5 are independent, which represents the maximal
non-hermiticity of the Dirac operator. In view of the eigenvalues of the Dirac operator X 1X;r, the
chemical potential u € (0,1] interpolates between one Wishart matrix WW1 and the product of two

independent matrices.

2.2.3 Coupled Wishart Matrices with Correlations

Our random matrix model, which is called the product of two coupled Wishart matrices, originates
from the model presented in Eq. . However, it is neither addressed to the singular values of
the Dirac operator nor to its eigenvalues. Nonetheless, our analysis is aiming at the singular values
of the product X 1Xg or equivalently ¥ = X I X9 appearing in the composition presented above. The
first results to singular values of the product of two coupled Wishart matrices have been derived by
Akemann and Strahov [74], where the integrable structure of the singular values of X 1X; has been
exposed. Moreover, the large-N limit results near the origin were derived by the same authors in [75],
where the interpolating property of the chemical potential p was discussed.

In the course of spectral statistics of the product of two coupled random matrices XlX;L, Liu [76]
introduced a fixed matrix ) to parametrise the interpolation between the statistics of independent
matrices and coupled matrices. In this work, the issue of finite-rank perturbations as an extension to
the model in Eq. is introduced, which we will deepen in the following paragraph.

The Gaussian factor of the model created by Osborn under the integral in Eq. has been extended
by Liu in [76] through the introduction of a fixed matrix  parametrising the coupling between X3
and Xo. We analogously may introduce two further fixed matrices W and @ such that the weight

function for X7 and X5 reads

~Trwxlx,-TrQx,xj+Tr (QXIX2+X§X1 QT)

P(X1,X2) x e (2.47)

Thereby, the fixed matrices contain the information of the chemical potential and the dependence on
the matrix dimension N. In addition, the dimensions of the matrices can be extended to L x M for
X1 and M x M for X5, where L, M > N. The random matrix model studied by Liu in [76] is given
by full degeneracy of W and @ as

(1+p%) (1+p?)
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Furthermore, the original model Eq. (2.45]) is obtained by setting L = N and by letting the fixed
matrix () degenerate as
1—- ,u2)

Q—> N (7]1 . 2.49
In [2] the model presented in Eq. (2.47) is studied in the quenched case Ny = 0. Thus, the fermionic
determinant does not appear in the corresponding partition function and the formulation of the Dirac
operator is left open.

Nonetheless, from the point of view of the unquenched case, the composition of the corresponding
Dirac operator, D, is of interest. In particular, a substitution of the form in Eq. (2.44) is needed, from
which the dependence on the anti-hermitian part and hermitian part of D can be pointed out. If we

choose that the Dirac operator depends explicitly on the matrix parametrising coupling €2 as

0 QX
D= ", (2.50)
xi 0

a substitution analogous to Eq. (2.44) can be found, QX7 ~ («W7 + uWs) 7 and X;f ~ (leT +MW2T> ol

Here, fixed matrices: m and o, have again to be taken into account and are related to W and @ as

Q=nr", and W=QlsTc0. (2.51)

An equivalent formulation for the partition function to Eq. (2.43)), including 7 and o, is thus achievable.
The role of these fixed matrices, 7 and o can be recognised by the analysis of the global symmetries

of D regarding anti-hermiticity and hermiticity. For non-trivial = and o both symmetries of the Dirac
operator in Eq. (2.50|) are broken.
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3 External Parameters in Matrix Models

In this chapter we discuss the eigenvalue representations of the two random matrix models introduced
in Sec. and in Sec. 2.2.3] which we are the sum of two independent Wishart matrices and
the product of two coupled Wishart matrices, respectively. These random matrix models include
external fixed matrices, which translate to sets of external parameters in the corresponding eigenvalue
representations. By proceeding from the random matrix formulations to eigenvalue representations
of our ensembles, unitary group integrals arise, which play a crucial role in their integrability. We
present two solvable integral formulas, called the Harish-Chandra/Itzykson—Zuber and the Berezin-
Karpelevich integrals. With the help of these integral formulas eigenvalue distribution functions are

achievable, which are of determinantal structure ensuring their exact solvability.

3.1 Eigenvalue Representation and Solvable Group Integrals

Here we present the main ideas in the derivation of eigenvalue representations for the two random
matrix models introduced in the latter chapter. These random two-matrix models are composed by
two rectangular matrices X7 and X9 with complex Gaussian distribution. The composite matrix
Y =Y (X1,X5) is in our consideration again a rectangular matrix with complex entries. We denote
the rank of Y by N. The most general way of formulating random two-matrix models unifying the

two presented in this thesis might be
PY) =[] P (X0 XY -Y (X1, X2)). (31)

where we denote the probability density for X; and Xo by P (X1,X2). For this formulation we make
use of the product of Dirac-Delta functions, §, for all independent real degrees of freedom of the
composite matrix Y. The integration has, thus, to be taken over all independent real degrees of
freedom, too. The measure [dX] for a rectangular complex matrix, X € CN*M s the flat Lebesgue

measure

N M

[dX] = H HdReXkldIkal (32)
k=1l=1

with the decomposition of the k,[ entry of X in its real and imaginary components,
X = ReXg; +1Im Xg;. The probability density is normalised to unity with respect to the flat

Lebesgue measure as

1= /[dY] P(Y). (3.3)
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3 External Parameters in Matrix Models

The singular values of Y are defined by the zeros of the characteristic polynomial of the product of

the composite matrix with its self-adjoint,

N
0 =det [y]lN = YYT] = H (y—vk) » (3.4)
k=1
where we denote the squared singular values of Y by y1, ..., yn-
As discussed in the introduction, Chap. in Eq. , the squared singular values of Y or equivalently
the eigenvalues of the matrix H = YY'T, are real and positive, Yk=1,...,n € Ry. In addition, the matrix
YY1 shares non-zero eigenvalues with the matrix YTY. The number of zero modes, v, appears as a
dimension of the rectangular matrix ¥ € CN*(V+¥)  The spectral accordance of these two matrices

follows from Sylvester’s determinant identity [58]:
y” det [yllN - YYT} = det {yﬂN+y - YTY] , (3.5)

where the number of zero modes is always non-negative v > 0. From the definition of singular values
and Sylvester’s determinant identity presented in Eq. and Eq. the singular value decompo-
sition can be concluded. By the standard eigenvalue decompositions of the hermitian matrices Y'Y
and YTY and by taking into account the cyclicity of the determinant operation we obtain immediately

the singular value decomposition of Y,

Y1 0 0

1 ) 0 o 0
Y:VY(AgV ()N’H)Uy, with Ay = | R (3.6)

0 0 oo YN

where the square root is taken entrywise, A%, = diag (\/yT yeens \/yTv) . The two matrices Vy and Uy are
unitary, their dimensions are according to the presented decomposition and, due to remaining degrees
of freedom, their direct product is an element of the unitary coset space [U(N) x U(N +v)]/U(1)N.
The unitary matrices Vy and Uy comprise eigenvectors of the matrix Y, where we have two sets called
left and right eigenvectors. For our purposes, we are interested only in observables that depend solely
on singular values.

Let us denote an observable by O. The observable O is a test function, a Schwartz function on the space
CNX(N+v)  The sole dependence on singular values, O (Y) = O(y1,...,yn), as well as its invariance

with respect to permutations among the singular values {yk};cvzl, yields its unitary bi-invariance as
OY)=0((VYU), forall Ve U(N) and UeU(N+v). (3.7)

The condition of unitary bi-invariance ensures the applicability of the diagonalising unitary matrices
Vy and Uy from the singular value decomposition presented in Eq. . With the help of the
observable O, the expectation value with respect to the probability density P (Y) for the random
matrix Y composed in Eq. can be introduced. Taking into account that the observable O

depends solely on the singular values of Y, the joint probability distribution function for the squared
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3.1 Eigenvalue Representation and Solvable Group Integrals

singular values y1, ..., yn can be defined via the expectation value as

<0<Y>>Y=/[dY17><Y>o<Y>=/Owdyl.../OoodyNPNm,...,yN>o<y1,...,yN>. (3.8)

Assuming the unitary bi-invariance of the observable O is broken, the joint probability distribution
function for the singular values Py (y1,...,yn) would vary depending on the eigenspace preferred by
the observable, O, in the definition in Eq. . Thus, the joint probability distribution function
Py (y1,---,yn) can only be well defined with the help of an unitary bi-invariant observable as intro-
duced in Eq. . The joint probability distribution function Py has obviously to be normalised to
unity for probabilistic interpretation. According to the normalisation from Eq. we simply have
from the above equation that

o0 o0
1:/ dyl.../ dyn Pn (y1,---,YN) - (3.9)
0 0

The explicit expression for the joint probability distribution function Py (y1,...,yn) for a given ran-
dom matrix model from P (Y') is the very first challenge in the question of exact solvability of spectral
properties. In this section we want to emphasise the difficulties occurring in its derivation by includ-
ing external fixed matrices. The unitary bi-invariance as introduced with the aid of our observable
in Eq. plays a crucial role. Namely, the breaking of the unitary bi-invariance by the probability
density P(Y) causes difficulties in the derivation of the joint probability distribution function Py.
Let us again underline that the right hand side of the definition of the expectation value in Eq.
does not depend on eigenvectors of Y, whereas in the matrix formulation it implicitly does, due to the
decomposition presented in Eq. . The role of the flat Lebesgue measure [dY] defined in Eq. is
crucial. The conjugation of Y by an arbitrary V € U(N) from the left and an arbitrary U € U(N +v)
from the right yields a trivial Jacobian, because the modulus of the determinant of unitary matrices
is one, |det V]| =1=|detU],

[dY] = [d(VYU)|=[dY], for V€ U(N) and U€ UN+v). (3.10)

This property is known from the so-called Haar measures |77}/78]. Nonetheless, choosing the singular
value decomposition from Eq. , the measure [dY] has to be partitioned in its singular value
dependent part and the corresponding unitary matrices dependent part, which yields a non-trivial
Jacobian [52],

N

@Y =c | []duv} | An 1. yn)® dp(Vy ) dp(Uy ) . (3.11)
j=1

We denote with Ay the Vandermonde determinant of N elements, which is defined by an ordered

product of differences of the implied elements,
i1
An(uw) =[] —w)=det[y ] . (3.12)
1<i<j<N b=

where the last equality can be seen by elementary raw and column operations. The constant c¢ is

singular value independent and dy is the appropriate Haar measure with respect to its argument. It is
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3 External Parameters in Matrix Models

invariant from the left as well as from the right hand side by a conjugation of a unitary group element
according to the given argument. We observe in the decomposition of the measure [dY] presented in
Eq. that the singular value dependent part factorises from the eigenvector dependent part.

The simplest scenario in the derivation of the joint probability distribution function Pp is if the
probability density P(Y") preserves unitary bi-invariance. Namely then, from the definition in Eq. ,

we can write

N

1
Py (y1,---,yn) =c dejy}’ AN(yl,...,yN)ZP(A)% ON,m)’ for P(Y)=P((VYU), (3.13)
j=1

where ¢ can now be computed from the condition given in Eq. as an alternative to the integration
measure decomposition as introduced in Eq. .

The factorisation of the eigenvector dependent part from the eigenvalue dependent part in the classical
random matrix ensembles, GSE, through the invariance of the probability density under conjugations
by unitary matrices was investigated already in the 1960s by Hua [26]. The factorisation of the
eigenvectors from the eigenvalues opened the method of orthogonal polynomials which is applied on
the pure eigenvalue statistics, investigated especially by Mehta and greatly comprised in his book [40].
The introduction of external fixed matrices into the random matrix model breaks the unitary bi-
invariance P (Y) # P(VYU). The dependence on eigenvectors does not factorise from the probability
density P(Y") under the singular value decomposition as introduced in Eq. . The joint probability
distribution function as defined on the right hand side in Eq. can only be achieved by performing

integrals over unitary groups which are of the form:

(s yn) :/ an (V) du(Uy) P (Ve (AL 0w, ) Ur) (3.14)

[U(N)xU(N+v)]/U1)N

We want to present now the most elementary integral formulas which can be applied to the problem
of broken unitary bi-invariance under the integrand as presented in Eq. . They are called: the
Harish-Chandra/Ttzykson—Zuber and the Berezin-Karpelevich integrals. For the presentation of the
first, we would like to introduce a hermitian external fixed matrix @ of dimensions N x N with positive
definite eigenvalues q1, ..., gy with the eigenvalue decomposition @ = VQAQVCS . From here on, we
consider the one-side correlated Wishart ensemble as introduced in the context of time-series analysis
in Sec. Here, we are breaking the unitary bi-invariance from the left in the integral given in
Eq. with an integrand consisting by an exponential as

/ (V) du(Uy) TNV o [ (i) o AR (3.15)
[UN)XU(N+v)]JUML)N U(N)

In this equation we made use of the Haar measure property discussed in the course of the Eq.
by a conjugation of the matrix Vy € U(N), such that the dependence on Vi has been absorbed,
Vy — Vo Vy. In addition, we factorised the integral over du(Uy ) as the integrand does not depend on
Uy € U(N4v)/U(1)N. The integral over the matrix Uy in Eq. contributes only as a singular

value independent constant. We are now in the position to present the Harish-Chandra/Itzykson—
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3.1 Eigenvalue Representation and Solvable Group Integrals

Zuber integral [794(80]:

det [e_yjqk};vkﬂ

AN(y1a7yN)AN(q17qu)

/ dp (V) e TraQVAY VT o (3.16)
U(N)

The proportionality constant can be derived by the condition of normalised integral over an entire
unitary group fU( N di (V) =1 and by making use of the L'Hopital’s rule in the limit of vanishing
eigenvalues of @, cf. |2l App. A]. However, the normalisation of the resulting joint probability distri-
bution function, Py, as presented in Eq. is sufficient for our further discussion. Analogously we
would like to present the Berezin-Karpelevich integral.

Let us introduce the external fixed matrix Q of dimensions (N 4 v) x N with squared singular values

01, ..., 0. The Berezin-Karpelevich integral [81] can be written as

_v N
det | (8;u0) 2 1, (2 5jyk)Lk:1

AN(ylv"'ayN)AN(61a"'75N) 7

dp (V) dp (U) 2ReTrvyua o (3.17)

/U(N)XU(N-H/)
where I,, denotes the modified Bessel function of the first kind and which can be introduced via its

series representation (82, Eq. 8.445],

T n

nl(n+v)!’

v E (0E) = Y

n=0

(3.18)

We again left away the proportionality constant in our representation of the Berezin-Karpelevich in-
tegral. We would like to underline that the unitary bi-invariance of the integrand on the left hand
side in Eq. is broken twice, namely from both sides.

Integrals over unitary groups of the type of the Harish-Chandra/Itzykson—Zuber integral as in Eq.
and the Berezin-Karpelevich integral as in Eq. were studied in the 1990s by Guhr and Wet-
tig [83] and Jackson, Sener and Verbaarschot [84]. The key tool of integration over unitary groups
in the so-called method of character expansion described by Balantekin in 2000 [85] and later on
by Schlittgen and Wettig in 2003 [86] can be seen as a general ansatz in approaching unitary group
integrals arising in random matrix models. In addition, we would like to recommend the work of
Simon, Moustakas and Marinelli from 2005 [87], where unitary group integrals arising in the complex
Wishart ensemble by the inclusion of external fixed matrices are comprised.

Generalisations of these two integrals are thinkable, in particular with respect to the functional de-
pendence under the integral. The so-called zonal polynomials already defined in the 1960s in [88] are
of use, in which series expansions of functions with matrix arguments yield integrable structure.

The choice of the random matrix models in this thesis is restricted to this type of integrals over unitary
groups. For orthogonal or symplectic groups, analogous integrals are in general not available. Thus,
the very first choice of 8 = 2 ensembles plays a key role on the integrability of the considered matrix
models under inclusion of external fixed matrices.

The unitary bi-invariance is in the Berezin-Karpelevich integral presented in Eq. broken twice.
The integration in the case of twice broken unitary bi-invariance over the appearing unitary groups
containing the eigenvectors from the singular value decomposition are in general not performable. For
the doubly-correlated Wishart ensemble, see Eq. , the joint probability distribution function Py
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3 External Parameters in Matrix Models

for finite N and independent of eigenvectors as defined in Eq. (3.8)) is not available. Further methods
have to be applied for spectral statistics, in particular the method of supersymmetry was successfully
applied recently in [57], yielding the singular value density. However, all k-point correlation functions

as defined in Eq. (|1.6) are not accessible, due to not performable unitary group integrals.

3.2 Sum of Two Independent Wishart Matrices

In this section we discuss the eigenvalue representation of the sum of two independent Wishart matrices
introduced in Sec. 2.1.2] as the two-epoch model due to its application in time-series analysis. It is
composed by two independent complex Gaussian matrices X7 and X5 of dimensions N x (N 4 1) and
N x (N 4+wv2), respectively. The two matrices X3 and Xo are distributed according to the one-side
correlated Wishart ensemble as introduced in Eq. ,

- t - i
P(X1]X4)=ca e~ 1T =L XX and P(X2|Xp)=cp eIt S5 X2 X5 , (3.19)

normalised to unity by c4,p = 7= N(N+2172) Get [EA/B} ~(Ntvay2) with respect to the corresponding
flat Lebesgue measure from Eq. (3.2). Here, two external fixed matrices are posed, ¥ 4 and ¥ g, which
are both of dimensions N x N and positive definite. The additional name of our model, two-epoch

model, is chosen due to the geometrical composition of the composed matrix,
Y = (X1 XQ) , (3.20)

which is again a complex Gaussian matrix, but now of dimensions N x (N +v1 + N +v2). The first

_ k=1,...,N
epoch refers to the entries {Yjy, }j:1 A "

N which are distributed according to the probability density

P (X1]24) and analogously the second epoch refers to the entries {Y; 4., 4% }5:11 ’erVZ, distributed
according to the probability density P (X2|Xp). For simpler arrangement we denote the number of

zero-modes of the composite matrix Y by
k=N+vi+v2>0, with vy,,>0. (3.21)
We ask for the singular values of Y or equivalently the eigenvalues of the positive matrix
H=YY"= X, X] + X2X], (3.22)

which is the sum of the positive random matrices X; X I and XQX;. For the probability density for
Y we could study the double integral as constructed in Eq. , where the joint density for both
matrices X7 and Xs is, due to their independence, given by the multiplication

P(X1,X2) =P (X1/24)P(X2|Xp). However, we would like to present the eigenvalue representation
of the sum of two independent Wishart matrices by the reference to the results derived by Santosh
Kumar in 2014 [61]. He considered an analogous double integral, namely for the probability density
for H=YYT as

P(H) = [ 14X [dXa] P (G0 P (XafSa)8 (H-Y (X1 X0)Y (0, X)) . (329
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3.2 Sum of Two Independent Wishart Matrices

From this expression Kumar derived in [61] an expression for the probability density P(H ), which has

two equivalent representations, corresponding to the commutativity of the sum in the definition of H
on the right hand side in Eq. (3.22)), as

P(H) =cp det [H]" e W24 Hy Fy (N 4 v N+ 15 (551 = S51) H)
—cprdet [H]" " W25 H Fy (N 003 N 455 (851 — 531 H) (3.24)

These representations are achievable with the help of zonal polynomials as studied by James 1964 [8§]
yielding the confluent hypergeometric function of matrix arguments 1771, cf. [89] for its definition.
The ensemble introduced by Kumar in [61] can be seen as a generalisation of the one-side correlated
Wishart ensemble. The one-side correlated Wishart ensemble results from the case of time-independent
correlations. Namely, in this case the hypergeometric function of matrix arguments results in a ma-
trix independent factor, F; = const. for ¥4 = X 5. The one-side correlated Wishart ensemble is well
known, see e.g. [52]. Thus, we are interested in non-trivial results going beyond the one-side correlated
Wishart ensemble, which is the case with unequal correlations X4 # ¥ .

A possible formulation of the two-epoch model, by starting at the one-side correlated Wishart ensem-
ble, can be made via the indicator function, ¥ — X AX[1, N 41,] T ZBX[N4v14+1,N4«]- From the view
of time-series analysis, the correlations induced by this external fixed matrix depend on time. The
time evolution of spatial correlations happens here between two time steps. Between the time point
N +v; and the time point N +wv1 + 1 a threshold of spatial correlations is assumed. The extension to
a multiple-epoch model with the help of the one-side correlated Wishart ensemble can obviously be
formulated through an extension of this sum over indicator functions by respecting according thresh-
olds. A possible solution of the multiple-epoch model in terms of a supersymmetric multi-matrix
model derived in [1} Eq. (4.20)]. However, an exact solution for all k-point correlation functions as
defined in the introduction of this work in Eq. , is in this very general case not available from this
expression and, thus, in the sense of integrability discussed here not solvable. The two-epoch model,
for arbitrary external fixed matrices, ¥4 and Xpg, is, analogously to the multiple-epoch model, not
solvable either. Nonetheless, there is a non-trivial limit of the two external fixed matrices preserving
>4 # X, in which the integrability of the Two-Matrix Model is captured, called half degeneracy.

In [61] Kumar derived, in the case of half degeneracy, the joint probability distribution function for
the eigenvalues of H distributed by the probability density given in Eq. . The half degeneracy
can be described by total degeneracy of the first covariance matrix and with an arbitrary covariance

matrix for the second epoch:
Ya=oaly and Xpg= diag(aBl,...,aBN). (325)

Note that, due to the Haar measure property as discussed in the course of Eq. , the external fixed
matrices ¥ 4 and X can be chosen in the random matrix model being diagonal and subsequently the
second covariance matrix Y p remains, after taking the half degeneracy most general by keeping its
rank at its dimension, by N. The eigenvalue decomposition of H or singular value decomposition of Y’
as defined in Eq. involves a unitary group integral comparable to the Harish-Chandra/Itzykson—
Zuber integral, cf. Eq. . Kumar derived the joint probability distribution function for the
eigenvalues v, ..., yny of H by taking into account the half degeneracy as presented in Eq. ,
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which reads

N
1 — i _ _
Py (y1,..-,ynN) = EAN (y1,...,yn)det [yfe A1 Fy (1/2 +1;k+1; (O’Al —JB]1-> yz)] . (3.26)
ij=1
The joint probability distribution function is up to the normalising constant, Zy, composed by two
determinants: the Vandermonde determinant as defined in Eq. (3.12) and a determinant containing
the Kummer’s confluent hypergeometric function, ;F}, which can be introduced through its series

expansion at the origin,

. = al (b+k) 2R
1Py (a,b,z):; IR (3.27)
=0

see [82, Eq. 9.14.1] for the definition of generalised hypergeometric series ,F,. The parameters
N, vy and k are dimensional parameters from the random matrix model, whereas the parameters
{oa,0B1,...,0BN} originate from the external fixed matrices and therefore we call those external
fixed parameters.

Furthermore, Kumar derived in [61] the corresponding normalising constant Zpy, which is a priori
given by an N-fold integral as presented in Eq. . This N-fold integral results in a determinantal

expression,

. N
Zn = Nldet |(k+i—1)lo5T o Fy (n+z‘+ Ls+136+1; (o—gl —a];j.) aA)} L (3.28)

)=
containing the hypergeometric function, 2 F}, which analogously to the Kummer’s confluent hyperge-

ometric function 1F1, can be introduced via its Taylor series expansion at the origin,

oo
ay! as!  (b+k) 2P
F ibyz) = —. 3.29
2F1 (a1,a2;b;2) kz_%(al +E) (ae+ k) b K ( )
For the computation of the normalising constant only one single integral has to be performed,
> +io1 Y 1 1
kti—-1," 54 : A -
/0 dyy e A1l (V2+1,H+1,(UA —UBj)y)
= (kti—Dlo5T R (/{+i+17V2+1;/<o—|—1; (UZI—JE;)O’A> , (3.30)

cf. [61, Eq. (16)].

The simplification of an N-fold integral to only one single integral is due to an integration formula
derived by Andréief in 1886 [90] and plays a prominent role in RMT, see the review [91]. We restate
this formula for an explanation of the normalisation constant form given in Eq as well as for
later purposes.

For two sequences of integrable functions {¢;(y)};_, n and {¢;(y)},_; 5 on the support R

Andréief’s integration formula reads

N

[ e [ et (ol detl 1, = Ntaee | [ dymm(y)}m. (331)
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The computations done by Kumar in [61] include an expression for the one-point correlation function
as an (N +1)x (N +1) determinant. For small matrix dimensions N, vo and k he confirmed his
analytical results with numerical simulations. In addition, in his subsequent work [92] he gave an
expression for the k-point correlation function as an (N 4+ k&) x (N 4+ k&) determinant. For these results
the extended Andréief integration formula can be used, derived recently by Kieburg and Guhr in
2010 [93] and which we will restate at a later stage in this work.

The integrability of the two-epoch model under the half degeneracy is indicated by the results presented
in [61,92]. However, these results are not suitable for the analysis of large matrix dimensions, neither
for taking the large-N limit nor to study the issue of universality. In particular, in [1] the authors
exploit the determinantal structure of the joint probability distribution function Py presented in
Eq. by making use of the Borodin’s theory of biorthogonal ensembles [94]. In [1] an expression
for all k-point correlation functions is given as a k x k determinant and by the computation of one
single double valued function, called correlation kernel.

We would like to close this section with the discussion of the role of the external parameters connecting
to further random matrix models. The one-epoch model plays a crucial role in the understanding
of the two-epoch model from the view of time-series analysis. As mentioned in the course of the
presentation of the probability density P(H) given in Eq. , the one-side correlated Wishart
ensemble; as introduced in Eq. , can be achieved by setting the two external fixed matrices to
be equal ¥4 = X . Let us denote the eigenvalues of ¥4 =X g by o1, ..., on. The joint probability

distribution function for the eigenvalues of H in this case can be written as

AN (y1,...,yn)det {yfe*yl/gi}ijzl
Py (y1,.--,ynN) = : , for ¥4 =3%p= diag(o1,...,on). (3.32)

AN
N!det [(H+i— 1)!@?*’] L

Here, for the normalising constant we again made use of Andréief’s integration formula [90] as given
in Eq. and we took the evaluation of the remaining integral from the list of Laplace transform
pairs given in [82, Eq. 17.13.2]. The analogy to the joint probability distribution function in the case of
half degeneracy presented in Eq. is evident. However, on the level of eigenvalue representations
of these two models, there is no direct connection leading from Eq. to Eq. nor vice versa.
A further limit of the external fixed matrices is thinkable, namely the full degeneracy ¥4 =Yg =0oly.
As discussed in the course of the probability density of H in Eq. , the confluent hypergeometric
function of matrix arguments ;F; becomes a matrix independent factor for ¥ 4 = X 5. In the case of
full degeneracy, the covariance matrix is trivial and the matrix density for H is simply proportional
to det[H]"exp [~o~!Tr H|, which defines the standard Wishart-Laguerre ensemble, cf. [52], corre-
sponding to the density presented in Eq. . We regain the standard Wishart-Laguerre ensemble
on the level of the eigenvalue representation of the two-epoch model under the half degeneracy, see
Eq. by translating the full degeneracy to the external fixed parameters o4 — o and opg; — &
foralli=1, ..., N, such that

—y;)o, i1 N
AN (y1,---,yn)det [yfe T P
LI , for Yp=Yp=o0lyn. (333)
Ndet[(k+i+j —1)lontiti])

PN(y17"'7yN):
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The relation to the half degenerate case can be seen with the help of the L’Hépital’s rule, which we
would like to state here in a generalised form in comparison to |2, Appendix A]. Let us take two
Taylor expandable functions f(y) and g(z), then the L'Hépital’s rule, connecting the half degenerate
case from Eq. with the full degenerate case given in Eq. , reads

N _
. det [f (512/])]1,]:1 A]\f yla 7yN f
lim ~ H = (3.34)
61,08 =0 det[g (3;25)]; j—1 Ay (xl, oty
for f Zf]y , and g(x Zg]acJ
7=0
Thus, the set of external parameters, here {o4,0p1,...,05N}, is to be interpreted as a perturbation

of a free solution, which is here the standard Wishart-Laguerre ensemble. It is possible to let the
external parameters to degenerate in a different way, as for instance op; —+op forall j=1, ..., N,
such that only two parameters are left, {o4,0p}. This case and also further thinkable possibilities of
degeneracies in the set of external parameters can be considered at the very last stage of our analysis

with no loss of generality.

3.3 Product of Two Coupled Wishart Matrices

The product of two coupled Wishart matrices motivated in Sec. comprises two random matrices:
X1 of size M x L and X of size M x N. Analogously to the previously introduced model, these two
matrices are akin to the one-side correlated Wishart ensemble from Eq. . Two external fixed
matrices are of covariance type: W of size L x L and @ of size M x M. However, the probability
density for both random matrices is non-factorisable, P (X1, X2) # P (X1) P (X2), which is the reason
for calling them coupled. This coupling is parametrised by a third external fixed matrix: € of
dimensions N x L. We recall the probability density for X; and X5 from Eq. :

P(X1,X2) = o~ T wx X -Tr QX2 x [+ Tr (Qx] X2+ x[x107) ’ (3.35)
where the normalisation constant reads:
¢ = 7~ MEAN) got [W]M det [Q D1y — 1y @ Qw—lm} . (3.36)
The dimensions are confined to the convergence conditions:
k=L—-N>0 and v=M—N >0. (3.37)
In this model we ask for the singular values of the matrix product:
Y = X[ Xy, (3.38)

which is of dimensions L x N. In principle, the probability density for Y or YY T could be derived by
making use of the matrix integrals as presented in Eq. (3.1) or in Eq. (3.23]). However, by following

the approach to singular values of the product of multiple indpendent Wishart matrices as derived
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3.3 Product of Two Coupled Wishart Matrices

in [95|, we apply a substitution of the form:
[dX3][dXa)P (X1, Xo)|x, 5 x, (v, x5) = [AY][dX2]P (Y, X)), (3.39)

and there is no need to perform any integral. This procedure is beneficial if the investigation of joint
properties of both matrices, Y and Xo, is of interest. In particular, the derivation of the joint proba-
bility distribution function for the singular values of Y and simultaneously of X5 is amenable. In the
principal publication [2] this derivation was presented and will be recalled in this work in Sec.
Here, we would like to mention that the two unitary group integrals presented in the beginning of
this chapter are sufficient for this computation, namely the Harish-Chandra/Itzykson—Zuber integral
from Eq. and the Berezin-Karpelevich integral from Eq. .

The Berezin-Karpelevich integral appears in the coupling term parametrised through €2, which is of
the form exp [Tr (QY —I—YTQT)} . The Harish-Chandra/Itzykson—Zuber integral appears in the Gaus-

sian weight for the matrix X5 including the covariance type matrix @) and reads exp [—Tr QXX ;r .

—1
The very first Gaussian weight, exp {—Tr WYy (XQX;r ) YT} , remains to be considered. This factor

breaks the bi-unitary invariance in Y twice and is of an analogous form to the doubly-correlated
Wishart ensemble. As it was discussed in Sec. these unitary group integrals can’t be performed
for arbitrary W. Thus, in the very general case, which is: full rank external fixed matrices W, @ and
Q, the k-point correlation functions as defined in the introduction of this work in Eq. are not
integrable.

This problem of non-integrability can be resolved in a non-trivial sense analogously to the half de-
generacy in the two-epoch model, see Eq. . Thereby, one of our covariance-type matrices is full
degenerate, W ~ 1y, whereas the second covariance-type matrix is kept arbitrary, ). In addition,
the coupling-parametrising matrix, €2, can be hold arbitrary, too. The external fixed matrices can be

introduced in their eigenbasis,
W=alnix, Q= diag(q,...,qn4v) and QQ = diag(dy,...,0n), (3.40)

where we took the degeneracy of the external fixed matrix W into account. The Harish-Chandra/Itzykson—
-1
Zuber integral can be applied on the so resulting Gaussian weight, exp {aTr (XQX;r ) YTY] .

In our present model we have the three dimensional parameters N, v and k, whereas the set of external

fixed parameters involved is {a,q1,...,qN+v,01,...,9n } . The normalisation constant from Eq. ([3.36))

can be expressed in terms of the degeneracy value «, the eigenvalues qi, ..., ¢v4, and in the squared
singular values 41, ..., dn and yields by its positiveness, ¢ > 0, to the condition:
ag;—0; >0 and 6; >0, forall i=1,...,N and j=1,...,.N+v, (3.41)

ensuring convergence of our random matrix model. Here, we also added the obvious positiveness of
the singular values of the matrix 2.
The joint probability distribution function for the squared singular values of Y, which we denote by

Y1, --- YN, and simultaneously for the squared singular values of X5, which we denote by z1, ..., zn,

35



3 External Parameters in Matrix Models

is given after choosing the external fixed matrices as described in Eq. (3.40) by

1 1 _gq g1 NF
Py (y1,---,YN;T1,5-- -, TN) :mdet 1,gi,...,q] Lem@z e q””NL:;/ (3.42)
1 A\ R ey N R N
cder | (B) oW | e [(0u) P2 (2]
Tk T kj=1 k,j=1

which is the statement presented in [2, Thm. 1.1]. In the last determinant, the modified Bessel
function of the first kind I,, appears and was introduced in the course of the Berezin-Karpelevich
integral with its Taylor series expansion in Eq. . The joint probability distribution function for
the squared singular values of Y solely can be computed by integrating out all singular values of Xs.
Therefore, we have to perform an N-fold integration, fdxl . ..fda?NPN (Y1, YN;T1,...,TN), With
an integrand consisting of two determinants. This situation is known to us from Andréief’s integration
formula from Eq. with the difference of extended dimensions of the employed determinants. In
the joint probability distribution function for the squared singular values of Y and of X5 in Eq.
the first determianant is of dimensions (N +v) x (N 4 v), whereas the first v columns are not involved
in the integration. The extended Andréief integration formula as derived in |93] can be applied to the

present case. We recall this formula for our purposes in an adjusted shape.
N+v

For two sequences of integrable functions {p;(x)};_}" and {w; (:U)}j\[:1 on the support Ry and a set

of distinct parameters {g;} N, the extended Andréief integration formula reads

i=1,..

0o 0o — Nt N
/ dxl.../ dz n det [l,qi,...,qi i (1) 40504 (sr:N)]izl det [wj (ml)} i (3.43)
0 0 ij=

N+v

oo o0
= Nt |1ty [ (o @) [ dnpi0) o )]
0 0 =1

The N-fold integration over x1, ..., xn is reduced to one single integration. The joint probability

distribution function for the singular values for the product Y solely was obtained in [2, Cor. 1.2] and

reads:

1 v—1 A N N+v N
PN(ylr-'ayN) :Edet [17QIa7ql 1ap(ylva{Qi)a---7p(yN7aqi):|i:1 det[w(ykh(sj)]k;,j:]_’ (344)

where we call

Py, aq) =2 (agy)? K. (2/agy), and ¥ (y,8;) = (6;y) 2 I, (2\/579) - (3.45)

Here, we denote the modified Bessel function of the second kind by K, that results from this one
single integration over x in Eq. (3.44)), which can be found in [82, Eq. 3.471.9],
°° dt

2:7 K, (2\/5) :/ ?t”eftf%, for Rez >0, (3.46)
0

where we in addition take into account the reflection symmetry in its index K_, = K, from

[82) Eq. 8.486.16] . The normalising constant remains to be presented.

The computation of the normalising constant Zx is given by the N-fold integral over all singular
values of Y as discussed in Eq. . We again make use of the extended Andréief integration

formula presented above, which reduced the problem to one single integral in an expression of a
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3.3 Product of Two Coupled Wishart Matrices

(N +v) x (N +v) determinant. This integral reads in our case

2 (O;f ) : /0 " K (2 /aqy) I (2v/a) = o (3.47)

ag; =05’

which can be found in [82, Eq. 6.576.7], where one has to make use of the relation between the Bessel
functions of the first kind, I;(z) =+~ "J, (22) from [82, Eq. 8.406.3]. For the normalising constant we
obtain

1 1 N+v

Tagi—01 g — N

Zy = Nldet [1,%...,61%’_1

(3.48)

i=1
Moreover, this expression was identified in [2] to the degenerate Cauchy determinant, see [96, Lm. 2],
which simplifies our normalising constant to

Zn = N!QLAQ*”+Ny(_1)N(N+u71) ANty (@1:--,aN+0) AN (01, 0N) (3.49)

N+v N
i:lVszl (agi — ;)

The Vandermonde determinants Ayy, and Ay, as defined in Eq. (3.12)), appearing in the numer-

ator, represent all possible differences within each of the sets of external parameters {¢;},_; ey

and {(5]-}].:1,”_’ ~» respectively. In the denominator, all possible "mixed" differences appear, i.e. all
differences between these two sets of external parameters. Through this multiple product in the above
mentioned expression, all possible zeros and poles of the normalising constant are exposed.

Two natural limits for the product Y emerge from the motivation described in Sec. There, the
chemical potential p plays the crucial role in breaking the anti-hermiticity of the Dirac operator: for
1 — 0 the Dirac operator preserves the anti-hermiticity, whereas for p > 0 this symmetry is broken.
The limit of vanishing chemical potential yields the random matrix model created by Shuryak and
Verbaarschot presented in Eq. 7 where we rescale the weight by the factor of NV for our present
discussion. The random matrix model created by Osborn, see Eq. , allows a varying strength of
the chemical potential . There, the coupling between X; and X vanishes for ;4 — 1, such that Y rep-
resents the product of two independent Wishart matrices. This interpolation property of the chemical
potential y is carried in our model by the external fixed matrices W, @ and 2 and, consequently, in the
eigenvalue representation given in Eq. by the external parameters {a,q1,...,qN+1,01,---,0N}.
The interpolation property provided by the chemical potential in studying the singular values of the
product of two coupled Wishart matrices was investigated by Akemann and Strahov in 2016 [74}75|.
There, the integrability of the product of coupled Wishart matrices was exposed and a large-N limit
was studied at the origin of the spectrum by keeping the interpolating parameter, which is the chem-
ical potential u, arbitrary. Our product of two coupled Wishart matrices can be brought to the same
form as studied by Akemann and Strahov in the above mentioned publications. Namely, with the
help of full degeneracy for all fixed matrices, W = alyyx, @ = alps and QO =621, and by setting
the dimensional parameter k to zero. By comparison, the dependence of these degeneracy values with

respect to p is

1—
a=a(p)=—— and §=40(u) = Tuu with p € (0,1]. (3.50)
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3 External Parameters in Matrix Models

An extension out of the full degenerate case was made by Liu in 2017 |76]. He introduced a non-trivial
fixed matrix {2 which parametrises the coupling between the two complex Gaussian matrices X; and
X5 and he extended the dimension of X; to an arbitrary . There, it was shown that the product of
two coupled Wishart matrices is still integrable by including these extensions and the interpolating
large- N limit at the origin was discussed.

In this development of singular value statistics of the product of two coupled Wishart matrices the
model studied in the principal publication [2] is generalised in an arbitrary external fixed matrix Q.
It was shown, with the help of W, that an extension to further arbitrary external fixed matrices of the
product of two coupled Wishart matrices yields out of its integrable structure. In the present work,
integrability is shown for finite- NV results for singular values under finite-rank perturbations, implying
two sets of external parameters {¢i};—y  n4, and {d;},_; . The interpolating large-N limit at
the origin of the spectrum will also be shown in Chap. [p|as a direct gain from the integrability of this
model, but it is not the emphasis of the present work.

Integrability of two further random matrix models was exposed in [2]: the product of two independent
Wishart matrices with correlations and the generalised Wishart ensemble.

The joint probability distribution function for the singular values of the product of two independent
Wishart matrices with correlations is obtained by considering the joint probability distribution func-
tion for the singular values of the product of two coupled Wishart matrices by vanishing coupling
0;j -0 forall j=1, ..., N in the expression in Eq. . Therefore, the L'Ho6pital’s rule derived
in [2, App. A] can be applied,

det[f (di)]; ; N-

,Jj=1 _ A f 1

51’“.{?]{[%0 AN (61, 5N) N ylv 7yN 1;[ 5 or f Zf]y y (35 )

where we benefit from the Vandermonde determinant depending on 61, ..., dx in the normalising

constant in Eq. (3.49)). Due to the Taylor series representation of the modified Bessel function of the
first kind given in Eq. (3.18)), we can apply the above recalled L'Hopital’s rule and obtain:

1 v—1 A R N+v
PN (y17'~'ayN) = 7(1613 I:laQ’Laqu 17p(y1aaqi)7"'ap(yNaaqi)]i:1 AN (yla"'7yN) ) (352)
N
for 51 :...:5]\]:0,
with unchanged elements p from Eq. (3.45]) and with modified normalising constant:

N(N-1)
2

N—1 . .
N+ N ‘
IS (agi)
The generalised Wishart ensemble was first introduced by Borodin and Péché in 2008 [97]. Soft-edge
properties of its singular values under deformation caused by external parameters were of interest.

Zn = Nla (3.53)

The representation of the generalised Wishart ensemble as a matrix model reads
P(X) = co—Ir(QxXxT+x5XT) , (3.54)

where X is of dimensions M x N and the normalising constant is ¢ = 7~V det [Q®@ 15 + 137 ® 3]
The joint probability distribution function for the singular values of X follows from the expression
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3.3 Product of Two Coupled Wishart Matrices

given in Eq. by integrating out the singular values of Y by keeping the dependence on the
singular values of X5. Thereby, we again can make use of the Andréief integration formula on the
N-fold integral, [dyi...[dynPn (y1,-..,yN;Z1,-..,2N), where the original formulation as shown in
the course of the sum of two independent Wishart matrices in Eq. is needed here. Again, only
one single integration remains, which reads for our purposes,

o0 r K oy Sz
/ @ (5]3/)_7 Ili (2\/5]y) <O[y) e IIZ = lC ]ak , (355)
0 Tk

Tk (0%

and can be found in [82, Eq. 6.631.4]. We obtain the joint probability distribution function for the
squared singular values of X drawn from the density presented in Eq. (3.54)),

1 1 —a s
Py (z1,...,an) =——det [1,qi,...,q} Lemwm e N , det|—e7@a

N+v 1 5N
7 i [a } , (3.56)

k,j=1

with unchanged normalising constant Z .

The generalised Wishart ensemble for the matrix X is characterised by two fixed matrices @ and X.
The eigenvalues of the first fixed matrix () contribute with the eigenvalues ¢i, ..., ¢v+., whereas the
eigenvalues of the second fixed matrix ¥ are essentially the squared singular values of the coupling
matrix,—d1/a, ..., —dny/a. Note that by studying the generalised Wishart ensemble solely, the
eigenvalues of ¥ are not conditioned by the positiveness of the squared singular values 61 >0, ..., dn-
For v =0 the corresponding probability distribution function was derived by Borodin and Péché (97,
Eq. (15)]. Nonetheless, a solution in the sense of a finite-N expression for all k-point correlation
functions was not presented.

All these three ensembles were solved in [2] independently. We will show in the present work that the
solution of our main random matrix model, which is the product of two coupled Wishart matrices,
provides immediately a solution to the two subsequent models and, thus, the integrability of the
product of two coupled Wishart matrices involves the integrability of the product of two independent

Wishart matrices and of the generalised Wishart ensemble.
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4 Determinantal Point Processes

The joint probability distribution functions of the sum of two independent Wishart matrices in
Eq. and of the product of two coupled Wishart matrices in Eq. 7 are stochastic point
processes for finite sets of elements. Moreover, these point processes are determinantal, due to the
outcome of the solvable integrals over unitary groups emerging from singular value decompositions.
The exact solvability of the studied models goes hand in hand with the fact of resulting determinantal
correlation functions.

Our considerations are based on the main ideas from the theory of a subclass of determinantal point
processes, the so-called biorthogonal ensembles introduced by Borodin in 1998 [94]. In particular, we
will emphasise the work of Zinn-Justin from 1997 [98,/99|] playing a key role in the analysis of the
present ensembles. We will rederive the relevant results from the theory of biorthogonal ensembles.
Nonetheless, the majority of the content in this chapter is taken from the principal publications |1}[2]
and prepares the investiagtion of the said models. For a broader overview about determinantal point
processes we recommend the work by Johansson [100] as a connection to random growth processes
and RMT, and a detailed overview by Soshnikov [101].

4.1 Determinantal Correlation Functions

A point process is called determinantal if all k-point correlation functions of a sequence of separable
and pairwise distinct elements {\; };\;1 can be written as a determinant, comprising a matrix of size

k x k containing one function of two variables K which is called correlation kernel,

Ri (A1, M) = det [Kny (A, An)]E (4.1)

m,n=1"

Two particular values for k are special. The determinantal structure on the right hand side results
in a simple scalar, if only one single external variable remains, k = 1. We call the correlation kernel,

evaluated at one variable in both arguments spectral density,
Ri(A) = Kn(AA) =pn(A), (4.2)

describing the density of the elements at the position \. The N-point correlation function, which can
be interpreted as the probability to find the elements at positions Ay, ..., Ay, is the joint probability

distribution function Py resulting from k = N,
Ry (A1, AN) = det [Ky (A, An)ly iy = N1Py (A1, AN) - (4.3)

The solution of a determinantal point process is obviously given by an explicit expression for the

correlation kernel K . The correlation kernel is not unique. As a direct consequence of the definition
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4 Determinantal Point Processes

in Eq. (4.1) a gauge invariance of the kernel induces an equivalence class for the solution

[RyeKlRy~Kn}. with ~ Ky@g) - Ry = D Ky(ey). (4.4)

f()

where f is chosen to be non-zero. Nonetheless, the representation of one member of this equivalence
class is sufficient as a statement of the end result.

In view of the definition of the k-point correlation kernel in Eq. , the integration over (N — k)
elements from the joint probability distribution function Py reduces to an expression that is in its
outer structure independent of the matrix dimension N. System specific dependencies are all included

in KN.

4.2 Biorthogonal Ensembles

The joint probability distribution function for the elements {\1,...,An} is a biorthogonal ensemble
as defined in [94], if it is of the form:

_ det [p; (Aj)]gjﬂ det [1); (/\i)]i\,,jzl

Py (M. AN) ~ , (4.5)
Nldet [gij}i,jzl
where the normalising constant is given by the Gram matrix,
oo
gi= [ D). (4.6)
0
Here, we took already into account that the support of the elements A, ..., Ay is the positive real

line for all models presented in this work.
In [94] it was shown that biorthogonal ensembles belong to determinantal point processes by making

use of the reproducing property of the correlation kernel, which reads

/ dz Ky (2,9)f(x) = f(y) and / dy Ky (z,y)f () = f(), (47)

for the appropriate support of the respective integrals. This property was already of great use in
solving classical random matrix ensembles, yielding determinantal point processes in their spectral
statistics, which belong to biorthogonal ensembles. In particular, the reproducing property together
with a bounded one-point function, fooo dA\pn(A) < 0o can be used for the proof of the relation in
Eq. as presented in [40, p. 89], where, in addition, classical random matrix ensembles exhibit
hermitian correlation kernels, Ky (x,y) = (Kx(y,7))". Determiantal point processes arise especially
in 8 = 2 ensembles of the classical categorisation of random matrix models and enable the access to
their spectral statistics with the help of classical orthogonal polynomials.

The essential relation from the biorthogonal ensemble defined in Eq. for its solution, as stressed

in Borodin’s paper, is the double-sum representation of the correlation kernel, which reads

N

Kn(z,y)= > pil)eij;(y), with ¢f =g~ (4.8)
=1
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4.2 Biorthogonal Ensembles

The solution for the correlation kernel and, thus, for all k-point correlation functions of a biorthogonal
ensemble is brought to a standard problem of linear algebra, which is the inversion of a determin-
istic matrix, g~'. The inversion of the Gram matrix, in order to compute the correlation kernel
of a determinantal point process, was an observation made previously by Zinn-Justin in the course
of |98, Eq. (3.7)]. However, the formulation of the general theory by Borodin in [94] can be seen from
the historical view as the cornerstone in the analysis of biorthogonal ensembles.

The connection to the method of orthogonal polynomials was made in [94], too, via the invariances of
the joint probability distribution function in Eq. and is crucial for the analysis of a part of the
ensembles studied in this work.

A biorthogonal ensemble is functionally characterised by two sets of functions {<pj}j:1’_._7 N and

{v; }jzl,...,N' For each of the sets of functions a rescaling can be performed in the form:

wj(x) = f(x)pj(x) and ¥;(z)— f_l(:v)d)j(x), forall j=1,...,N, (4.9)

which keeps the joint probability distribution function invariant. This invariance corresponds to the
equivalence class stated in Eq. (4.4)). In addition, there is an algebraic invariance.
The linear span of each of the two sets can also be expanded by different sets of functions, where those

are given by

N N
bk = Zakl@l and xj = Zﬁkﬂ/)l, with det[a] # 0 # det[5], (4.10)
=1 =1

such that Span{¢1,...,on} = Span{é1,...,én} and Span{t1,...,¥yn} = Span{xi,...,xn}, which
keeps the joint probability distribution function invariant. This invariance is equivalent to the invari-
ance of any determinant with respect to elementary row and column operations, and the multi-linearity
of a determinant.

By making use of this invariance, the functional dependence in the joint probability distribution func-
tion is characterised by two new sets of functions {¢j}j:1,...,N and {Xj}jzl,...,N' By comparison,
the definition of the Gram matrix in Eq. , together with the double-sum representation of the
correlation kernel in Eq. are modified to

N
Kn(zy)= Y ¢i(2)&;x;(y), with & =(agB)™". (4.11)
4,j=1
With the change from {p,1} — {¢,x} we define a transformation property for later purposes by
keeping the denominator of the joint probability distribution function Py in Eq. (4.5) fixed,

det[afB] =1. (4.12)

With this property, any factor which is absorbed by one of the determinants in the expression in
Eq. , needs to be factorised out from the second determinant.

In Eq. the problem of the inversion of the Gram matrix g is carried over to the inversion of
the new Gram matrix agf. The simplest case in which the modified Gram matrix can be inverted

is the case of a diagonal Gram matrix. There, we find that the inversion can be done with simple
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multiplicative inverses of the diagonal elements,
agf = diag(hi,...,hn), and ¢= diag (hl_l,...,hﬁl) . (4.13)

Having this diagonal matrix, the double-sum representation for the correlation kernel turns to a

single-sum representation,

Yo .
D=3 g, 2N, it iy = [ v, (1.14)

where the integral defining the modified Gram matrix turns to a generalised orthogonality condition,
called biorthogonality condition. The technique of constructing sets of functions orthogonal to each
other, in order to obtain a single-sum kernel, is the method of orthogonal polynomials.

Although it was already shown in [94] that a biorthogonal ensemble is a determinanal point process,
as well as that the inversion of the Gram matrix provides a solution to the correlation kernel, we
would like to present here an alternative approach to the proof of these two statements, that is taken
from the principal publication [1].

The definition of the k-point correlation function was introduced in Eq. as a multiple integral
over N —k elements with the joint probability distribution function of N elements in the integrand.
Applying this integration on two determinants, as it is the case for the biorthogonal ensemble defined in
Eq. , we can make use of the extended Andréief integration formula, which was already mentioned

in the previous chapter. For our present aim we modify the original formula from [93] to
/ Do / dhy det oy )1V, det [y )] (4.15)
0 0

:(N—k:)!(—l)kzdet[ Okt s IS

)

i IR [ ax (A o

gy

where 0y, ;, stands for the null-valued matrix of the indicated dimensions, being in the left upper block
of the determinant. In this relation we left out the combinatorial factor of N!/(N —k)! on the left hand
side as well as the normalisation of the biorthogonal ensemble, 1/(N!det [gi]—]Zszl), on the right hand
side. In the right lower block of the resulting determinant we find the Gram matrix g from Eq. (4.6]).
0
From the well known block determinant identity, det [ v

Y g
the size of the resulting determinant to the dimensions of the present null-valued block, we obtain

] = det[g]det [0— g~ ], which reduces

from the (N — k)-fold integration from Eq. (|1.6)) the k-point correlation function
k

Ri (At h) = (=1)F det Zw] ) (97110 ) : (4.16)

b=l m,n=1

The minus sign in front cancels the minus sign in the determinant. We identify the desired expres-
sion in Eq. with the double-sum representation for the correlation kernel from Eq. , which
finishes the proof.

The approach to the k-point correlation function, by making use of the extended Andréief integral

formula, leads us to a further gain, which was presented in [1].
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The comparison between the correlation kernel evaluated at one variable in Eq. , with the defi-
nition for the one-point correlation function from the introduction in Eq. for k=1, allows the
conclusion of arriving at the correlation kernel after performing an (N —1)-fold integration. By dis-
tinguishing the remaining one external variable through its belonging to the first or to the second

determinant, we have an (N — 1)-fold integration representation for the correlation kernel:

{ j=2 N} z/Jj(y)|j:l""’N
det | @; ()|, (NP5 | det _
l( )| =1,....N Qp@( ])lzfl,.‘.,N wj ()\Z_)ﬂ:;:::::;\\]f

(N —1)!det [gi5]7

KN(x,y):/ d)\g.../ dA\n
0 0

which directly follows from the proof stated above.
Coming back to the double-sum representation for the correlation kernel, see Eq. (4.8]), the inversion of
the Gram matrix is the central task. In the case of a 2 x 2 matrix the inversion can be done explicitly,

b d -=b
A= (a d> , such that A=! = /(ad—bc) , which can be proven by a direct multiplication,
—c a
whereby the matrix A is invertible for ad —bc = det A # 0. For larger matrices, of the order N x N for
our purposes, this inversion can be generalised to an algebraic solution [102], which is of the form
(_1)i+j

_ . 1<n#j<N .
(A l)ij = mMﬁ’ with M;; = det [Amn]@:ééji_gN , for 4,7=1,...,N, (4.18)

where det A # 0 and M;; are called minors.

The approach to the inverse Gram matrix by computing minors is in general complicating the situation,
because we lose the benefit of the reduction of the k-point correlation function being N independent
in its outer structure, see Eq. . We namely would have to compute N2 + 1 determinants, whereby
N2 of those are of dimensions (N —1) x (N —1), and one of those is of dimensions N x N. The
dependence on the matrix dimension is not suitable for studying spectral properties of large matrices,
unless there exists a simplifying representation of these cumbersome minors. In our main reference
here, this case was pointed out for the Gram matrix being a Cauchy matrix [94, Lem. 3.1]. For later

purposes we would like to recall this result:

N N
(qi+0i)(q; +05) H qx +0; H ¢+ o,

(4.19)
qj +0o;i O qi — gk

;i = ———, such that ¢;; =
9ij Gi+o i

.
k=1,k#£j J k=1,k#i

with ¢; +0; #0 for all 4,5 =1, ..., N. In addition, we would like to mention that the earliest work
presenting the inversion of the Cauchy matrix is the paper by Schechter in 1959 [103]

However, the inverse Gram matrix can’t be generally presented in such a closed form and we aim
at an implicit inversion of the Gram matrix. The way of the derivation of the correlation kernel by
an implicit inversion of the Gram matrix depends on the main characteristics of the given ensemble,

which moves us to distinguish different classes of ensembles.

4.3 Classes of Biorthogonal Ensembles

Biorthogonal ensembles emerging from random matrix models, that include external fixed matrices,

have particular characteristics, which will be deepened in this section by reference to different classes.
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4 Determinantal Point Processes

We can’t claim completeness by listing all classes, but several particular ones will help to emphasise
the central properties of the present members.

We recall all joint probability distribution functions occurring in this work that are biorthogonal en-
sembles: the sum of two independent Wishart matrices in Eq. , the one-side correlated Wishart
ensemble in Eq. , the product of two coupled Wishart matrices in Eq. , the product of two
independent Wishart matrices in Eq. and the generalised Wishart ensemble in Eq. .
When we now focus on the joint probability distribution function of the singular values of the product
of two coupled Wishart matrices presented in Eq. , the extended dimension of the first determi-
nant catches our eye. We introduce the biorthogonal ensemble of non-equal sizes as an extension of
the definition presented in Eq. for v > 0 by

. det [Qi17Qi2a s Qiv, Pi ()‘1) yee s P ()\N)]i\;tydet [wj ()\Z)]ﬁ]ZI

N b
NVdet [Gi1, iy Givs Gits- > Gin iy

Py (A, AN) (4.20)

where the set {g;; };zlly is kept fixed. The normalisation of the biorthogonal ensemble of non-

s N4v

equal sizes can be prov7en’ V\ji_th the help of the extended Andréief integration formula as presented in
Eq. (3:43). A member of this class of biorthogonal ensembles was pointed out by Simon, Moustakas
and Marinelli in 2005 [87, Eq. (39)] in the computation of the joint probability distribution function
of the singular values of the one-side correlated Wishart ensemble, equivalent to Eq. with trivial
spatial covariances ¥ = 1. Thereby, the rank of the external fixed matrix II is larger than the
rank of the considered random matrix. Analogously, the generalised Wishart ensemble may become
a biorthogonal ensemble of non-equal sizes, which was observed by Borodin and Péché in 2008
[97, Eq. (12)], equivalent to Eq. , where again the rank of one of the fixed matrices is larger than
the rank of the considered random matrix. In the product of two coupled Wishart matrices the rank
of the external fixed matrix @ with v > 0 is larger than the rank of the considered random matrix Y
yielding the extended dimension of the first determinant in Eq. .
The extended dimension of the first determinant in Eq. dominates the formulation of the
solution. In the principal publication [2] the biorthogonal ensemble of non-equal sizes was shown to
be indeed a biorthogonal ensemble in the sense of Borodin as defined here in Eq. . In addition,
an analogous double-sum representation for the correlation kernel to Eq. has been found:

N+v N
i=1 j—1

The proof that the k-point correlation function obeys the determinantal form, classifying it to be a

determinantal point process, see property given in Eq. (4.1)), follows from the same chain of arguments

as described above from Eq. (4.15) to Eq. (4.17]),

fooo dAk+1 s fooo dAN det [qi17Q’i2a < Qiv, Pi (Al) ye P (AN)]f\;J’]jU det W] (Al)}N

N
R (A, k) = N -
(N—k’)!det[q’ﬂr--7QiVagila"'7giN]i:4iy
i=1,...,N
INCH Ok ko Ok, Vj (/\i)|z:1,...,k
(-1 et ,()\.)‘jzlym,k ,.|j:1>-~-7'/ ,,|j:1""’N
_ Pi Njliz1 Ny Gili=1,. N4v  Jidli=1,. N4v 4.22
— N+v 9 ( N )

det [qih"'7qu7gi17"'agiN]i:1
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4.3 Classes of Biorthogonal Ensembles

yielding the double-sum representation of the correlation kernel as stated in Eq. (4.21)).
It is not obvious how to compute a rectangular matrix ¢, here of dimensions (N +v) X N, being inverse
to the rectangular Gram matrix g of the same dimensions, solely in the multiplication from one side

g c=1y. From the formulation in the latter equation, it is beneficial to define the Gram type matriz,

q11 q1v g11 giN
G= : : : : . (4.23)
gN+4+v1 --- dN+vv YGN4+v1l --- GN+vN

From this construction on, we are able to define its inverse,

011 Cl,j C11 CIN

CcT=G71, with C= : (4.24)

CNyv1i -+ CNiww CN4w1l -+ CN4wN

which will be in use in detailed calculations in the next chapter.

In all random matrix ensembles mentioned above and studied in this work, belonging to biorthogonal
ensembles of non-equal sizes, the first v columns of the Gram type matrix g¢;; are always given by
Vandermonde type terms, see Eq. ,

qij:qgfl, for 1=1,....N+v, and j=1,...,v. (4.25)

However, their specification is not required for the full solution, because these v columns are absent
in the correlation kernel presented in Eq. . We now turn to a classification of biorthogonal
ensembles with respect to the functional dependence on the elements ¢; and ;.

By recalling the joint probability distribution functions of the sum of two independent Wishart
matrices from Eq. , the one-side correlated Wishart ensemble from Eq. , the standard
Wishart-Laguerre ensemble from Eq. and the product of two independent Wishart matrices
from Eq. , we observe that one of the singular value dependent determinants is a Vandermonde
determinant,

_det[gpi()\j)]N AN (A1, AN)

Py (M,... AN) = LI=1 . (4.26)
Ndet [ [ dAN 1o (V)]

3,j=1

as defined in Eq. . A biorthogonal ensemble in the sense of Borodin, see Eq. , with the
property of polynomial dependence in one of the two involved sets of functions is called polynomial en-
semble. This class of biorthogonal ensembles was introduced by Kuijlaars and Stivigny in 2014 [104]
in particular due to a beneficial feature emerging from the polynomial property, called Heine for-
mula [40], contributing to the computation of the correlation kernel for a member of this class. We
recall the Heine formula with techniques known to the reader from above discussions.

The Heine formula can be presented by making use of the introduced notion of a single-sum repre-
sentation of the correlation kernel, see Eq. . Thereby, the elements x; are composed as a linear
combination of the elements 1/;(A) = A ~!. Thus, the elements x; are polynomials. It is well known,

that by choosing these polynomials being monic, the Vandermonde determinant can be arranged with
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4 Determinantal Point Processes

the help of elementary row and column operations to:
AN (A1, AN) =det[x; (/\k>]§vk:1 ., with x;(\) =X "1 +lower order terms, (4.27)

which is equivalent to the second equality in Eq. (3.12)). In the same equation, the first equality
provides a further property that allows us to absorb a characteristic polynomial by the Vandermonde

determinant through increased dimension,
An (AL, A H A=) =Ani1 (A, AN, ) (4.28)

We now consider the expectation value of one characteristic polynomial in a polynomial ensemble with
biorthogonalised sets of functions x; and ¢; as in Eq. (4.14)),

o N N oo N d t ¢)z NOA ALy ey AN, A
/0 kl_[d)\kPN ALy A H / Hd k - )]HNIHJ.VTZ : v (4.29)
1 j=1 1=
/‘”ﬂ det [¢; (A >]f§ pdet [y (M), ) xg (VI
- NTIL by ‘

We again can make use of the extended Andréief integration formula in the very last step, such that
the integration is involved in a determinantal expression comprising the elements ¢; and x;. Due
to the biorthogonality condition, d;;h; = fooo dAd;(N)x;(N), we arrive at one single element y n41(A).
Moreover, because of the definition of the expectation value, as defined in the previous chapter in
Eq. , the left hand side in the upper relation can be brought to an expectation value with respect
to the corresponding random matrix, instead of its singular values only. Summarising, the Heine

formula for polynomial ensembles reads

<det [MN - YYT] >Y =y (V) (4.30)

with elements {x; }j:1,..., n being part of the single-sum representation of the correlation kernel as
given in Eq. 7 if the joint probability distribution function for the singular values of Y belongs
to the class of polynomial ensembles.

The Heine formula may serve as a key tool in the derivation of the single-sum correlation kernel.
However, for the full solution the second set of functions {¢;},_; _y has to be derived originating
from {‘Pi}z':l,..., N too. Therefore, we continue our list with subclasses of polynomial ensembles by
specifying the set of functions, {(Pi}izl,...,N .

The most prominent class of polynomial ensembles are the so-called orthogonal ensembles [105], where
we find a second Vandermonde determinant in the joint probability distribution function, with @;(\) =
w(A)A~L such that

Ay (>\1,~~-,)\N)2H§y:1w()\j)

Ntdet [[3° dA+—2w(N)]

PN()‘lv"w)\N):

(4.31)

The classical § = 2 random matrix ensembles belong to this class, whereby the weight function w and

the support of the elements A1, ..., Ay differ for different random matrix models, see [40]. It is well
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4.3 Classes of Biorthogonal Ensembles

known that the solution of this class of biorthogonal ensembles is given in terms of classical orthogonal
polynomials, which are here simply ¢;(A) = w(A)x;(A).

In the previous chapter we introduced the standard Wishart-Laguerre ensemble in Eq. which
is a member of the orthogonal ensembles. Its solution is now immediate. Namely, its solution is given

in terms of the generalised Laguerre polynomials,
X;(A) = (—o)jfngi)l (Mo), with L§K) (A) = (=)’ 4lower order terms, (4.32)
satisfying the orthogonality condition:

S (n+ K)! = / RPN ML LT (), (4.33)
0

as it can be taken from [82, Eqgs.: 8.970.1, 8.980]. In orthogonal ensembles, the weight function w and
the support of the elements play the main role in the derivation of the correlation kernel. Here, without
computing any expectation value of the characteristic polynomial, the solution is given, because the
corresponding orthogonal polynomials are well known. From the Heine formula we can deduce that
the expectation value of one characteristic polynomial with respect to the standard Wishart-Laguerre
ensemble, as given in Eq. for v = K, yields the generalised Laguerre polynomials LS\';).
Orthogonal ensembles appear also beyond classical random matrix models, like the Kravchuk ensemble
or the Meixner ensemble, see [100], called discrete orthogonal ensembles. However, our focus lies on
biorthogonal ensembles dominated by external fixed parameters.

A prominent biorthogonal ensemble, implying a deformation of an orthogonal ensemble with the help
of an external fixed parameter, is the so-called Muttalib-Borodin ensemble from 1995 and 1998 [94,106|,

[ w)An (A, A&) An (A, An)

Ntdet [ [ dANI=1H0G-Daw(N)] Y

Py (AL, AN) = (4.34)

where 0 € (0,1] is the external fixed parameter. This parameter deforms an orthogonal ensemble for
0 < 1 smoothly into a polynomial ensemble. This ensemble is still an issue of modern research, see
for instance [107]. In this very prominent ensemble we find an example of spectral deformations with
the help of an external parameter, but it has an essential difference when compared with the class of
biorthogonal ensembles emerging from inclusion of external fixed matrices studied in this work.

The main difference of the Muttalib-Borodin to our ensembles is that one single parameter is deforming
each of the elements of the second determinant, ¢1(A) =1, ga(A) = A, p3(\) =27 ..,

on(A) = AN-1)6 up to the very first one. The order of the elements is naturally given by the quasi
polynomial A?(:=1) through linearly increased power by increasing the index i =1, ..., N. This natural

order in the index dependence in the set {p;} _n spanning the determinant is lost in the ensembles

i=1,..
treated in this work.

The external fixed matrices in our random matrix models are reflected in the corresponding joint
probability distribution functions by finite sets of external fixed parameters, i.e. {d;},_; 5. These

sets are spanning the determinants in the according determinantal point processes. The dependence
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4 Determinantal Point Processes

on these parameters is distinguished by one particular element of this finite set,
©i(A) =¢(A,6;), for the finite set of external parameters {d;},_; - (4.35)

The type of the dependence of ¢ (A, d;) in the second argument, on the fixed parameter, is for our
purposes a scaling dependence, ¢ (\,8;) < f(0;A). Further dependencies are thinkable, too: additive
dependence ¢ (A, 0;) < f(A+0;) or a complementary dependence ¢ (X,0;) x f (A,{éj};.\le’j;/éi). Note
that in the complementary dependence we explicitly make use of the fact that the set of external fixed
parameters is consisting of a finite number of elements.

Due to a missing functional order of {¢ (A, d;)};—y  n for {d:},—; we call this type of determi-

nantal point processes biorthogonal ensembles with permutational symmetry, shaped as

detp (A 0012 det [y (A2

Py (A, AN) = hi=1 ;\}jzl , for the finite set {6;},_; n.  (4.36)
Ntdet [[5=dAe (A, 8) 8 (V] ‘

The Gram matrix has for this ensemble an explicit dependence on the external parameters g;; = g; (6;),
which can be read off from the denominator from the above definition. Obviously, the only way of
breaking the permutational symmetry is to introduce an order on the set of external parameters

{di};—1, x> which immediately induces an order on the set of functions {¢(X,d:)},—;  n-

e We now classify the joint probability distribution functions of the sum of two independent
Wishart matrices in Eq. (3.26) and the one-side correlated Wishart ensemble in Eq. (3.32)) to be

polynomial ensembles with permutational symmetry.

e The product of two independent Wishart matrices in Eq. (3.52)) belongs to polynomial ensembles

of non-equal sizes with permutational symmetry.

e The product of two coupled Wishart matrices in Eq. (3.44)) as well as the generalised Wishart
ensemble in Eq. (3.56) belong to biorthogonal ensembles of non-equal sizes with doubly permu-

tational symmetry.

In the literature, biorthogonal ensembles with permutational symmetry have already been studied. In
particular, the hermitian random matrix model in an external field belongs to the class of polynomial
ensembles with permutational symmetry. It has been solved by Zinn-Justin in 1997 by taking refer-
ence to this symmetry [98/99]. There, a single-sum representation of the correlation kernel was found
by making use of the modified Heine formula, see |99, Eq. (3.10)], which we will apply to the present
ensembles.

A further example in the literature in the study of a member of polynomial ensembles with permu-
tational symmetry can be found in the shifted Wishart matrix, called chiral Gaussian ensemble with
external source in [108},109] from 2006, with the help of so-called multiple orthogonal polynomials.
This approach seems cumbersome in view of the modified Heine formula. Nonetheless, the relation
given in [109, Eq. (70)] represents an important ansatz for the computation of the corresponding cor-
relation kernel and is comparable to the implicit Gram matrix inversion from the previous example
in [98 Eq. (4.4)].

In the next section we will derive the modified Heine formula for polynomial ensembles with permu-

tational symmetry, which can be applied to most of the present biorthogonal ensembles.
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4.4 Modified Heine Formula

In addition, we would like to remark that it is not known to us whether a general approach to biorthogo-
nal ensembles with doubly permutational symmetry exists. The two above mentioned ensembles being
members of this class are solved in a system-specific ansatz, up to a simplification resulting from the

notion of biorthogonal two-matriz ensembles, which we will deepen subsequently.

4.4 Modified Heine Formula

In this section we present a method for the solution of a polynomial ensemble with permutational
symmetry as defined in Eq. , with the property given in Eq. , which we call modified
Heine formula. It can first be found in [99, Eq. (3.10)] and subsequently in the principal publica-
tion |1} Eq. (3.14)]. Both derivations are done for ensembles of equal sizes. However, this approach
can trivially be extended to a polynomial ensemble with permutational symmetry of non-equal sizes.
We recall: a polynomial ensemble with permutational symmetry for the finite set of external param-

eters {; }ZJ\;1 reads

i,7=1

Nldet [g; (51‘)]1]'\,;:1

det [ (A, 001 AN (A1, AN)
Py (M, AN) = !

., with g;(6;) = /oo dA(\, 0N (4.37)
0

We are interested in the single-sum representation for the correlation kernel from Eq. , given
by two sets of functions {¢i}i=1,...,N and {Xj}jzl,...,N’ and in the norms {hj}jzl,...,N’ satisfying the
biorthogonality condition h;d;; = [ dAdi(A)x;(A) .

We make use of the approach to the correlation kernel via the (N —1)-fold integration from the formula
in Eq. . Therefore, we distinguish the remaining single external variable through its belonging to
the first or to the second determinant: det [p (z,d;),0(N2,0:),...,,¢ ()\N,éi)]ﬁvzl and Ay (y,A2,---,AN)
in the integrand. The first determinant can be expanded with respect to the first column,

N
N i— 2<I<KN
det [ (2,6:),0 (A2, 81) -, 0 (AN, 00)limy = > (1) o (w,65) det [0 (M, 00 25y < v > (4.38)
=1
where in each summand we recognise the appropriate minor. The second determinant is a Vander-
monde determinant as defined in Eq. (3.12) and, thus, the y-dependence can be factorised out from

the Vandermonde determinant as a product of differences with the remaining eigenvalues,

N
AN (Y A2, AN) =An_1 Az AN) [T k=) - (4.39)

k=2
By comparing to the derivation of the standard Heine formula in the above section in Eq. , the
factorisation of differences of the given elements from the Vandermonde determinant can be interpreted

as the key property of the Heine formula motivating the name of the result being derived.

Our approach to the kernel as an (N — 1)-fold integration was shown with the help of the extended
Andréief formula, which reduced the number of integrations to a single one. However, for the present
derivation yielding the modified Heine formula, we do not perform any integration, but we give a new
interpretation to this multiple integration. Namely, taking the two latter relations into account, the

correlation kernel with the ansatz from Eq. (4.17) for the polynomial ensemble with permutational
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4 Determinantal Point Processes

symmetry as presented in Eq. (4.37) reads

1 o0 2<I<N
Kn(z,y) = (N Didet s, (6)]5\2 1/0 d>\2~~~/0 d)\NZ d;) det [ (A1, 0r) 12 < v
N
XAN*I()\Qa"w)\N)H()\k_y)' (440)
k=2

The sum over j serves as the only sum in the single-sum representation for the correlation kernel
stated in Eq. (4.14), in which

N
1 o0
(x,y) = th (5j) ,  with h;d;; = A d)\tp()\,(si)x()\,(sj‘) , (4.41)

where the (N — 1)-fold integration is implied in the elements:

N 2<I<N N
0 det[o (N, 6 An—1 (A2, A
_/ Ay [0 (N k)]1<k¢j<N N—-1\A2 H ESE (4.42)

JI<N
(N —1)!det g (5k)]?<k¢J<N

Here, we make use of the above described complementary dependence in the finite set of elements

{0:};—1  n by excluding the one single element d;, such that we obtain the set of (N —1) elements:
{513 j la5]+17 5N}a

X (¥,65) = x (y {51‘}?:1,#1) : (4.43)

The norms {h; }j:1 _y result from the condition on x (y,d;) being monic and can be expressed in

terms of the normalising determinant of the Gram matrix and the (1,7)-th minors,

det[g; (617,

= 2<IKN
det [g (65)]1 2 ki<

(4.44)

The modified Heine formula can be read of from Eq. (4.42)), where we observe that the polynomials

X; are given as an expectation value with respect to a biorthogonal ensemble of (N —1) elements,

coN—-1 N—
x(y / HdAkP#” Ay AN1 H Y=k, (4.45)

being nothing else than the ensemble given in the beginning in Eq. , with the difference of
the lower dimension N — (N —1). This lower dimension emerges through the exclusion of the one
single external parameter d; in the composition of the elements x (y,0;) in Eq. - In view of a
comparison with the standard Heine formula from Eq. (4.30) -, we observe that a dimensional reduction
from the expectation value of one characteristic polynomial with respect to the appropriate random

matrix Y has to be performed,

Vﬂw-v{(si}ﬁiLi;ﬁj

<det [/\nN —Y’Y’T} >Y, o

= (M) (4.46)
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4.5 Biorthogonal Two-Matrix Ensembles

On the level of the expectation value with respect to the corresponding random matrix as presented
in Eq. , it is difficult to express the dimensional reduction, which has to be taken for the
computation of the polynomials x (X,0;). Concurrently, this difficulty does not appear on the level of
the corresponding eigenvalue representation, see Eq. . The dimensional reduction emerges by
excluding the jth element of the finite set {5i}i=1,..., ~» Whereas all further system specific parameters
stay the same, as for example the number of zero modes denoted in our ensembles by v, k or v; and
vo. Thus, the dimensional proportions in the corresponding matrix model have to remain unchanged
by taking N — (N —1).

The modified Heine formula differs from the standard Heine formula in the following sense:

e The polynomials given by the modified Heine formula from Eq. (4.46) are of the degree (N —1)
forall j=1,..., N,

X ()\, {5,-}521’#]-) = AV=1 ¢ lower order terms, (4.47)

in contrast to Eq. (4.27).

e The first set of functions {¢(A,0;)},_;  y remains unchanged for the single-sum representation
of the correlation kernel in Eq. (4.41)), in contrast to the single-sum representation in Eq. (4.14)).

e The norms {h; }j:1 n have the explicit representation in terms of determinants of the Gram
matrix and its minors in Eq. (4.44)), which we obtained as a byproduct.

We conclude that the correlation kernel for the polynomial ensemble with permutational symmetry
as defined in Eq. (4.37) has the single-sum representation given in Eq. (4.41]). From the point of view
of the double-sum representation in Eq. (4.8)), we identify the implicit inversion of the Gram matrix

in the summation over one of the indices,

7

N ] 1
D eyt = X (,00), (4.48)
j=1

which was stated in [1, Eq. (3.14)].

4.5 Biorthogonal Two-Matrix Ensembles

In this section we would like to introduce the notion of biorthogonal two-matrix ensembles, due to
the joint probability distribution function of singular values of the product of two coupled Wishart
matrices from Eq. . There, the squared singular values yi, ..., yn of the product Y = XI Xo
and the squared singular values z1, ..., x of the factor X5 are characterised by one joint probability
distribution function simultaneously. Two biorthogonal ensembles for each of the two sets {y; }j:L---, N
and {z; }jzl,,..,N are obtained by integrating over all x1, ..., xn as presented in Eq. , or over

Y1, ---, YN as presented in Eq. (3.56), respectively.
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4 Determinantal Point Processes

We define biorthogonal two-matrix ensembles by

Py (z1,..., 28391, YN) (4.49)

B det [gi1, G2, - Qiv, i (1) ..., @i (xN)]NJrVdet[ (Ijvyz)hj L det [, (yz)]m 1

(N')zdet [Qi17Qi27---7QiV79i17 ag’LN]iv—"l_y

By making use of Andréief’s integration formula [90] and the extended Andréief integration formula [93]

we obtain two independent biorthogonal ensembles, as defined in Eq. (4.5 after integration over all

elements z1, ..., TN,
o0 oo
Y
P](\, )(yl,...,yN):/ dxl.../ den Py (1,.. ., TN;Y1, -+ YUN) (4.50)
0 0
N N
~ detgi1,qia, - Givs Pi (Y1) -5 i (YN )= VY det [ (yz)]” L
N!det [qil7Qi23"'7qu7gil7 aglN]ffvtV
or after integration over all elements y1, ..., yn,
o0 [o.@]
X
PI(V )(xl,...,xN):/ dyl.../ dyNPN(.’El,...,.TN;yl,...,yN) (451)
0 0

_ det [9i1,¢i25 - - Qiv, 03 (T1) 5+, P4 (xN)]NJrVdet (i (33])]2;':1

N
N!det[qilaqi27"'7qill>gi17 ag’LN]'L 4{1/

Thereby, we denote the two sets of functions appearing after these integrations by
o0 [o.]
pi@)= [ dpulesi) and puo) = [ doueeta). (4.5)

In view of the computation of each of the biorthogonal ensembles, PX and PY, the inversion of the
Gram matrix is desirable. The notion of biorthogonal two-matrix ensemble as defined in Eq. (4.49)

implies one single Gram matrix for both one-matrix ensembles,

%zﬁtyédquwmww, (4.53)

which is the main benefit of the introduced notion.

The two resulting correlation kernels,

N+v N N+v N
KGO (01,22) = > wil@1)cijpj(w2) and KN (y1a2) = SO hily) ety (y2),  (4.54)
i=1 j=1 =1 j=1

are obtained by one single inversion of the Gram matrix ¢' ¢ = 1y as presented in the course of
Eq. .

Biorthogonal two-matrix models are not new. In one of our main references a similar definition
was formulated (94, Eq. (2.14)]. Moreover, biorthogonal multi-matrix models were already studied by
Eynard and Mehta in 1997 [110], where correlations across different sets of eigenvalues were formulated
as a generalised determinantal point process. However, the above formulation suffices for our purposes.
For further examples of generalised determinantal point processes arising in multi-matrix models see
discussions in [100, Sec. 2.3], or in the course of [101, Def. 3’].
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5 Spectral Statistics

In this chapter we present the solutions to the two random matrix models: the sum of two independent
Wishart matrices and the product of two coupled Wishart matrices. Therefore, we make use of the
determinantal point processes arising in the eigenvalue representations, as discussed in Chap. [3] and
apply the theory of biorthogonal polynomials to determine the desired correlation kernels character-
ising all k-point correlation functions, see Chap. [4

The achieved solutions will be discussed under different points of view, respectively to the two dif-
ferent fields of application presented in Chap. The sum of two independent Wishart matrices is
interesting due to global level density, because the distribution for all eigenvalues draws inference
to spatial correlations in time series exhibiting two-epoch partitioning. The product of two coupled
Wishart matrices is interesting because of its local eigenvalue density at the origin for infinite matrix
dimensions, motivated by the weak non-hermiticity regime.

The results presented in this chapter are taken from the principal publications [1,2]. However, there

are additional computations not published yet as acknowledged accordingly.

5.1 Sum of Two Independent Wishart Matrices

Our analysis of the sum of two independent Wishart matrices is presented in three parts, due to
its interpretation in the application to time-series analysis as a two-epoch model: one-epoch model,
spatial cross-correlations and temporal cross-correlations.

We will derive the exact solution for the correlation kernel of the two-epoch model and, thus, show
that this model is integrable. As a direct gain we compute the global level density and compare it to
Monte-Carlo simulations.

We have to ask for the difference to the one-epoch model. Therefore, as the first step in our investiga-
tion we present the solution to the one-epoch model. The spectral statistics of the two-epoch model
will be presented afterwards and we will compare to previous results.

As discussed in the course of the fields of application in Sec. 2.1} the global level density of the sum of
two independent Wishart matrices corresponds to spatial cross-correlations in time series. In the third
part of our discussion, we turn our focus to temporal cross-correlations in the two-epoch model. The
interpretation of these results is obviously interesting in time-series analysis, but it is not the emphasis
of the investigation here. The computations to the temporal cross-correlations in the two-epoch model
are presented in order to achieve a complete analysis of this model. In addition, this ensemble is again
a random two-matrix model under finite-rank perturbations.

All these three random matrix models belong in their eigenvalue representations to the class of poly-
nomial ensembles with permutational symmetry, see Sec. [£.3] By making use of the modified Heine
formula we will be able to compute the correlation kernel. Therefore, the expectation value of one

single characteristic polynomial is the key quantity. Consequently, our calculations will focus on the
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evaluation of the according expectation value.

The technique we will apply for this evaluation is called superbosonisation formula [111H115]. This
technique can be applied to an arbitrary ratio of characteristic polynomials of the form

(I, (k1 —H) /TTL, (yli]l — H)),;, where the variables 1, ..., yq have to be regularised, yli =
y; £ 1€;, due to singularities emerging in the denominator from the eigenvalues of H. Thereby, the
expectation value of the ratio of p/q characteristic polynomials is mapped onto a (g|p) supermatrix
model. However, for one single characteristic polynomial the superbosoniation formula reduces to a
U(1) group integral, which is as a contour integral on the complex plane. For each of the model, this

formula will be explained.

5.1.1 One-Epoch Model

We recall the one-side correlated Wishart ensemble by the probability density of the N x (N +v)
complex valued Gaussian random matrix X from Eq. (2.5)),

_11N+v
det [2 1] ~Tre-txxt
P(X|Y) = —N(N+) e , (5.1)
where ¥ is a fixed and positive definite matrix of dimensions N x N with eigenvalues o1, ..., on,

which we assume to be pairwise distinct, without loss of generality. The one-side correlated Wishart

ensemble is interpreted here as a one-epoch model with non-trivial spatial correlations,
(N+u)2:/[dX]7>(X\E)XXT, (5.2)

where [dX] denotes the flat Lebesgue measure, see Eq. . The first moment condition and the
covariance matrix are discussed in Sec. 2.1}

For the derivation of the joint probability distribution function of the singular values of X, unitary
group elements from according singular value decomposition emerge, which are integrable. Here, the
Harish-Chandra/Ttzykson—Zuber integral can be applied, see Sec. We recall the joint probability
distribution function for the squared singular values of X from Eq. :

N
AN (z1,...,xN)det {xl’/e*xi/"j] -
PN(IEl,...,mN): N L= . (53)
Nidet [(v+i—1)! 07|

i,j=1
This joint probability distribution function belongs to the class of polynomial ensembles with permuta-

tional symmetry, where we quote Eq. (4.37)). From there, we identify the two participating quantaties

appearing inside the determinants
p(z,05)= 2¥e ®/% and g (0j)=Ww+i— 1)!02-’“. (5.4)

Following the considerations in Sec. (4.4), the single-sum representation for the correlation kernel
is given by the set of polynomials {x (9c,crj)}j:1 - In these polynomials, by choosing them to
be monic, we have the complementary dependence, x (z,0;) = x (x, {Ui}fvzl’#ﬂ for the finite set of

external parameters {o;},_; 5. For their computation we turn to the evaluation of the expectation
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5.1 Sum of Two Independent Wishart Matrices

value of one single characteristic polynomial,

<det {mN—XXTDV’z :/[dX]P(X|E)det [mﬂN—XXT} . (5.5)

X,N
The dimensional reduction described in the course of Eq. (4.46) will be performed afterwards.
For our purpose, it is beneficial to make use of Sylvester’s determinant identity,

v,X

¥ <det {x]lN - XXT} >XN

v, 2

= <det |:JL‘]1N+V—XTX:|> (5.6)

X,N’

allowing to consider an (N +v) x (N +v) determinant instead.

The superbosonisation formula, which we want to apply for this determinant, makes use of the so-called
Berezin integral [116], which represents reformulation of the determinant. Therefore, we introduce
(N +v) complex Grassmann variables, which we denote by v1, ..., un4,. There are different definitions
of complex Grassmann variables that can be set on their algebra. Three conditions on those are

sufficient to fix the convention unambiguously,
{vi,vj} =0, {vi,vi}=0 and (vj)"=-v; forall 4,j=1,...,N+v, (5.7)

where {, } denotes the anti-commutator. The third condition is chosen with the purpose to keep the
product v} v; self-adjoint under complex conjugation, which is called realness condition. For a simpler

arrangement of the illustration in the following calculation we compose a Grassmann variable valued

vector:
u1 N+v
V= : |, with VIV=> uju. (5.8)
i=1
UN+v !

The use of vectors with Grassmann variables in their entries might involve the notion of supervectors.
However, we only need the property of the additional minus sign by a transposition of the vector V,
which is implicitly defined in the latter equation by introducing the scalar product VIV. Note that
the resulting sum of VTV fulfils the realness condition. One further tool for the Berezin integral has

to be introduced, namely the differentiation with respect to Grassmann variables,

N+4v
/[dV] = 11 8?1:‘ aii, with %vizl and 8?@ =0 forall i=1,...,N+wv. (5.9)
On the left hand side, the product of all differentiations is symbolised with an integral, which has
conventional reasons as the integration and the differentiation with respect to Grassmann variables
are equivalent. We now are able to accomplish the second modification of our expectation value of
one characteristic polynomial, in order to prepare the superbosonisation formula. The determinant
on the right hand side in Eq. can be parametrised through the following Berezin integral,

(det [214, - XTX] >;’ZN :/[dV] e=2V'V <evTX*XV>;’iV, (5.10)

)

57



5 Spectral Statistics

where we interchanged the order of integrations over [dV] and [dX]. It is remarkable that under the
expectation value only a Gaussian factor remains. We call the expectation value over the Fourier type
factor, exp [—Tr VVIXtx }, characteristic function. Note that an additional minus sign appears, if
the cyclicity property of the trace operation on Grassmann valued matrices is applied. The evaluation
of the expectation value is now equivalent to the performance of Gaussian integral over complex

numbers, yielding

v,2 -1
<e—Tr VVTXTX>X = det (21 det [E @UNy, +1N® VVT} 7 (5.11)

where we denote with ® the Kronecker product.

From here, the computation of the characteristic function has been mapped from an integration
over N X (N +v) complex variables to only (N +v) complex Grassmann variables originating from
V. Thus, the number of integration variables has been reduced from quadratic dependence in N
to a linear dependence only. Moreover, we will now see that the remaining N + v integrations over
Grassmann variables can be reduced to only one single complex-contour integral.

The application of the superbosonisation formula can be presented in two steps: the duality formula
and the map of the integration with respect to [dV] to one complex-contour integral.

The duality formula reads for our purposes:
k k
TY(VVT) :—(VTV) , for k=1,2,.... (5.12)

For more general situations the duality formula exchanges the trace operation to the so-called su-
pertrace operation, which is useful by the computation of ratios of arbitrary many characteristic
polynomials. With this formula invariants of the considered matrix model are mapped to invariants
of the corresponding supermatrix model.

In the characteristic function from Eq. , we observe that the first determinant can be included
to the second determinant leading the expression det [IIN(NJFV) +3® VVT] . By making use of the well

known expansion,

> TrCk

det[1 — C] =exp [— ) (5.13)

k=1

the duality formula can be applied. Formulating the so obtained expression back into the determinant,

we obtain for the characteristic function a determinant comprising an N X N matrix

<e—T1“V"”XTX>V’Z —det |1y +VIVE]. (5.14)
X,N

The dependence on V is a scalar dependence with the realness condition mentioned above, VIV, In
addition, the entire Berezin integral, originating from the reformulation of the characteristic polyno-
mial by the parametrisation through Grassmann integration in Eq. , depends now on V solely
through this scalar product, V1V This situation is suitable for the last step in the superbosonisation
formula, which is for our purposes the exchange of the integration over [dV] with one single complex-
contour integral. This exchange can be understood via a Taylor expansion.

Let us consider a Taylor expandable function f(z) = Z]kvzl F%)(0)2* /k!, which we associate with the
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5.1 Sum of Two Independent Wishart Matrices

integrand under the integration over [dV| with the dependence f = f (VTV) . The contributing part
of f by the integration over [dV] is the one containing the product of all pairs v}v;. Due to the anti-
commutation properties of Grassmann variables this is only the case for a certain power in the Taylor
)

expansion. Namely, the Taylor coefficient in the power (V‘LV Y contributes with the multiplicity of

(N +v)!. This term can be singled out from the Taylor expansion through a complex-contour integral,

T dz_ [(2)
d (T):/d (N+v) fog = (—1)N (N !f . 1
[ (viv) = [lavis O Tl v=cooemf 255 o)
Here, the integration contour 7y encircles the origin in counter-clockwise direction.
The superbosonisation formula has to be applied to f(z) = exp [—xz]det [1y + 2X], which brings us to
the final expression for the expectation value of the characteristic polynomial from Eq. (5.5),

v,3 dz ¢

N
=(N ! —_ —0iz), 5.16
X,N (N +v) ﬁo 27mzzN+VZ_:]-_[1(x 7i%) (5.16)

<det {mN fXXT] >

where we have absorbed the x dependence by the substitution z — —z/x and represented the determi-
nant through the product of the eigenvalues of the covariance matrix 3. The contour 7 is enclosing
the origin in counter-clockwise direction.

The desired polynomials {x (z,0;)} y follow from a dimensional reduction by following the mod-

i=1,...
ified Heine formula from Eq. j Tyheyrefore, we exclude the one particular parameter o; from the
set {Ui}izl,...,N in the expectation value in Eq. , to obtain the polynomial x (x,0;). The matrix
dimension has to be reduced N — (N — 1) accordingly to the reduced set, {o1,...,0j-1,0j41,...,0N},
which implies an equivalently modified random matrix X — X' of dimensions (N-1)x(N—-1+v),

N
viloitizi iz

X (z,0;) = <det [x]lN_l fX,X,TD (5.17)

X' N-1

In the representation of the expectation value in terms of the corresponding random matrix model,
the one-side correlated Wishart ensemble consists of a reduced covariance matrix that a priori does
not have to be diagonal. The dimensional reduction excludes one of the eigenvalues of ¥ and the
corresponding eigenvectors.
However, from the expression obtained from the superbosonisation formula in Eq. (5.16)), the dimen-
sional reduction is simple to perform and yields:
N
dz ¢€*
N (N — ! &~ o
X (z,05)=(N 1+V).j§0 oms SNV H ({L‘ 0:%2) . (5.18)
i=1,i#£]

We would like to conclude the above derivation with the statement that a set of polynomials was found,
{x (x,aj)}jzlw,N being all of the degree (N —1), which is biorthogonal to the set {J;”e_m/"i }j:1 Ny
as stated in Eq. (4.41)). The biorthogonality condition between these two sets can be proven in a direct
calculation and leads us to an expression for the norms {h;},_; -

By employing the explicit expressions for these two sets of functions in the biorthogonality condition,
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dijh; = fooo dxo (x,04) x (x,05), two integrals have to be performed,

N

hjdij =(N —1+v)! 27rzzN+V/ dzz” e=®/% H (x—o2), (5.19)
k=1 k#j

where we have interchanged the order of integrations, such that the complex-contour integral from
Eq. (5.18)) stays in front. With the help of a rescaling of the integration variables, first © — 2z, second

z — 0;2 we obtain

N

= — l _ —zT
hjdij = (N —14v)lo; H akf 7 © / dra” e *"f;(x), (5.20)

k=1,k #J

where we define the set of polynomials of degree (N —1):

N N
H 737'—_01@ =1, (x)ZZfﬂxl*l for j=1,...,N, (5.21)
k=1,k; 79 Ok =1
k#j

whose meromorphic properties are of interest. Each of the functions has N fix points on the real line,
namely (N —1) zeros at f; (oi#) =0, and it is fixed to one at £;(c;) = 1. This property can be

summarised with the Kronecker delta,
fj (O'Z):(SU for i,j:L...,N. (522)

Making use of the power series of f;, the integral over z in Eq. can be performed as a simple
Laplace transform of the monomial 2¥+!~1 [82] Eq. 17.13.2]. Thereby, the Laplace transform holds
with a non-negative real part of z, due to singularities emerging in the origin,

fooo drz™e** =m!/z™*+1 which compels us to investigate these singularities. However, as we will
see, for the resulting complex-contour integration around the origin all so obtained negative powers

in z contribute,

N N dz e%i®
k= 1,k7é] =1 70
N N
Z(N—1+V)!O';»/+1 H (Uj—ak)ijmi_l.
k=1,k#j =1

Due to the Kronecker delta from Eq. (5.22)), the norms are immediately given,

N
hj=(N=1+4v)ley™ [ (05—0k). (5.24)

With the latter quantity we finish the computation of all needed parts of the single-sum representation

of the correlation kernel from Eq. (4.41)),

N

1 v ) Y—Ookz sz
KN(x,y):Z;(m/Uj) e~ /% 2m zN — H p—— (5.25)
j=1"17 k=1,k#j
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5.1 Sum of Two Independent Wishart Matrices

Our expression in Eq. closes the derivation of the correlation kernel, in which all dependencies
are explicit. From here, all k-point correlation functions can be expressed by this correlation kernel
and, thus, are known. Nonetheless, we would like to modify the single-sum representation for the
correlation kernel to an expression which is suitable for large- N analysis and to encounter degeneracies
in the covariance matrix ¥, which completes our aspiration on integrability as introduced in Chap. [I]
The single sum in Eq. can be expressed as a complex-contour integral encircling o1, ..., on.
Thereby, we can introduce degeneracies for the eigenvalues of the covariance matrix . For instance,

we introduce one single degeneracy value as
Optl=...=0N=0. (5.26)

The correlation kernel for the one-side correlated Wishart ensemble takes on the double-contour

integral formula:

d d v az—x/s _ N—-n n _
K](\?)(:C,y)zj{ s % z (ﬁ) e (y/z U) HI‘J/Z Tk (5.27)
Ny 28 [, 2mz \sz/) y/z—s\ s—o s—op
where the contour vy encircles all eigenvalues of the indicated covariance matrix, {o1,...,0n,0} in

counter-clockwise direction. The two contours vy and 75 are not allowed to cross each other, due
to the pole emerging from the difference y/z — s in the denominator. With the help of the residue
theorem the exchange of the sum in Eq. to the complex-contour integral in Eq. can
simply be verified.

For the illustration of our final result we depict the eigenvalue density of X XT in Fig.
which is given by the evaluation of the correlation kernel at equal arguments, Ky (x,z) = R1(z), see
Eq. . For later purposes, four different lengths of the time series, N + v, are depicted. In addition,
our analytic result is compared to Monte Carlo simulations, where we find a perfect agreement. The
global behaviour of the squared singular values of X, or the eigenvalues of X Xt depends strongly on
the length of the time series. Reading in the Fig. [5.1] from the left upper diagram over the right upper
diagram, then from the left lower to the right lower diagram the length of the time epoch is increased
N +v =40 — 75 — 400 — 750. Thereby, we keep for the number of observables fixed at N =9 as
well as the covariance eigenvalues {o1,...,09}. We observe that the locations of the individual peaks,
which correspond to the covariance eigenvalues, move to the right by increasing the length of the time
series. In addition, the individual peaks are sharpening, such that the overlap of the distributions
of the individual peaks is smaller. For long time-epochs compared to the number of observables the

peaks can easily be estimated with

N
Ry(z)~» 6(z—(N+v)oy), for N+v>N. (5.28)

k=1
The individual distributions of the peaks are broadened and they still overlap. Nonetheless, the
repulsion of the eigenvalues of X X1 separates and shifts those away from the positions estimated in
Eq. stronger then their increasing widths. In a Gaussian approximation the spacing between
neighbouring peaks for large values of (N +v) scales linearly, whereas their widths scale as a square
root, /N +v. We observe a sharpening of the individual distributions by a strong shift of those to
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Figure 5.1: Comparison of the analytical result for the spectral density (red curves) with Monte Carlo
simulations (histograms=shaded area, around 10% matrices drawn from the ensemble for
each of the diagrams). We employed the parameters N =9 with the fixed covariance matrix
¥ = diag(0.02,0.20,0.30,1.50,2.01,2.25,2.27,4.05,4.13) and four different lengths of the epochs:
N +v =40 (left upper plot), N +v =75 (right upper plot), N +v =400 (left lower plot) and
N +v =750 (right lower plot).

the right on the positive real axis.

At short lengths of the epoch, here 40 and 75, where the number of observables is of comparable order
to the number of time steps, O (N) =~ O (N +v), the distributions of the individual peaks overlap
strongly. The shape of the uncorrelated case can be estimated already for N =9 with the limiting
distribution, which is the Marchenko-Pastur distribution up to a scaling factor, see Fig. although
the matrix dimension is of order ten, O (NN) ~ 10. The individual peaks represent its deformation

caused by the finite-rank perturbation by the non-trivial covariance matrix 3.

5.1.2 Spatial Cross-Correlations

We now turn to the main result in our analysis of the one-epoch model. We present the derivation
of the correlation kernel characterising the spatial cross-correlations between the two epochs X; and
X5 from the principal publication . Let us recall the biorthogonal ensemble resulting in the limit of
half degeneracy, see Eq. , being the joint probability distribution function for the eigenvalues of
H= XlXir JrXQX;f or equivalently the squared singular values of Y = <X1 XQ). From Eq. (3.26
and by comparing with the definition for polynomial ensembles with permutational symmetry from
Eq. it suffices to state two quantities,

o (x,05) =zfe /74 By (re+1;k+150,2), (5.29)
gj (52) :O':Z+1 (liJrj* 1)!2F1 (Iﬁ+j+1,1/2+1;/€+1;51'0',4) ,
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5.1 Sum of Two Independent Wishart Matrices

where we recall that the difference in the number of rows and columns in Y is given by K = N +v1 4+ vs,
and we use the abbreviation 6; = 021 — ar;jl. .

For the derivation of the corresponding correlation kernel we aim, analogously to the one-epoch model,
at the method in Sec. Therefore, the set of polynomials x;(x) = x (z,d;) as well as the norms
{h; };.V:l are sought. With those quantities the single-sum representation of the correlation kernel is
immediately given as stated in Eq. . Therefore, the expectation value of one single characteristic

polynomial after a dimensional reduction is needed,

det |21y — vy t] )T (5.30)
(et | [

:/[Xm][dX2]P(X1|EA)P(X2\EB)det iy — X1 X1 - Xo X1

where ¥ 4 can be taken to be arbitrary in following the application of the superbosonisation formula.
In the computation of the expectation value of the characteristic polynomial we follow very closely the

approach presented in the previous section regarding the one-epoch model. We first use Sylvester’s
. . . vi,v2,58 v1,v2,3B
determinant identity [58], 2" (det [z1y — YYT] N = (det [z1n4r —YTY] )y N

parametrise the resulting (N + k) x (N + k) determinant by a Berezin integral.

, and then we

For the parametrisation of the (N + k) X (N + k) determinant by a Berezin integral N + x complex
Grassmann variables are required, vy, ..., Un4x, where we use the same conventions as introduced in
Sec. They can be again arranged in a vector V comparable to Eq. (5.8) with one difference.

Namely, we divide the Grassmann valued vector V' in two subvectors as

U1 UN+v+1

1%
V= < A) , with V= and Vg = : . (5.31)
B
UN+vq UN+k

The relation between the expectation value of the characteristic polynomial and the characteristic

function reads

v1,v9,% v1,V2,2
<det [xJLNH—YTYD ey :/[dV] e*WTV<eVWTYV> e (5.32)
Y,N Y,N

in analogy to Eq. (5.10]). The integration over the two Gaussian weights for X; and X» yields

v1,V2,2
(Vv T T —det [231) T det [351] (5.33)
Y,N
1
et | B2t © AN T AN @ VAV Iy ®@VaV
Iy @ VEV) S5 ® 1Nty + 1N O VBV

For the application of the duality relation from Eq. (5.12) we introduce two steps. First, we make use
of the block structure of the N(N + k) x N(N + k) determinant in the latter expression,

d
det [a b] =det [a] det [b] det [1 — b~ ca™!d], where to the first two determinants the approach already
c
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presented can be applied,
—1
det [a] = det [2;1 ONs+IN® vAvj] — det[£ 4] V4 det [uN +V;§VA2A} :
-1 i -N t -1
det[b] =det {ZB ®Np+1y @VBVB} = det [S5] V5 det [nN + VBVBZB} . (5.34)

Second, considering the Schur complement in det []1 — bilcafld} we are able to expand this determi-
nant again with the help of Eq. (5.13]). In these terms we have for each of the segments in the Schur

complement:

d=1y5 @ VAV = (1xy ® V) (M@Vg) ,
c:uN®vBVj:(nN®vB)(nN®vj). (5.35)

By the expansion of the determinant, in each of the moments for C, see Eq. (5.13)), the factor of
IN® V; stands at the end of Tr C* for all k. This factor can be preponed within the trace operation,

as it was done for the one-epoch model. Here we obtain
-1
det [1-b e d] = det 1y — (i@ VL) (In@ 1y, + 250 VEV))  (Sp@Va)

1 -1
X (]1N®V);) (]1N®]1NA+ZA®VAV;£) (ZA®VA):| . (5.36)

1

An additional step has to be implemented in view of the central terms b~ and a~'. These can be

expanded in von Neumann series, because then the following commutation is performable,

(1N®V,§) (]1N®]1NB +35 ®VBV§)_1 - (1N®V§) i(_m (zB®VBV§)k
k=0

:i(_m (VgVBEB)_1 (llzv ®V1§)
k=0
:(1N+V1§VBZB>71 (1vevh), (5.37)

and likewise for the second line. By compressing all resulting terms starting from Eq. (5.33) to one

single N x N determinant, we obtain

< —VVTYTY>V1’V2’EB
€

o = det (v +VVATA+ VL VESs| (5.38)

Our result for the characteristic function for the two-epoch model is comparable to the one-epoch
model result. The N x N determinant contains an identity matrix with the addition of the covariance
matrices weighted by the according scalar products in the Grassmann valued vectors. Comparing
to Eq. we observe that the extension to the two-epoch model is justified by adding covari-
ance matrices with the according weights. An appropriate generalisation to a multiple-epoch model
in the calculation of the expectation value of the characteristic polynomial can be reached with the
help of the presented methods. It leads to an expression for the characteristic function of the form
det |1y +ViVaZa+VEVESE +ViVeSe +...| .

The integration over the complex Grassmann variables in the expectation value of the character-
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istic polynomial for the two-epoch model can be performed in analogy to the one-epoch model, see
Eq. . Therefore we split the differentiation with respect to the Grassmann variables according to
the two vectors, [[dV]= [[dV4] [[dVB], and apply the formula twice. By taking into account
our calculation presented above in this section, we have an integrand depending on two variables,
f(z1,22) = exp[—x2z1 —xzo]det [y + 2124 + 22X ], which is Taylor expandable in both arguments.
We obtain

vi,v2,5p
<det {xn N YYT]> (5.39)
Y,N
N
dzy dzo e?1t22
=(N+v1) (N +v !% 7{ T—0A21 —OBiZ2) ,
( D 2) No 221 Sy 2miz2 Z{V""Vl Zé\f—i-w z:l_ll( 1~ 0Bi%2)

where we plugged in the half degeneracy, ¥4 = o1y and ¥p = diag(opi1,...,0n) from Eq. .
Both contours, denoted by ~g, encircle the origin in counter-clock wise direction and can be taken
independently.

We now perform the dimensional reduction by following Sec. [£4] in order to obtain the desired

polynomials {x (x,éj)}jzl _n- They are all of the degree (INV —1) and orthogonal with respect to the
set of functions {¢ (x,éj)}jzl .- From Eq. (4.45) we have

d21 e*1 dZQ e*2
X(I,(Sj):(I{fug)!(N71+l/2)!f jjlé N (x—oaz1—opize), (5.40)
o 221 212 Sy 2m Zéw_ ? kzg;éj

where we recall §; = a;xl — 01_3]1.. Here, the dimensions x and vo were kept fixed whereas the matrix
dimension was reduced, N — (N — 1), which required the reduced product H{CV:L kot

For the single-sum formulation of the correlation kernel the norms {h;},_, 5 have to be com-
puted. In analogy to the one-epoch model, we could use the orthogonality condition between the
sets {x (2,0;)},=,  n and {o(z,6;)},_, . However, for this computation the confluent hyperge-
ometric function 1 F} is unfavourable due to the infinite sum in the power expansion. An alternative
representation for the confluent hypergeometric function based on elementary functions, exponential
function and polynomials of finite degree, was derived in 1, Appendix A]. Still, we prefer to compute
the norms {h;},_,  with the help of the normalising constant 1, Eq. (A.11)], by making use
of the expression derived in Eq. being a ratio of the determinant of the Gram matrix and its
respective minor.

By comparing our normalisation given in terms of the Gram matrix with the normalisation derived
in [1, Eq. (A.11)],

o1 N (ra+1—1)k!

N
N K—U
det [g; (8:)); ;=1 = AN (081, oy) o 2 [ [ o e (5.41)
k=1 1=1 z
and by making use of Eq. (4.44]) we obtain
! 12+l Al
hj :72!(N+I/271).0'Bj H (O’ijo'Bk) . (542)
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We now can state the single-sum representation for the correlation kernel of the two-epoch model as
composed in Eq. (4.41):

N
(k—v
Kn(z,y) = vat(n—vo)! ZUB (x/oBj) ) eTT/0A By (r2+1;6+1505x) (5.43)
j=1"57
N
x]{ dzy e”l ]{ dzg €2 H Y—OAZ] —OBEZ2
"o 2Tz (zl/gBj)"””*”Q 2m Zé\”r”? k1 ki 0Bj — OBk ’

We additionally may represent the one remaining sum in j in the latter expression for the correlation
kernel as a contour integral which simplifies the N-dependence and makes the present kernel compara-
ble to the one-epoch model. Let us perform first the following substitutions: y — 2104 = y(, where the
contour for ¢ called ~; encircles the pole at ( =1, and after substituting ze = 2/{ with the condition
of Re( > 0, we obtain

% (z\" e/ 74 pyl (k— 1) Mo 7 Lt (o1 _g=1 5 44
n(z,y) = v) ovloa o ;El 1(1/2+ iR+ ,(UA —aBj>a:> (5.44)
- N
X% dg¢ < 1 >H Vz% dz ( y¢ )VQ 02/C—Culoa H y/z—opk
0 2m(1=¢) \ (1 =¢)oa o 2mz \ 20B; k=1 hrj OBI ~ OBk ’

where both contours, yg and 71, are taken counter-clockwise. The factor, x* e~/0A Jy" e"¥/74 can be
neglected as we still remain in the same equivalence class of correlation kernels as stated in Eq. (4.4)).
We encircle all covariance eigenvalues o1, ..., cgny with the contour integral parametrised with ds

counter-clockwise

ol (k—12)!
k!

d¢ 1 vz dz (yC\"™? e*/C—Cy/oa N y/z—UBk
X}gl 2mi(1—¢) ((1—()0,4) 7{0 2miz (sz) y/z—s H S— 0Bk

The contour vy, , encircles all the positive eigenvalues of the covariance matrix ¥ 5 in positive direction,

d
Ky (z,y) = %2 2;5 1By (V2+1;I€+1;(021—871>$) (5.45)
B

not crossing the contour ¢ parametrised by the integration variable z, due to the factor of (y/z —s)~
Because the product standing at the end of the latter expression comprises all parameters opg1, ...,
oBN, this expression for the correlation kernel is suitable for the introduction of degeneracies of the
covariance matrix X pg.
We illustrate the obtained result by depicting the spectral density, Ky (z,2) = R1(z), for finite N and
with fixed values for the parameter set {op; }j:17-~, y in Fig. The analytical and the numerical
solutions to the level density coincide. In these two diagrams two different epoch lengths are imposed.
In the left diagram the epoch lengths are comparable to the number of observables, whereas in the
right digram long epoch lengths are considered. For long epoch lengths the positions of the individual
peaks can be estimated again by

N

Rl(.’)’;)%Z(S(x—(N-i—l/l)O‘A—l—(N—l—Vz)O‘Bk), for N+v1 >N and N4+vy>> N. (5.46)
k=1
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Figure 5.2: Comparison of the analytical result for the spectral density (red curves) with Monte Carlo
simulations (histograms=shaded area, 10° matrices drawn from the ensemble ) from
|1l Fig. 1]. We employed the parameters N =9 with the fixed covariance matrices ¥4 = 1g
and X g = diag(0.02,0.20,0.30,1.50,2.01,2.25,2.27,4.05,4.13) and the time length of the epochs
(N +v1,N+wv2) =(35,40) (left plot) and (N +v1, N +v2) = (350,400) (right plot).

In this case the separation of the individual eigenvalue distributions is strong, although these individual
distributions are broadened by comparison to the left hand side. This effect is already discussed in
the previous section after Fig.

Let us point out the main differences between the correlation kernel of the one-epoch model from
Eq. and the correlation kernel of the two-epoch model from Eq. . These can be seen in
the emerging confluent hypergeometric function 1 F; in the two-epoch model due to v5 # k as well as in
the second complex contour integral, such that an interplay between g and 7; has to be involved. The
extension from the one- to the two-epoch model is, thus, non-trivial. These and further implications
in the correlation kernel of the two-epoch model can’t be directly derived from the correlation kernel
of the one-epoch model. Hence, the generalisation from the one- to the two-epoch model involves
sophisticated methods.

The question for a naive comparison of the global densities of these two models can be asked. The
two figures, Fig. 5.1 and Fig. [5.2] allow two interpretations to the comparison of the global spectral
density:

e Lost-memory case: The second epoch X5 can be studied as a one single epoch, without the
information of the first epoch. Thereby, the second epoch becomes a one-epoch model, Xo = X
and Yp =3 and X, is integrated out. By doing so, the upper left and the lower left diagrams
in Fig. [5.I] can be taken for the comparison to the diagrams in Fig. [5.2] due to their number of
time steps coinciding with 40 and 400. For both lengths of the time series, the distribution for
the three smallest eigenvalues differs strongly between the two models. In the one-epoch model,
it stays near the origin, whereas in the two-epoch model these three eigenvalues are pushed away
from the origin. In addition, in the case of a long time series, namely with 400 time steps, the

repulsion from the origin can be observed for all eigenvalues.

e Time-independent case: The entire time series Y = ( X3 X2> can be assumed to have time-
independent but non-trivial spatial correlations. In this comparison we would set ¥ = X and
>4 =X p =2%. Thus, no threshold appears in our system. Fig. [5.2]is comparable with the right
upper and the right lower diagrams in Fig. with the coinciding number of time steps: 75 and
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5 Spectral Statistics

750. Here, we observe the increased repulsion from the origin for the smallest three eigenvalues
for the two-epoch model in analogy to the lost-memory case. However, the entire spectrum of
the two-epoch model is narrowly distributed. In the two-epoch model, the increased repulsion

from the origin is suppressed for the large eigenvalues.

As discussed above, the time-independent case is analytically not comparable to the two-epoch model,
whereas an average over the first epoch in the two-epoch model is thinkable and would yield the lost-
memory case. This difficulty is according to our discussion at the end of Sec. 3.2

From the application point of view, as discussed in the first part of Chap.[2| the experimentalist would
like to include empirical data into a random matrix model to model the spectrum of the covariance
matrix influenced by statistical fluctuations. Thereby, the statistical fluctuations are of the same
order as the eigenvalues of the covariance matrix and, hence, they are overlapping. For a qualitative
meaningful figure the experimentalist has to approximate the covariance matrix with the help of the
mean, see Eq. , which implies reproducibility of the given experiment. In this set-up, the time
dependence of the experiment is a preliminar knowledge and, thus, the question of the appropriate

random matrix model does not arise.

5.1.3 Temporal Cross-Correlations

In this section we present the derivation of the correlation kernel characterising spectral properties of
the two-epoch model under the assumption of temporal cross-correlations. Our considerations to this
model do not appear in the principal publications nor in further literature, but we use methods, which
are well known. The use of unitary group integrals for our present discussion are comprehensively
described in |2], whereas the derivation for the correlation kernel follows the method presented in [1].
From Sec. the eigenvalues of YY1 with ¥V = (Xl X2) correspond to spatial cross-correlations
in the two-epoch model. The dyadic product, YYT, shares the same spectrum up to null-valued
eigenvalues. Still, the dyadic product contains further information as it immediately becomes visible

in

Xix; Xix
yly = [T100 7102 (5.47)
XX, xix,

Here, in the off-diagonal blocks the product
T=X/X, (5.48)

occurs and is non-trivial for unequal covariances ¥ 4 # Y. We interpret the singular value statistics
of these off-diagonal blocks as temporal cross-correlations in the two-epoch model.

Note that the eigenvalue statistics in the diagonal blocks, X I X1 and X;LXQ, respectively, can also be
studied. However, they are already known from the one-epoch model, Sec. due to the indepen-
dence of X7 and Xs.

In the literature, products of independent complex Wishart matrices including external fixed matrices
are already known, see our discussion in Sec. [3.:3] However, due to non-trivial numbers of zero modes
vy and vy our particular set-up is new. The product matrix Y is of dimensions (N 4v1) X (N +v2).

The rank of Y is N. For vy #0, vo # 0 and v; # vo explicit expressions for the joint probability
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5.1 Sum of Two Independent Wishart Matrices

distribution function for the singular values of T as well as the corresponding correlation kernel are
new results.

In the derivation of the joint probability distribution function of the singular values of Y, the fixed
matrix > 4 has to be chose degenerate. However, we keep ¥ 4 arbitrary up to the computational step,
at which it becomes immediate why this covariance matrix needs to be chosen degenerate.

We begin our computation with a squaring decomposition of the rectangular matrices X; and Xy by
following [117]. Thereby, two random matrices X7 and X3 of dimensions N x N can be used to repre-
sent the spectral properties of X1 and Xo, respectively. Two unitary matrices are required for the map
X2 — X’l/g, where each of those belong to the unitary coset spaces: Ug € U (N +v1) /[U(N) x U(11)]
and U € U (N +wv2) /[U(N) x U(v2)], respectively,

X1=(X1,0n,,)Ua and Xo = (X2,0n,,)Us, (5.49)

where we denote null-valued matrices by On ., . The singular value statistics of T remain unchanged
under this map, which can be verified on its characteristic equation by making use of the unitarity of

Ua/p and cyclicity of the determinant operation,
Yt 0
det [m Ny — TTT} = det |21 4y, — N | (5.50)
Ovy N Ouyn

where we call the emerging product
T=X/X,, (5.51)

which is of dimensions N x N. From Eq. we additionally identify that T and T share the same
singular values.

The probability densities for X, /2 are obtained from those of X; /5 by implementing the according
Jacobian from the Lebesgue measure [Xm/Q] — [Xm/g] du (UA/B), which is essentially given by a
determinant of Xy /5 X I /2 The probability densities for X; /2 are thus weighted Gaussian densities,

P(X1[Sa) [dX1] ~ e T2 XX geg [lecﬂ T ax] dp(U.), (5.52)

and analogously for P (X3|Xp)[dX2]. The probability density for T is obtained by performing the

following substitution,
XI%TZXIXQ and X2—>X27 (5.53)

in the joint densities for X; and X. Assuming X to be invertible, we find in the probability density

for X; and X5 a random two-matrix model for T and Xo,
_Tr (Rin, %) 77 S -
P(X1[S4) [dX1] P (Xa|E5) [dXa] ~e T (K3BaXe) XY g 17| T (5.54)

g s _ . qe-ni—N
w e TrE5! XaX] go [XQX;T/Z !

[dXs] du(Ua)du(Us)

The additional determinantal weight in Xs of the power —; — N in the latter expression arises from
vy

det [)NQXH [df(l] — det [TTT] “ [dT} The two Haar measures, du(Up), can simply be integrated
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5 Spectral Statistics

out from the expression in Eq. as the integrand does not depend neither on U4 nor on Up.
For the integration over X5 we would like to prepone singular value decompositions, as discussed in
Seq. X X

From singular value decompositions, Xo = VxA5Ux and T = Vy A3 Uy, it becomes immediate, why
the half degeneracy, ¥4 = 041, has to be assumed if a determinantal point process for the singular
values of T is desired. From the Lebesgue measures [dXQ] and [d'f] we obtain Haar measures with
respect to the involved unitary matrices: Vx, Ux and Vy, Uy. Integrating out the dependence on
these unitary matrices from the expression in Eq. we are faced with three breakings of unitary

bi-invariance:

e First, in order to keep non-trivial correlations among the entries of Xs, its left unitary invariance
is broken, exp |—Tr V)T(EglVXAX} .

e Second, the unitary invariance of Xy is again broken from the left by including the first covariance

—1
1 1 -
matrix in the exponential, exp | —Tr (A;V;EAVXA)?() TiY|.

—1

1 1 o -
e Third, again in the exponent exp | —Tr (Af( V;E ¥ AVXA)2(> Y'Y | the unitary invariance of T

is broken from the right .

The only dependence on a unitary matrix factorising from the singular value dependence in the density
in Eq. is in Uy. However, both exponentials are coupled through Vx and the first exponential
depends on Vx and on Vy. These dependencies cannot be simplified further through the unitary
invariance of the involved Haar measures. The integration over these unitary matrices does not lead
to a determinantal expression, see for a discussion in a similar case [118]. As in the analysis of spatial
cross-correlations, we make use of the half-degeneracy, X4 — cally and Xp = diag(opi1,...,08N),
from Eq. . This degeneracy decouples our two Gaussian weights and ensures determinantal
structure from unitary group integrals. We apply the Harish-Chandra/Itzykson—Zuber integral from
Eq. twice.

The joint probability distribution function for the squared singular values y1, ..., yn of the matrix T,

or equivalently of the matrix Y, and simultaneously for the squared singular values of X5 denoted by

z1, ..., N is given by
Py (z1,...,ZN3Y1,--- UN) (5.55)
_ oz N - N
o Ay (y1,-..,yn)det |:$;{2—le aBj:| det[(’) o GA.rj:| ’
W=t i ij=1

where we have used that Ay (xfl, ... ,x?\,l) = const. Ay (21,...,ZN) /H,ivzl kafl and suppressed the
normalising constant. Our joint probability distribution function of {z;},_,  y and {y;},_, y be-
longs to the class of biorthogonal two-matrix models as discussed in Sec. [£.5] For the joint probability
distribution function for y; ..., yny we integrate over all x1, ..., .

With the help of Andréief’s integration formula [90] the N-fold integration,
fooo dxy... fooo dxn PN (21,...,ZN;Y1,-..,yN) results in one single integral, see Eq. 1) with Eq. 1)
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5.1 Sum of Two Independent Wishart Matrices

Thereby, we make use of the formula [82, 3.471.9],

o __z y .
/ doav2~1—le 78] o~ 7az — o ( T8IV
0 A

where K,,_,, denotes the modified Bessel function of the second kind, which was introduced in
Eq. (3.46). We additionally made use of its symmetry in the index, K_,, = K, from [82 Eq. 8.486.16].

The joint probability distribution function for the squared singular values y1, ..., yn reads

voa—vj

Koy, (2 Y ) (5.56)

TAOBj

det [ (47,0408} 3 AN (U1, yN)

Nidet (v +j—Dve+i— 1! (oa0m)|
1,)=
with
vo+vy
@(yaaAgBj) 2( Y > i KVZ*Vl (2 Y ) y (558)
OAOBj OAOBj

which is a polynomial ensemble with permutational symmetry as given by Eq. . The resulting
Gram matrix (v1+j—1)!(va+j—1)! (O’AUBi)j = fooo dyo(y,040p;)y’ 1 is given in the literature by
the formula [82, Eq. 6.561.16] .

From here on we turn to the solution of the given determinantal point process which is its correlation
kernel and we follow analogously to the previously solved ensembles the method presented in Sec. [4.4]
The given polynomial ensemble with permutational symmetry can be solved by the computation
of its single-sum kernel as presented in Eq. . Therefore, the expectation value of one single

characteristic polynomial is needed, which reads in the present case
s v1,v2,5p8
<det [x]leTTT}>~ (5.59)
TN

:x_”l/[Xm][dXQ]P(X1|EA)P(X2|EB)det [a;nN+,,1 —XIXQXgXl} .

We extend the dimension of the considered determinant by linearising the operator TYT,

v1,v2,5B
Vi v <t v1,v2,5p
g (det [wny —TT ]>T = (det : (5.60)
’ T,N

xAllN-‘er T

ol TBINfuy

with x =x42p,

where we came back to the original product matrix T from Eq. (5.51)). From here, it is immediate that
the resulting determinant of dimensions (2N + w1 +v2) X (2N + v +1v2) can be parametrised exactly
in the same way as in the analysis of spatial cross-correlations in Sec. The so obtained Berezin

integral reads

V1,02 At v1,v2,58
TLTh <det [x]lN—T’I‘ :|>'TN (5.61)
V1,V2,%5
= [ [dV] e—xAV,ZVA—xBVEVB <eV,:;XIX2VB+VBiX;X1VA> 1,v2,58 .
X1,X2,N
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The expectation value with respect to the two complex Gaussian matrices X; and X as well as the
duality formula are to be performed analogously to the previous section. We skip these steps, as they

are previously presented in detail. The present characteristic function reads

Fot ot v1,v2,5B
(VAXIX2Va+VEXIXIVa ) — det |1y = ViVaViVES AT . (5.62)

X1,X2,N

As in the previous ensembles, the one-epoch model and spatial cross-correlations in the two-epoch
model, we obtain an N X N determinant. As the main difference, here, for the temporal cross-
correlations we obtain a product of the covariance matrices weighted by V);VAV; Vp . For the spatial
cross-correlations we could conclude that an extension to more than two epochs can immediately be
arranged through an extension of the sum of covariance matrices in the characteristic function. For
the temporal cross-correlations a product of more than two covariance matrices in the corresponding
characteristic function is thinkable. However, an interpretation of such extension is non-trivial and
goes beyond the scope of our considerations.

We now turn to the superbosonisation formula, which has to be applied twice on

f(z1,22) = exp[—zaz1 —xp2za]det[Iy — 2120542 p]. By taking into account the half degeneracy,
Y4 —04ly and X = diag(opi1,...,08nN), from Eq. 7 we obtain

. v1,v2,5B
<det [mN - TTT] > ) (5.63)
T,N
dz1 dzo e*1t22 N
— (N +v) (N +1)! _ D
(N+v)H(N +v2) 7{0 omiz j{o Omizo z{w”’lzéwr”? g(m 2122040 B;)

where we plugged in x =z xp from Eq. (5.60). The two contour integrals specified by 7 are taken
counter-clockwise around the origin and independently of each other. Nonetheless, the two countour
integrals in z; and 2o are not factorisable due to the product Hf\;1 (r—2120040B;) -

For the wanted polynomials {x (z,0408;)},_,  y, we perform the dimensional reduction according

to Eq. (4.45)), yielding

X (z,0408;) (5.64)
z1+z N
:(N—1+u1)!(N—1+y2)!f dz1 ]f 2 ] (x_UAUBk>a
0 2m1z o 2mizg 21" 2 k=1 ki 2122

where both contours are taken around the origin in counter clock-wise direction.

As a simplifying step we remove this coupling from the complementary product. It can be done by
considering substitutions of the type z1 — z(z1) = sz1 and z2 — s(2z2) = z2. We are able to make use
of the modified Bessel function of the first kind,

n d zZ
z7 21, (Qﬁ) 27{ 25 gnesti , for Ren>—1, (5.65)
8l

o 2118
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5.1 Sum of Two Independent Wishart Matrices

where this integral representation follows from the Taylor series from Eq. (3.18) and by applying the

residue theorem, such that only one single contour integral remains,

X(7,0408;) (5.66)

N
d vo+uv
:(N—1+V1)!(N—1—|—I/2)!f z z- 22 1Iy27u1 (2\/5) H (g_UAO'Bk> .
v 272 K1 kot z

Note that the modified Bessel function of the second kind possesses the symmetry I_,, = (—=1)"1,,
from [82 Eq. 8.404.2].

It remains to compute the norms h; in order to obtain the entire correlation kernel in the derivation
from Eq. . Therefore we make use of the orthogonality condition,

dijh; = fooo dry(x,040B;) x (x,040R5), in analogy to the one-epoch model in Sec. We have to

perform two integrals,

° T 2 T
hjéij :2(N—1+V1)!(N—1—|—l/2)!/ dx ) KVZ*Vl <2 )
0 OAOB; OAOB;
dz votry N T
X ﬁo 27”12,27 LI N (2\/2) H ' (; _UAUBk:) . (5.67)
k=1,k#j

Comparing to the calculation of the norms in the one-epoch model case, the construction of the
polynomials f; by considering their meromorphic properties was the key tool, see Eq. (5.21]). Here we

have

. a U—0AO0BEk
fiw= [ ——— (5.68)

’
OAO0B; —0OAC
k 171 /:j A B] A0 Bk

where they obviously satisfy the Kronecker-Delta property for the finite set {oa0Bi};,—1  n,
fj(JAUBi):(sij for i,5=1,...,N. (5.69)

By performing the substitution z — zz, the polynomials {f;} j=1,.. N €merge under the integral with

1/z in their arguments,

N
_votry
hjéij =2(N—-14uv)!(N—=1+4w)(ca0p;) 2 H (UAUijcTAJBk)

> x dz _vatvg 1
X/o dx Ky, —y, (21 / CTAUBi> ﬁo 5177 LA S, (2\/352') £ (z) . (5.70)

The coupling between the integrals in « and z has been moved by this substitution to the argument
of the I-Bessel function, which facilitates the x integral. Namely, we now can change the order of

integration and are allowed to make use of the formula [82, Eq. 6.576.7],

vo—vy 1

° x 1
/ dzKyy 1, (2 ) Ly, (2Vz2) = 5 (caopiz) 2 —————- (5.71)
0 _

OAOB;
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It remains to evaluate the contour integral around the origin,

N

hjéij :(N—l—i-Vl)!(N—l—i-l/g) (UAUBZ) vitl H (O’AO'BJ'—O’AO'Bk)
k=1,k#j

(5.72)

dz 1 1 (%)
x 2 vi+1 1 :
Y TZ 2 E—O'AO'Bi
The integrand is holomorphic up to z = 0 and a possible singularity in z =1/040p;, depending if
i =j or i # j, which is not encircled. Using the Riemann surface as a sphere through the substitution

z — 1/u we have

7{ dz 1 lfj(%) :ﬁ du unf () (5.73)

vi+1 1 . — .
N 2MZ Z S —0A0B; AT B 2mu—oa0B;

where the contour integral v, ,o 5, encircles the pole at o40p; in counter-clockwise direction. The
integrand contains the singularity at c4op; only once and thus by making use of the residue the-
orem we evaluate the numerator at this value, (c40p;)" £j(ca0p;). This evaluation yields us the

Kronecker-Delta property presented in Eq. (5.69). The norms h; are given by

N
hj:(N71+V1)!(N*1+V2)!O'AO’BJ‘ H (UAUBj*UAUBk)- (5.74)
The single-sum representation for the correlation kernel for the squared singular values y1, ..., yn

distributed by the joint probability distribution function from Eq. (5.57)) reads

vo+vy

x 2 T
) ( ) Koy, (2 ) (5.75)
0AOBj \OCAOBj OATBj

N

X% ﬁIVQ—Vl (2\/5) H Y—20A0BE
Y0

2m N+225 OAOBj —OAOBK

k=1,k#j

which was the main goal in this section.

Analogously to the correlation kernels derived previously, the remaining single-sum in j in the latter
equation can be rewritten to a contour integral enclosing all fixed parameters caop1, ..., cpopn. In
addition, we can introduce degeneracies in the set {o40p; }jzl, LN For illustration, a degeneracy

can be introduced by
OAOBn+1=...,0A0BN =040p, Wwith cq0p>0 (5.76)

leading to the correlation kernel:

ds dz [ x VQJEVl - (2v/2) 2Ky -1,y (2 33/5)
Kn(@y) :f 27723% 2mz (;) /z— (5.77)
Yop Y0 y/z=—s
N—
" y/z2—0A0Bk Hy/Z_O'AUBk
S—O0A0BE S—O0A0BE ’
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5.2 Product of Two Coupled Wishart Matrices

where vy, encircles all {0A0B1,...,040Bn,040p} in counter-clockwise direction but not enclosing the
origin. Due to the coupling (y/z — 5)_1, tha paths vx;, and g are not crossing. In Fig. one possible

choice of the countour integrals v and 7y, is depicted. This expression for the correlation kernel is a

Y0 <

0AOB1 0A0B2 0AOB O0AOBn

[
o

Y

Figure 5.3: Nested choice of the contours 75, and 9. For the second choice of non-intersecting contours that
is non-nested ~g is including only the origin, but none of the {c 40B1,...,040Bn,0405}. Because
s is excluding the origin we don’t have a third choice here, where 7 is lying inside vy .

new result. It is a generalisation of the correlation kernel of the product of two independent Wishart
matrices from Claeys, Keuijlaars and Wang in 2015 [119, Thm. 2.8] generalised by an additional

dimension in the indices of the modified Bessel functions, I,,_,,, K,,—,, and in the power of the

vo+

additional weight (z/sz)” 2 . . The finite-rank perturbation caused by the pair wise distinct external
fixed parameters o a0 pB1, ..., 0408y, has been implemented in the principal publication [2, Thm. 3.8]
with M = N by taking into account the degeneracy value 0 g0 in the degenerated N —n parameters
and o040 p;j = ag; in the non-degenerated n parameters.

We close the discussion about the two-epoch model. In the first part in Sec. [5.1.1] we studied the
singular value statistics of the one-epoch model as a preliminary consideration. In the second part
in Sec. we studied the spatial cross-correlations in the two-epoch model and in Sec. the
temporal cross-correlations in the same model. Thereby, the half degeneracy for the two-epoch model
Y4 =o0aly and ¥p = diag(op1,...,08n) had to be taken into account to obtain determinantal
point processes. Nonetheless, it represents unequal covariances for the two epochs.

All three determinantal point processes belong to the class of polynomial ensembles with permutational
symmetry. Thus, we could make use of the modified Heine formula from Sec.[£.4]in order to derive the
corresponding correlation kernels. For the desired polynomials, x(z,0;), x(z,9;) and x(z,0408;), we
made use of the superbosonisation formula yielding the Egs.: , and , respectively.
After the derivations of the respective weights, h;, the single-sum representation of the particular
correlation kernels could be presented. In addition, the single sum in each of the correlation kernels
were mapped onto a contour integral, respective to the ensemble in Eqgs.: (5.27), and (5.77).
These analytically obtained expressions are the main results in our analysis of the two-epoch model

and reflect the integrability of the considered models.

5.2 Product of Two Coupled Wishart Matrices

In this section we study singular value statistics of the product Y of two complex Wishart matrices
X1 and X, which are coupled and carry correlations induced by fixed matrices. Our discussion is

presented in three parts.
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First, we derive the eigenvalue representation of this model, for which we make use of unitary group
integrals from Chap.[3] The so obtained joint probability distribution function belongs to biorthogonal
two-matrix ensembles and, thus, it determines two sets of singular values, namely of Y and of X5. In
addition, by setting the coupling to zero we obtain the product of two independent Wishart matrices
comparable to our results in temporal cross-correlations from previous analysis. Second, for all these
cases we will derive the respective correlation kernels with the help of one single computation and a
case analysis afterwards. Thereby, we will refer to our preparatory work from Chap. [d Third, our
focus in the spectral statistics of this model lies on the limiting kernel in the weak non-hermiticity
regime motivated by the application in QCD. We will discuss the interpolating property of this kernel
under the inclusion of external parameters.

Our results are based on the princpial publication [2]. However, the use of the notion of biorthogonal
two-matrix ensembles is new and simplifies the approach to the emerging point processes.

Let us recall the main quantities of our present model from Sec. [3:3] The probability density for X;
and Xy being of sizes (N +v) x (N + k) and (N +v) x N, respectively, is drawn by

P (X1, Xs) = Ce—Tr wx]x,-Tr Qxox+Tr (QXIX2+X;X1§2) . (5.78)
Here, the normalising constant is ¢ = 7~ (N +¥)(2N++) det, [W]NJrV det [Q RIN—1Iny, ® QWﬁlQT] and

we keep the additional parameters in the sizes of the matrices positive, fixed and independent of NV,
k>0 and v>0. (5.79)

Three fixed matrices are introduced in the probability density for X; and X5. Namely, two matrices of
covariance type, W of size (N + k) X (N +x) and Q of size (N +v) x (N 4v), are given in the Gaussian
weights. The coupling weight is parametrised by the fixed matrix €2, which is of size N x (N + k).

We ask for the singular value statistics of the product
Y = X{ Xs, (5.80)

which is of dimensions (N + k) x N.

We will briefly sketch the derivation for the joint probability distribution function for the squared
singular values y1, ..., yy of Y in emphasising the key steps. Thereby, it will become clear that
the first covariance matrix has to be assumed degenerated if a determinantal point process is to be

obtained,
W =alnyty,, with a>0. (5.81)

Nonetheless, in the derivation of the joint probability distribution function of {y;} v we will

j=1,..
keep W arbitrary as long as as possible.

The normalisation constant, ¢ > 0, provides a condition on W, @ and 2. Let us denote the eigenvalues
of @ by q1, ..., qn+, and the squared singular values of Q by d1, ..., 5. Together with the degeneracy

of W from Eq. (5.81] the convergence condition reads

ag;—6; >0 and §; >0, forall i=1,...,N+v, and j=1,...,N. (5.82)
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5.2 Product of Two Coupled Wishart Matrices

The two fixed matrices @ and ) can, up to the convergence condition, be taken arbitrarily. Thus, on

the level of determinantal point processes these two sets of external parameters are implemented.

5.2.1 Eigenvalue Representation

For the derivation of the joint probability distribution function for the squared singular values y,
..., yn of the product ¥ = XIXQ we consider the probability density for X; and Xs. We multiply
the probability density from Eq. with the corresponding Lebesgue measure as introduced in
Eq. (3.2). In addition, we apply the squaring decomposition on X5 analogously to Eq. (5.49),

Xo=U ( X ) (5.83)

v,N

including a Jacobian of the form [dX2] = det [)N(gf(;r} Y [dX5] dpu(U), where du denotes the Haar mea-
sure for the unitary matrix U belonging to the coset space U (N +v)/[U (N) x U(v)]. The resulting
matrix Xo is of quadratic size, N x N, and shares the singular values with X5.

From the above deomposition of X5 we obtain in the coupling term parametrised by € in Eq.
the multiplication of X with U, which yields a substructure

X,
Utxi=(."], 5.84
1 (X ) (5.84)

0

which factorises in the X, dependence in the probability density as

. . TrQU( )UT
P (X1, Xp) [dXi] [4Xa] = o™ TEW Koo [ | o TrW i Ovv O (5.85)
et %t %1200 [ o I 12N
« oTr (0% X+ X[ X 0) [Xm] det [X2Xg} [dX,] dp(U) .

We observe that the Xo—dependent part contributes to the normalising constant solely. By plugging
Eq. 1) and Eq. 1| into the composition of the product matrix, ¥ = X I X5, no Xo-dependent
term remains.

We perform now the substitution
X1—>Y=XIXQ and Xg—)Xg, (5.86)

yielding the probability density for Y and X, from Eq. 1) By taking into account the so emerging
A -~ ~1]—K—N
Jacobian, {dX 1} =det [XQXH [dY] we obtain

e\t TrQU(
PV, %) [dY] [dXy) = e WY (K3 %2) T 0wy

" uv—K—N N
< oI (v+yial) g [XQXgr " [dY][dXs] du(U),

(5.87)

where the integration over X is implied in the modified proportionality constant ¢’.

The latter expression is closely comparable to the probability measure of T and X, from the pre-
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5 Spectral Statistics

vious section presented in Eq. (5.54) regarding temporal cross-correlations in the two-epoch model.

Thereby, the degeneracy of the covariance matrix >4 — 0415 was crucial in order to obtain a de-
e\ —1
terminantal point process. Here, the Gaussian weight exp [—Tr wyYy (X;ng) YT] is breaking the

unitary bi-invariance in Y. The application of unitary group integrals arising from the corresponding
singular value decomposition on this term is intractable for a non-degenerate covariance matrix W.
Hence, we continue from here on with the degeneracy, W — al 4, with a > 0.
The joint probability distribution function for yi, ..., yn and concurrently for the squared singular
values of X5, which we denote by x1, ..., xn, can be derived from their singular value decompositions,
1
A2 5 3 .
Y=V ( Y ) Uy and X3 = Vx A% Ux. Thereby, the two Lebesgue measures factorise as presented
OK,N
in Eq. (3.11) yielding the appropriate Haar measures in Vy-, Uy, Vx and Ux as well as squared Van-

dermonde determinants in the sets {y;}
[dAy] and [dAx].

Five unitary matrices are involved in our computation: U, Vy-, Uy, Vx and Ux. By making use of the

j=1,.n and {z; }j:Lm’N with remaining Lebesgue measures,

invariance of the Haar measure dy under the conjugation by an elemenet of the appropriate unitary

coset, space, all dependencies on unitary matrices can be reduced to three known integrals.

e First, by shifting Ux — Ux Uy the integral over Ux € U(N) can be performed with the help of
the Harish-Chandra/Itzykson—Zuber integral, see Eq. (3.16),

—ald
det {e azl} N
—aTrayUlAL'w b= P
du(Ux)e™ @ vyUxAx Ux i >89
/U(N) (Ux) AN(yla“-?yN)AN(xl’”"xN)i:l_Il ' o
where we made use of Ay (xfl,...,xﬁl) = const. Ay (3317--~a33N)/H£\L1x11'V71'

e Second, the unitary group integrals over V3 and Uy can be performed with the help of the
Berezin-Karpelevich integral, see Eq. (3.17). Thereby, the invariance of the corresponding Haar
measures allows us to carry out the singular value decomposition of the coupling parametrsing

matrix Q= Vg ( Aé 0 N’H) Uq. The so appearing unitary matrices can be absorbed through the

shifts: Vy — U;g Vy and Uy — Uy V;{. The remaining integral reads

1
2
2ReTr (Aé On H)VY ( AY >Uy]
; 0,
/ du (Vy) du(Uy ) o N (5.80)
U(N+x)xU(N)/U(1)N
-5 N
det |:yj IK (2 6iyj)]i,j:1

X .
AN (61,---,0N) AN (Y15 -,YN)

e Third, the integration over the unitary matrices U and Vx remains. These unitary matrices

VxAxVE 0
—TrQU< XXX N’”)UT .

Again, the fixed
OV,N 01/,1/

are involved in the Gaussian weight exp

matrix can be diagonalised Q = VQAQVCJS and the Vg-dependence can be absorbed by the in-
variance of the Haar measure by shifting U — VQTU. However, the application of the Harish-
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5.2 Product of Two Coupled Wishart Matrices

Chandra/Itzykson—Zuber integral from Eq. requires an appropriate domain, which is
U(N +v)f] because the fixed matrix @ is of rank (N +v).

The Haar measure du(U) is defined on the coset space U(N +v)/[U(N) x U(v)], whereas du (V)
is defined on U(N)/U (I)N . For the appropriate domain we introduce a complementary unitary
matrix V,, defined on U(v) such that the product

. Vx 0
g=ul " "N, (5.90)
OI/,N Vu

Ax  Onyw
OV,N 01/,1/
du (U) taken over U(N +v)/U(1)"V. This unitary coset space is sufficient for the application of
the Harish-Chandra/Itzykson—Zuber integral,

~TrAQD ( Ax 0N7”> ot
d,u (0) e OV,N 01/,1/

factorises from ( > . We denote the integration over du(U), du(Vx) and dup (V) by

/U(N+u>/U<1>N
1 N+v
det {1,qj,...,q}’_ ,e" 4T e_qJ'g”N] ‘
x =1 (5.91)
ANnyo (@1, qN40) AN (21, zn) T 27
i=1

Note that this is not the standard Harish-Chandra/Itzykson—Zuber integral, but a degenerate
limit of it. However, it can be derived in a simple way by making use of L’Hopital’s rule, see
Eq. (3.51)). Therefore, the standard Harish-Chandra/Itzykson—Zuber integral from Eq. (3.16])

can be considered and a part of the participating elements are taken to zero.

After these three integrals, all dependencies on unitary matrices are integrated out. The normalising
constants play only a secondary role, because the resulting determinantal point process can be nor-
malised by a direct integration. The joint probability distribution function for the squared singular
values of Y and of X5 was already presented in Sec. in detail. We want to recall the main corner-
stones.

The squared singular values y1, ..., yy of Y and concurrently the squared singular values x1, ..., TN
of X5 are distributed by

PN(xla"wa;yl,'“ayN) (592)

— N+v N N
o det |:1aQ’Lavq;/ 17@(1:170[(%)7"'a§0i(‘r]\77a(h)]i:1 det[w(x]7yl)b7j:1det[w(ylﬁaj)bhjzl
N 2 _ N-+v )
(N') det [quv?(I: 1agila~--7giN]i:1

where the singular value dependent terms are given by

oy

p(raq) = 0, p(y.8) = 05) P (2v/59) and wizy) = () e F, (599

T

*The application of the Harish-Chandra/Itzykson—Zuber integral is also possible on the domain of U(N+V)/U(1)N+”,
where the extension to the full space U(N + v) is trivially given by integrating over (N +v) independent unitary spaces U(1).
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5 Spectral Statistics

and we already implied that ¢;; = qzj_l for i=1, ..., (N4+v) and j=1, ..., v. In addition,

we emphasise the dependence on the external parameter in the second argument of the elements,
{pi(z) = @(mvaqi)}izl,.“,N—i—y and {¢; (y) = w(yﬁj)}j:h,,,]v :
Making use of the notion of biorthogonal two-matrix ensembles from Sec. [L.5] the joint probability

distribution function for the squared singular values, of Y solely, reads

—1 A ~ N+v N
det[laqiw"vq;j lvp(yhaq’i)v"‘up(vaaqi)]izl det[¢(yi75j)]i7j:1

_ N+v ’
N'det[laql77q;j 1agi13"'7giN:|,L-:1

P (g1, yyn) = (5.94)

whereas the joint probability distribution function only for the squared singular values of X5 reads

v— N+v
(X) _det [17qla7q@ 1a<)0(x17OéQ’i)7"'790(33N701qi)}7;:1 det[p(xlvéj)}']:szl
Py (21,...,2N) = = NTo . (5.95)
Nldet [17Qia"'7Qi 7g7§17"'ag’iN}i:1
with
. 5 1 %=
p(y,aq;) =2(aqiy)? Ky (2¢/aqy) and p(z,0;) = e (5.96)
foralli=1, ..., (N+v)and j=1, ..., N. The normalisation is given by the Gram matrix
1
gij=——, for i=1,...,.N+v and j=1,...,N. (5.97)
qui—(sj‘

We would like to emphasise that the joint probability distribution function PZ(VX) can be identified

with the generalised Wishart ensemble introduced in Eq. by setting ¥ = —QQ/a. By this
identification, the eigenvalues of ¥ are all conditioned by the positiveness of the singular values, §; >0
for all j.

Once again, both determinantal point processes, P](VY) and P](\,X)7 share the same Gram matrix. The
computation of the correlation kernel of one of these ensembles, K](VY) or K](VX) , yields immediately
the correlation kernel of the second ensemble as stated with the help of Eq. .

In addition, the product of two independent Wishart matrices can be obtained from P](VY) by setting

all coupling parameters to zero, §; — 0 for all j, which reads

lim PV (g1, ) (5.98)

61,.-,0N—0

1 —1 ~ N N+v
:7det[1vqiv~°'vq1’,’j lap(ylva%')a'~~7p(yN704%')]i:1 An (Y1, YN),
N

as shown in the course of Eq. (3.52). This biorthogonal ensemble is a polynomial ensemble with per-
mutational symmetry and its correlation kernel can be derived with methods presented in the previous

(Y)

section. However, this ensemble results from lims, . sy—o0 PNY , such that we achieve its solution by
investigating lims, .. sy —0 K](VY) .

Note that our previously derived correlation kernel from Eq. can only be applied to the determi-
nantal point process from Eq. by setting v; = o = k =v =0 and by identifying ag; = (O'AO'Bi)il

fori=1,...,N.
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5.2 Product of Two Coupled Wishart Matrices

5.2.2 Correlation Kernels for Finite Matrix Dimensions

Here, we derive the correlation kernels K J(VY), K ](VX) and lims, . sy—0K ](VY) for finite matrix dimension
N < o0, corresponding to the point processes of: the product of two coupled Wishart matrices from
Eq. , the generalised Wishart ensemble from Eq. and the product of two independent
Wishart matrices from Eq. , respectively. The derivation of the correlation kernels implies the
inversion of the Gram matrix g.

For v =0, the Gram matrix can be identified to the Cauchy matrix, see Eq. , where already its

inverse has been presented. In our case, g;; = (ag; — (5j)_1 the inverse, ¢! = ¢~ !, reads
N N
5 5 5 — S
cij = (agi —0;) (ag; — ) H 95 — Xk H QETO% g =0, (5.99)
aqj —0; b1 kot 0j — 0k he i O~ Xk

For v > 0, the three present point processes belong to the class of biorthgonal ensembles of non-equal
sizes. The inversion of the Gram matrix g requires the investiagtion of its extension, which is the
Gram type matrix G as described in the beginning of Sec.

v—1 1 1
Lo T T e
a=|: : : : . (5.100)
v—1 1 1
L ognyw - IN+v aqN4v—901 7 aqN4u—ON

The inversion of the Gram type matrix is non-trivial and its inverse, C'T = G~1

, can only be presented
as an implicit expression in the correlation kernels.
The inverse of the Gram type matrix satisfies obviously the condition CG" = 1,. We rewrite this

condition to a Kronecker-Delta relation and insert the explicit Gram matrix from Eq. (5.100)),

v N
1
S @ C+Y  ———cjp=0dij, for v>0, and ij=1,...,N+v (5.101)
k=1 = i~ 0k
We observe in the Kronecker-Delta relation that the dependence on ¢; is composed by a potency
series up to the degree (¥ —1) and a sum of rational functions having single poles at ag; = d; for
all possible i and j. Kronecka relations of this type emerged in the derivation of the correlation
kernels corresponding to the one-epoch model, Eq. (5.22)), and the temporal cross-correlations in the
two-epoch model, Eq. (5.69), where only potency series appeared. Still, an analogous definition of a

set of meromorphic functions can be established,

v k—1 N 1
fj(n):Z(g) Cont .~y for j=1,...,M, (5.102)
k=1 k}:l"7 k
obeying
f;(agq;) =05, for i,j=1,....N+v. (5.103)

The analysis of meromorphic properties of this set of functions {fj}jzl,..., Niv leads us to their
representation as products of their zeros and poles. The finite set of external parameters {J; }j:1 A

where they are assumed to be pair wise distinct, represents single poles of all functions f1, ..., £n4..
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5 Spectral Statistics

The finite set of external parameters {ag;},_; n 1 » Where they are assumed to be pair wise distinct,
represents zeros of the functions up to coinciding indices £; (ag;) = 0 for ¢ # j. The coinciding index

case, £, (aqj) =1, fixes a possible proportionality constant, such that we conclude

T n—aq 1y ogi—d :
fi(n) = H : H 5 for j=1,...,N+v. (5.104)
ooy O~ Ok 50— Ok

The representation of the sum involving the inverse of the Gram type matrix C in Eq. with
the help of the meromorphic functions given by Eq. can be interpreted as an implicit inversion
of the Gram type matrix G.

We make use of the implicit inversion of the Gram type matrix by extending one of the two sums in
the double-sum representation of the correlation kernel from Eq. . From there, the correlation

kernel for the product of two coupled matrices reads for our purposes

N+v N
KV (y1,2) = D hyag) Y cwt (y2,01) - (5.105)
k=1 =1

In order to make use of Eq. (5.101)), we extend the sum over [ by trivial-zero equations, with the help
of

-1
0:% ﬁ(ﬁ> ¥ (y2,m)Cry, for I=1,...,v, (5.106)

~o 2m \ v

where the path g encircles the origin in counter-clock wise direction. The sum over [ in the double-sum

representation of the correlation kernel can now be rewritten to

N
dn ¥ (y2,n)
;cw(yz,& Zﬁo . ¥ (y2,m Ckl+2]{ ome u—5, kL (5.107)

Y,

where we additionally made use of the residue theorem in the second argument in the elements

{0 (.0} 20 N

dn ¥ (y2,m)
,0 :?{ ———— for [=1,...,N. 5.108
¥ ly2,00) 5, 2m =0 ( )

Here, the path 7s, encircles only the pole at ; in counter-clockwise direction. The order of the sum in
k and of the contour integrals can be interchanged by introducing closed path vs encircling the origin

and all elements {6;},_; ,

iw(”’él)c’” N 7{ %wym) (z (g)l‘l

=1 =1

kl) (5.109)

We identify the sum over [ under the brackets to the meromorphic function fx(n) from Eq. (5.102)),

such that the correlation kernel reads

N+v
Kz(vy)(yl,yz)=]§ Tmzb(yz, n) Y Ay aq) Ex () . (5.110)
k=1
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5.2 Product of Two Coupled Wishart Matrices

The representation of the meromorphic functions f1, ..., f x4, in terms of their zeros and poles from
Eq. (5.104) can be plugged in. Thereby, the elements {aqi },_; N can all be enclosed by a contour

integral individually,

R A pwn ) -0 T n—ow
Zﬁ(yl,aqk)fk(n):zjf o e a H — au’ (5.111)
k=1 k=1 Y Yoay By =00 11k &

which follows by the residue theorem. Similarly to the contour integral s above, all elements aq,

., agN+, can be enclosed by one single contour integral vuq

N+v 0 il Rty
) d¢ p(y1, Q) 7= 71 1w
aq) _ da¢ , 5.112
I;P(m ar) £ (1) j’{aq 91 —C 11;[177_5l il C—ag ( )

completing the complementary product H;\Q{Vl;ﬁ - Note that this representation for the sum over the

elements {ag;},_; _ y,, is only allowed for n # (. The correlation kernel obeys the form

K 7{ 7{ d¢ p(y1, Q)¢ (y2,m HC +”77 aqp (5.113)
y1,42) s 2m 2me n—=_C - L (- aq’ '

where the paths s and .4 are not crossing. From the convergence condition from Eq. (5.82) the

two areas of {0;},_; v and {ag;};_, are separated and, thus, three possible choices for the

=1,...,N+v
paths s and 7.4 arise.
First, 74 may enclose the set {ag; }jzl’_” N+, and the entire path 5. We call this case nested. Second,
and analogously, a nested case is if v5 encloses, apart from the set {; }jzl,..., n and the origin, also
the entire path v,q. Third, a non-nested case can be constructed, if 7,4 and s are separated paths
not encircling each other. Two possible choices for the contours are depicted in Fig. 5.4 For all
these choices, the path s has to enclose the origin, due to the trivial-zero equations composed in
Eq. . This representation of the correlation kernel is according to |2, Thm. 1.3] and is the main
result in this section. It enables us to write down the three desired correlation kernels with possible
degeneracies in the external fixed parameters, {agi},_; _ n., and {J; }jzl,...,N'

Let us introduce the degeneracies
Ont1=-...=0n =0, and agm41=...,QqN+, = Qq, (5.114)
where the convergence condition from Eq. translates to
ag;—0>0, ag—6;>0 and ag—96>0, for i=1,...,m and j=1,...,n. (5.115)

We are now in the position to present the main result.

The correlation kernel for the product of two coupled Wishart matrices obeys the double-contour
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Figure 5.4: Possible choices for the integration contours 75 and yaq in : non-nested contours (top) and
nested contours (bottom). For simplicity we have ordered the parameters d1, ... dy and agqi,
..., agN4,. We do not display a third possible choice which is nested, where vqq encircles s
analogously to nested case depicted (bottom).

integral representation

K](VY,n,m) (y1,y2) =2 <y1>

[\

]{ﬁyf ¢ K (2vCyn) I (2v7752) (5.116)

Y2 5 2T o, 2 n—_
5 N— Na4v—
X<<)2<<—6) "(n—aq> By A R
n) \n-é (—ag =0 C—agq”
where we denote the number of non-degenerate parameters on the top-index in Kj(vy’m’n) (y1,92) -

The two contour integrals, vs and g, encircle {0,61,...,0,,0} and {aq1,...,aqm,aq}, respectively,
counter clock-wise in one of the three above described choices.

The correlation kernel of the product of two coupled Wishart matrices was first derived in

[74, Thm. 3.2]. For a comparison to our result, all external parameters have to be chosen degenerated
m =0 and n =0 and the dimensions of the matrix X; has to be reduced with x =0. In [74] the
correlation kernel is represented with the help of the method of orthogonal polynomials. The compar-
ison between these two representations of the correlation kernel of two coupled Wishart matrices was
carried out by the same authors recently in |[120} p. 39]. The representation of this correlation kernel in
terms of two contour integrals was derived in [76, Thm. 1.2], where coupling parameters {d;} J=1,...N
were introduced as well as the dimension of X; was extended for x > 0. This representation coincides
immediately with Eq. for m = 0. Thus, our result is new due to its extension for m # 0 derived
in the principal publication [2].

In addition, from the correlation kernel K ](Vy’n’m) (y1,y2) two further correlation kernels immediately
follow.

By exchanging the elements p (y1,{) — ¢ (21,¢) and ¢ (y2,1) = p(x2,n) in the double-contour integral
representation for the correlation kernel in Eq. we obtain the correlation kernel for the gener-
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5.2 Product of Two Coupled Wishart Matrices

alised Wishart ensemble K](VX) . By taking into account the degeneracies introduced in Eq. (5.114]) it

reads

1 - "
(X,n,m) 1 d'f]f dC e o ((z1—nz2)
K —— it e 11
N (x1,22) a% om f, 2w — (5.117)

() () e T

n—29 (—aq

The correlation kernel of the product of two independent Wishart matrices results from K I(VY) from

Eq. (5.113)) by setting all coupling parameters to zero,

d¢ I 2K, (2
i K = (2 ) fomd V) 26 (2vC) (5118)
81, 0N— ~o 2m 211 n—_
y (<)2+ (770“]> Vv mﬁn ag
U (—aq i C—aq
where we took into account the degeneracy agnt+1 =... = agny, = ag and the contour integral s

reduced to ~g.

5.2.3 Interpolating Hard-Edge Limit

In this section we turn to a microscopic limit in spectral statistics motivated by the weak non-
hermiticity regime discussed in the course of applications in Sec. This microscopic limit aims
to the origin of the spectrum by implying the limit of infinite matrix dimensions, N — co. Due to
positiveness of singular values, their support is limited by the origin as a hard cut-off. The terminology
of hard edge is to be interpreted with respect to the zero probability of the presence of a singular value
on the negative real line.

From the application in QCD from Sec. 2:2.2] the coupling between X; and Xs, parameterised by
{d;},-1,., and the degeneracy value 4 in the correlation kernel from Eq. , represents the
inclusion of the chemical potential p breaking the hermiticity of the Dirac operator. For the desired
weak breaking, the coupling has to depend on the matrix dimension, N, before the large-N limit is
taken. Simultaneously, the second set of parameters {agi,...,aqm,aq} has to depend on the matrix
dimension N, too, due to the positiveness relation presented in Eq. .

In the hard-edge limit, the correlation kernel of the product of two coupled Wishart matrices yields
a limiting kernel K( ’ ), from which we can reach two further limiting kernels. We express this in-
terpolating property with the help of one single parameter 7 € [0,00). For vanishing interpolating

0,m)

parameter 7+ — 01 we arrive at the Meijer G-kernel K; , whereas for infinite interpolating param-

eter 7 — oo we arrive at the Bessel kernel K%ﬁm)

(n,m)

In the principal publication [2] all three limiting kernels K%O’m), Ky and K;ﬁ’m) were derived inde-

pendently from the finite-N results presented above. We restate their double-contour representation:
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e The Bessel kernel derived in 2} Sec. 4.1] from the finite-V correlation kernel for the generalised

Wishart ensemble, shown in the previous section in Eq. (5.117)), reads

dii eylu Y20
K{mm Eh f }{ 5.119
111 (Y1,92) = L 2m e ( )
11 vinem Lo — v 0— 0
X e a 5 = = = ~ 5
(%) H H
where the external parameters are restricted by
n
S ﬂ (—o0,7y], @;€[0,00), forall k=1,....m and j=1,...,n. (5.120)
=1

The two contour—integrals in and I'pys are not crossing each other and are nested in a way
depicted in Fig. [5.5 Thereby, I';,, encircles the parameters él, ey 0,, and the origin, whereas

I'out encircles the parameters @y, ..., 7, and I';,. Without finite-rank perturbations, the limiting

4 Cout

Figure 5.5: The contours I';,, and I'oy: parametrised by @ and 9, respectively, for the Bessel kernel, K%’m)7
presented in (5.119)). The contour I';;,, encircles the origin as well as all parameters 91, ey Om
bounded from above by the parameter set {#;};,_; . The contour I'oy¢ encircles I';, by not

crossing it and all parameters 71, ..., 7n, which lie on the positive real line.

kernel K%%‘O) coincides with the Bessel kernel found in [108]. The Bessel kernel perturbed by one
set of parameters K%’O) was found in [76] and for n =0 it agrees with KE%O) The findings in [2]

generalise known results for m > 0.

e The interpolating kernel derived in |2, Sec. 4.3] from the finite-N correlation kernel for the

product of two coupled Wishart matrices, shown in the previous section in Eq. ((5.116), reads

dil 2K, (%_l_ﬂ)yl> I (2 (%_1_@)y2)
(n,m)
Ki o (
11 ylayQa - 27_” ~
out
—1

271'@ u—10
AN\ V+Nn—m N A A~ m A A
a— _1,1 /(D U—7 —0
><<A Al) ¢ a+ﬁ<A> [I-—11 — (5.121)
O—7 i O—7 0 —
=1 Loy =0k

where the external parameters are restricted by

%)

n
ﬂ —o0, ], 7€ [O,f’*l), forall k=1,....m and j=1,...,n. (5.122)
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5.2 Product of Two Coupled Wishart Matrices

The contour Ty, is taken counterclockwise encircling {91,

encircles {7?1 -

ST, T

9m,0}, whereas the contour I'y,¢

} and T';;, as well counterclockwise as depicted in Fig. This lim-

1_‘out

A

Figure 5.6: The contours I';, and 'y,

K%{‘ ™) presented in (5.121).

Om bounded from above by the parameter set {71 }— 1.
crossing it and all parameters 7, ..

parameter 1 limiting {ﬁ'j} from above.

Jj=1,....,n

parametrised by @ and 0, respectively, for the interpolating kernel,
The contour I';;, encircles the origin as well as all parameters 01, ...

. The contour I'yy¢ encircles I';,, by not

, Tn, which lie on the positive real line, and the interpolation

iting kernel generalises the interpolating kernel from [75], where the two sets of parameters

{ék}kzl,..‘,m

was derived in the presence of the set {7; }j:1

and {7; }j:1

,, are absent, m =0 and n = 0. In [76] this interpolating kernel

D the same representation, m =0 and n > 0.

Thus, the interpolating kernel presented in Eq. (5.121)) is a generalisation of known results by

the finite-rank perturbation for m >0 and n > 0.

e The Meijer G-kernel derived in [2, Sec. 4.2] from the finite-N correlation kernel for the product

of two independent Wishart matrices, shown in the previous section in Eq. (5.118]), reads

m dt
K(O ) y17y2 / %

X e

v—m m

v—ék
> kl;[lﬁ—ék,

(2
0r }

where the external parameters {
=1,....m

~

Ok € (—O0,0] )

The contour I';;, encircles counterclockwise the parameters 61, ..

K
v es—t f f
2118 Tout 2m
5
k

forall k=1,...,m

are restricted by

dil e%lll_ﬁﬂ
U s
_— 5.123
2m 4—0 ( )
(5.124)

., B, and the origin, whereas

the contour T'y,; encircles the contour I';, as depicted in Fig. @ The two exterior integrals

over dt and ds can be done by using Fubini’s theorem and the relations [82, Eqs. 8.406-7] with
the already introduced integrals from Eq. (5.65) and Eq. (3.46]). However, we would like to keep

them unperformed below for a clear computation.

This kernel generalises the Meijer G-kernel resulting in the hard-edge limit of two independent

matrices [121] by the finite set of external parameters {ék}

. In addition, in [119] it was

k=1,....m

shown that it can be written as a double integral of the Bessel kernel. This property extends for

finite-rank perturbations and is shown here with the help of the two exterior integrals over dt

and ds.
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I

f
D
e

_

Figure 5.7: The contours Fm and I'yy: parametrised by 4 and 0, respectively, for the Meijer-G kernel, ]K(O m)

presented in . The contour I';,, encircles the origin as well as all parameters 61, e Gm,
which lie on the negatlve real line. The contour ['pqt encircles I';,, by not crossing it.

First, we derive the interpolating kernel K( )(yl y2;7) from our finite-N result to the product of
two coupled Wishart matrices from Eq. (| m, which is the most general limit in view of the three
limiting kernels. Second, we present the interpolating property of the kernel K( m) (y1,y2;7), which
is very descriptive by the analysis of vanishing interpolation parameter on the one hand and by the
analysis of infinite interpolation parameter on the other hand.

We start our considerations at the double-contour integral representation for the correlation kernel
of the product of two coupled Wishart matrices from Eq. . There, the two sets of parameters
{0,61,...,0,0} and {aql,...,aqm,aq}k:h“’m are enclosed by two contours over dn and d(, respec-
tively. The conditions on these sets of parameters are given by the inequalities presented in Eq.
as well as 0; > 0 for all j and § > 0, due to positiveness of singular values of the fixed matrix Q2. The
positiveness of the difference of the degeneracy values, aq— 4§ > 0, yields to us a natural scale, on
which our parameters are living as well as fixpoints in their distributions. Thus, as a preliminary step,
we express the system of the two contour integrals and the external parameters with the help of a
unit-less construction.

We map the two sets of external parameters {6j’aqk}j:17...,n;k:1,...7m — {773'>9}j:1,...,n;k:1,...7m with
the help of

ag—0o

g =Yk ond 1= . with k=1,...,m, and [=1,...,n. (5.125)
ag—90 ag—90

Here, the corresponding degeneracy values are mapped as {,aq} — {1,0}. The lower boundary of
the parameters §; > 0 for all j as well as § > 0 is mapped to an upper boundary, ag/(ag—7). All
these conditions are summarised in the supports of the new parameters as

Ok € ﬂ —oo,m) and 7w € (O,aaqé>, forall k=1,....m and j=1,...,n (5.126)

The upper limit of the support of {m;},_;  is the parameter that will later on provide the interpo-

lation parameter,

1 aq
= . 12
T Py (5.127)
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5.2 Product of Two Coupled Wishart Matrices

The contours, vs and a4, enclosing these sets of parameters and the degeneracy values, can accord-

ingly be transformed with the help of the following substitution,
(=aqg—(ag—0)u, and n=aqg—(ag—>9)v, (5.128)

where we call the new two contours I'; and I'y respectively to the enclosed sets of parameters. In

addition, for a smooth interpolation property of K( n,m) , it is beneficial to choose the proper contour
constellation, which is a nested one. All these changes substituted in the expression from Eq. ([5.116])

result in

-1 _ -1_
K o g f el )bl ()

2m uU—

< —i) (U)VJr"*m ou—m Y v—0
x 0 H
1 )
—= u v—T u—=6
I lk:l k

=1

where the inner contour T'y encloses counterclockwise the set {61,...,0,,,0}, whereas the outer contour
I'; encloses counterclockwise the contour I'y and the set {7r1, ey Ty 1,7'*1}7 not crossing each other.

We depict this situation in Fig. Here, we have left the explicit expressions for the involved

Figure 5.8: The contours I'y and I'x resulting from the substitution are shown. The poles 0} are
centred around the degenerate value ag that has been mapped to the origin, and likewise the poles
m; are centred around the degenerate value 6 mapped to unity. The upper boundary of the support
of {m} is mapped to 7! also encircled by I's.

functions 1 and p given in terms of the modified Bessel functions of the first kind I,; and of the second
kind K, respectively, from Egs. and -

In view of the large-N limit of the above correlation kernel at the hard edge, we need to center the
arguments of the kernel to the origin and then zoom with an appropriate IV scaling to the typical scale
on which the singular values live. The centering procedure is not noticeable as K ](VY) (y1—0,y2—0) =
KJ(VY) (y1,y2). However, the appropriate scaling in N is crucial.

Therefore, we would like to refer to |76], where the same representation of the interpolation kernel was
found for n > 0 and m = 0. The decisive property is the only N dependence in the correlation kernel
presented in Eq. in the term: (1 — u_l)an / (1 — v_l)an. In order to generate convergence

in this term, we perform an N-dependent substitution,

u=Na and v=N?D, (5.130)
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5 Spectral Statistics

which allows to make use of the well-known formula, limy_,oo (1+2/N )N = exp(x), by taking the
large-N limit. This substitution plugged into the expression in Eq. (5.129)), and by scaling the argu-
ments of the correlation kernel suitably, yields

1 o _m }{ j{ di p((N"'r =) y) v (N7 = 9) o) (5.131)
agrN N aqtrN’ an 2m Jr, 2m U—10
11—+ - o\ L ﬂ—iﬂ'l i @—iek
N N N
X<1_1u> (u> [[-— HA_LQ )
N© =1 VTN S YT N

where we observe the so-called homogeneous scaling of the correlation kernel. Here, we additionally

made use of the particular dependence of the elements p and % in their two arguments as

p(y,¢) =p(Cy) and ¥ (y,n) =1 (ny). (5.132)

By taking the large-NV limit, Lebesgue’s dominated convergence theorem allows the use of the above

mentioned formula,

1 1 N—n
lim ( N{) —eaTT. (5.133)
N—oco \ 1— N
Concurrently, all parameters 01, ..., O, 71, ..., Tn, as well as the upper boundary 77!, are scaled

by the factor of N~! and vanish in the large-N limit, unless these parameters depend on the matrix
dimension N in a countering way.

In |2, Sec. 4], the Meijer-G kernel and the Bessel kernel under finite-rank perturbations, as presented
in Eq. and Eq. , were derived independently from the interpolating kernel. We observe
that for all these limiting kernels the parameters persist in the large-N limit for the following limiting

values,
b= lim —0 d = lim — for all k=1 dj=1 (5.134)
kiNgnooN Lk, an ﬂ'l—NE)nOONﬂ'l, or a =1L,....mm and j73=1,...,Nn .

as well as for the bounding parameter for the interpolating kernel,

#12 Jim 4l (5.135)

N —o00

The interpolating limit presented in Eq. (5.121f) results from the large-N limit of the kernel from

Eq. (5.131) by taking into account the limiting values for the parameters él, ey ém, M1, -..y T, and

771 ag

1 )y 0 Y2 (n,m) .
li Ky =K.’ ; 5.136

Noreo aqrN aqrN’ agrN n Wy, ( )
where we recall j(y) = 2y"/2K,, (2,/y) and ¢(y) = y~*/?I, (2,/y). Note, that the unity from the
contour-constellation in Fig. is not noticeable after the large-N limit depicted in Fig. where
the contours are mapped as {T'9, Tz} = {Tin,Tout}. All parameters are spread out with the scale of
N, whereas the unity is obviously fixed.

The derivation of the two further limiting kernels, the Meijer G-kernel and the Bessel kernel presented
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5.2 Product of Two Coupled Wishart Matrices

in Eq. and Eq. , can be done in an analogous way by implying the respective circum-
stances for the parameters.

We turn to the interpolating property of K%?’m) with the help of the interpolation parameter 71
The interesting property of the limiting kernel is that the dependence on the interpolation parameter
is explicitly given only in the arguments of the elements p and . Indeed, the two modified Bessel
functions I, and K play a crucial role by reaching Ky or Kiyr.

The Meijer G-kernel results from the product of two independent Wishart matrices, thus, the coupling
parameterised by 2 vanishes in this case. The vanishing coupling translates to vanishing parameters
{61,...,0n,0}, which after the large-N limit corresponds to the limit of ¥ — co. By comparing the
contours from the interpolating kernel to the contours of the Meijer G-kernel, see Figs.:[5.6]and [5.7] we
observe that the support for the parameters @1, ..., 7, shrinks to zero and the remaining parameters
0y, .. Y 0, are bounded from above by the origin. Simultaneously, the support of the set {ék}k:1 s
is limited from above by those zero-tending parameters. In our expression for Ky in Eq. we
have to evaluate the elements p and i at negative arguments, which can be done with the help of

their integral representations for modified Bessel functions from Eq. (3.46)) and from Eq. (5.65)),

> dt @ d o
plemi)= [ e L and (i) = f s (5.137)
0 0

t 2m1s

and the integrals over ds and dt can be reordered due to Fubini’s theorem. With this we achieve the

exptession f o1m I)q 5123 5
o 11 Y1,Y2;3 1 Y1,Yy2) . .

We thus obtain the interpolating property of Ki; — Ky by limiting the support of the parameter set
{ﬁ-l}lzl,..wn' In contrast, the perturbed Bessel kernel results from opening this support to infinity.

The interpolating parameter can be sent to zero, 7 — 07. The support of #; becomes (0,00). Therefore,
our elements p and ¥ need to be expanded for large arguments. The modified Bessel functions have

the following asymptotic behaviour for large z, see |82, Eq.8.451.5-6],

ez
V21z

In order to use this, we need to scale the arguments of the kernel with #~!. Namely then, using the

I(2) ~ for |arg(z)| < %wfﬂ and  Kj(z) ~ 4/ ge_z for |arg(z)] < %ﬂ'*ﬂ. (5.139)
z

Taylor expansion for the square root /1 —74 =1—74/2+ ... and analogously with ¢, we have:

(G 0-r0) v (S5 a-70) = %e%(@—m% (y1y2) 1 (Z) TV L (5.140)
for 7«1,
such that the Bessel kernel from Eq. is reached with
Jim 2R (B, 20) () = S ) FRE (VD). (5141
where we again could make use of homogeneous scaling appearing now in thm). Note that the

1

interpolating parameter 7~ is included in the encircled area of the integral I',,; in the interpolating
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kernel, see Fig. 5.6 However, it does not contribute as a singularity and can leave the integrated area
without any additional terms.
We would like to close this section with a brief discussion about the chemical potential x4 motivated
by the application field of QCD.
The chemical potential p enters the random matrix models described in Chap. 2] in the probability
densities of the matrices X; and X3 as a prefactor in the exponential weights. By comparing with the
full degeneracy of the external fixed matrices W = ally 1., Q = qll x4, and QQF = 51, we identify
the degeneracy values to
2

g=a=a(p)=—— and 6:5(u):<12_u'u> . (5.142)

In our computations, the chemical potential is subtly implied in the interpolation parameter 7~1. Let

us express from the given p € (0,1] dependence in the degeneracy values the limiting interpolation
parameter from Eq. (5.135)) in leading order,

— Jim ——(1+0(u). (5.143)

A finite interpolation parameter can only be obtained if the chemical potential depends on the ma-
trix dimension p = p(N). The interpolating kernel results from p(N) ~ N~! such that the limit
limpy 00 p(N)N — 7/4 is finite.

The strong non-hermiticity case is obtained when the chemical potential reaches its maximal value
1= 1. This case corresponds to the limit u(N)N — oo, such that 7 — oo yields the Meijer G-kernel,
Eq. (5.138).

In the case of full-hermiticity the chemical potential tends to zero, u — 0%. Here, the dependence of
the chemical potential with respect to the matrix dimension has to be chosen to u(N)N — 0T. We
thus obtain the limit of # — 0T, which yields the Bessel kernel as presented in Eq. .

These findings are according to [75, Thm 1.6]. The weak non-hermiticity regime is, thus, an interme-
diate regime of the parameter p € (0,1) and translates in our system to a finite 7 € (0,00) after taking

the limit of infinite matrix dimensions.
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6 Summary and Outlook

In this thesis we presented an approach to the solution of random two-matrix models comprising
complex Wishart matrices. Our discussions were made on two models on the basis of the principal
publications. These two presented models extend the chiral Gaussian Unitary Ensemble in a differ-
ent way. The first model is a sum of two independent matrices and the second model is a product
of two coupled matrices. We showed the integrability by explicitly constructing the solution of all
k-point correlation functions of their spectra for finite matrix dimensions. The main challenge in
the presented investigation regarding the integrability of this class of random matrix models was the
addition of external fixed matrices. These external fixed matrices occur in the ensembles as finite sets
of parameters, which can be interpreted as finite-rank perturbations. Without external fixed matrices
both models have known solutions, whereas the inclusion of these finite sets in our computations
represent further reaching and, thus, new results. Our considerations were motivated by two fields of
application: time-series analysis and Quantum Chromodynamics.

From the time-series analysis point of view our analysis in regard to the sum of two independent
Wishart matrices with unequal covariances was used to study spatial cross-correlations in a two-epoch
setting. With the help of this ensemble, statistical fluctuations are modeled for long time series in
the scope of time-dependent spatial correlations. This situation becomes important when system
specific correlations, represented by external fixed matrices, are of the same order as the statistical
fluctuations, represented by random matrices. The external fixed matrices are to be identified with
covariance matrices, which vary depending on the epoch.

The time dependence in the two-epoch model was presented in comparison to the one-epoch model
where, in contrast, constant covariances for the entire time series are assumed. We showed that on
the scale of their global level densities there is a qualitative difference by assuming time dependent
covariances, which was one of the main conclusions. As a bridge passage to the next model, a section
was addressed to temporal cross-correlations in the two-epoch setting. There, the product of two
independent Wishart matrices was studied. In this particular setting our exact results for this model
for finite matrix dimensions are new. By comparison with random matrix models from the literature
it is an extension by the tuned index of the participating Bessel functions as well as by the finite set
of external parameters. The interpretation of these results in time series was not fully carried out due
to lack of time. The emphasis of this part lies again on the integrability of this two-matrix model,
which we showed through the computation of the corresponding correlation kernel.

The product of two coupled Wishart matrices with correlations was motivated by the deepest infrared
limit of Quantum Chromodynamics in Euclidean space-time. We focused on the singular-value rather
than on the eigenvalue properties of the arising Dirac operator in the weak non-hermiticity regime.
There, the local spectral density at the origin was studied, which implied the limit of infinite matrix

dimensions of the exact analytical solution for this model. In this hard-edge scaling limit we derived
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6 Summary and Outlook

the crucial quantity, which is the interpolating kernel. We showed that the interpolating kernel inter-
polates between the Bessel kernel and the Meijer G-kernel. The Bessel kernel is known to occur in
the one-matrix case, whereas the product of random matrices yields the Meijer G-kernel. Our results
extend known results by finite sets of external parameters and, thus, are finite-rank perturbations in
all the three limiting kernels.

The hermiticity of the Dirac operator modeled by our random matrix model is broken by a finite
value of the chemical potential. In comparison to the literature, it was known that in the case of full
hermiticity, where the chemical potential tends to zero, the Bessel kernel results from the interpolat-
ing kernel. On the other side, the interpolating kernel converts to the Meijer G-kernel in the strong
non-hermiticity limit, in which the chemical potential reaches the unity. In our model, this situation is
characterised by the interplay of two sets of external parameters. Thereby, we showed that the exter-
nal parameters persist the limit of large matrix dimensions if a suitable dependence is chosen. Their
convergence to non-zero values provides the desired non-trivial perturbation of the limiting kernels
implying their deformations. These deformations extend the three limiting kernels without changing
the principles of the interpolating mechanism. Hence, we broadened the universality of these kernels
in the context of this mechanism by deformations originating from external fixed matrices.

The derivation of the solutions for both models has been divided in three steps. First, we discussed
the eigenvalue representation of the present models, being the joint probability distribution function
for all eigenvalues, which are mainly characterised by the presence of external parameters. Second,
in the treated class of random matrix models the corresponding eigenvalues follow the laws of deter-
minantal point processes, allowing to reason that all needed information is contained by one single
function of two arguments: the correlation kernel. Third, a case-specific approach was derived for the
computation of the correlation kernel, depending on the particular class of biorthogonal ensembles,
yielding the complete spectral statistics.

For all akin random matrix models, by posing an equivalent question, the search of the eigenvalue
representation implies the challenge of performing the corresponding unitary group integrals. The
fundamental integrals opening integrability in this class of random matrix models are: the Harish-
Chandra/Itzykson—Zuber and the Berezin-Karpelevich integrals. In the investigation of the sum of two
independent Wishart matrices, the desired joint probability distribution function was known from the
literature. Nonetheless, in our computations to temporal cross-correlations and, later, in the product
of two coupled Wishart matrices, we applied repeatedly these two unitary group integrals. Moreover,
we modified these integrals with respect to the rank of the emerging sets of fixed parameters. The
unitary group integrals are solved in the sense that only determinantal expressions remain, which
allow the analysis of the emerging point processes.

The eigenvalues associated to random two-matrix models comprising complex Wishart random ma-
trices and external, fixed matrices belong to very specific biorthogonal ensembles. We discussed poly-
nomial ensembles with permutational symmetry by including one external fixed matrix to a model of
orthogonal type. This class of biorthogonal ensembles appeared multiple times in this thesis, where
we made use of the modified Heine formula for the computation of the particular correlation ker-
nel. Building on the experience of the inclusion of one external fixed matrix, we continued with the
inclusion of two external fixed matrices. Here, a general approach to a biorthogonal ensemble with

doubly permutational symmetry is missing. Nonetheless, two ensembles of this class have been solved:
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the product of two coupled Wishart matrices and the generalised Wishart ensemble. For these two
ensembles we made use of the notion of biorthogonal two-matrix ensembles reducing the computations
to the derivation of one single correlation kernel.

In view of further research on integrability of random matrix models under finite-rank perturbations,
the knowledge in two issues presented here has to be emphasised. First, the external fixed matrices
included in random matrix models require solvable group integrals. In each of the presented ensembles
any additional external fixed matrix would lead to an unsolvable problem. All unitary group integrals
arising from singular value decomposition of the present random matrices have been used to involve
external fixed matrices. Second, the investigation of the point processes, comprising finite sets of
external parameters, was made comprehensively with respect to the solutions of the unitary group
integrals, which are determinantal expressions.

What happens if the unitary group integrals are not solvable? The common technique to solve inte-
grals of this type is the so-called character expansion. Thereby, the unitary group integrals are solved
by the orthogonality of representations of unitary group elements. What remains are sums over ir-
reducible representations, which can be resummed with the help of the Cauchy-Binet formula if the
given conditions are suitable. It is remarkable that the determinantal structure of the solution does
not depend on the sum over irreducible representations, but on Weyl’s character formula. Even so,
for an undoable resummation, the expressions consist of determinants. It is an open problem to ex-
tend the presented concept of integrability to determinantal point processes being in non-resummable
convolution.

Staying on the presented concept of integrability, further external fixed matrices can only be included
if we extend the considered ensembles from random two- to random multi-matrix models. The two-
epoch model can a priori be extended to a multiple-epoch model comprising an arbitrary number of
external fixed matrices. However, all covariance matrices have to be chosen degenerate up to one single
covariance matrix to ensure the integrability of this model. The product of two coupled Wishart ma-
trices can be extended to the product of an arbitrary number of coupled Wishart matrices. Recently,
progress for this model has been done by Akemann and Strahov |[120]. However, the unitary group
integrals are mainly in use for the coupling of the involved random matrices, such that by ensuring
its integrability only two external fixed matrices can be involved. Hence, the challenge is to find a
multi-matrix model which allows to incorporate more than two external fixed matrices, while keeping
integrability.

For the next step directly following from our investigations, we recommend to introduce character-
istic polynomials into the product of two coupled Wishart matrices. With the help of the presented
methods it might be possible to derive the exact analytical solution for the finite-/N correlation kernel
characterising all possible correlation functions in the point process of the 2N singular values. In
the literature we find already recent solutions to such biorthogonal ensembles for one-matrix models,
by Fyodorov, Grela and Strahov in [122]. Products of characteristic polynomials may deform the
behaviour of the local level density and, hence, be very interesting in studying the universality of the
interpolating mechanism in the product of two coupled Wishart matrices at the hard edge limit as a

biorthogonal two-matrix ensemble.

95



6 Summary and Outlook

96



Bibliography

[1] G. Akemann, T. Checinski and M. Kieburg, Spectral correlation functions of the sum of two in-
dependent complex Wishart matrices with unequal covariances, J. Phys. A: Math. Theor. 49(31)
315201} 33pp (2016) [arXiv:1509.03466 [math-ph]|

[2] G. Akemann, T. Checinski, D.-Z. Liu and E. Strahov, Finite rank perturbations in products
of coupled random matrices: From one correlated to two Wishart ensembles, Ann. Inst. Henri
Poincaré, Prob. Stat. 55(1), pp. 441-479 (2019) [arXiv:1704.05224 [math-ph]]

[3] G. Akemann, J. Baik and P. Di Francesco (Eds.), The Ozford Handbook of Random Matriz
Theory, |Oxford University Press, Oxford, 2011

[4] L. Laurent, P. Cizeau, J. Bouchaud and M. Potters, Noise Dressing of Financial Correlation
Matrices, Phys. Rev. Lett. 83, pp. 1467-1471 (1999) [arXiv:cond-mat/9810255]

[5] P. Seba, Random Matriz Analysis of Human EEG Data, Phys. Rev. Lett. 91, pp. 198104-198109
(2003)

[6] J.L. Toole, N. Eagle and J.B. Plotkin, Spatiotemporal correlations in criminal offense records,
ACM Trans. Intell. Syst. Technol. 2(4), 38, 18pp (2011)

[7] R.R. Miiller, G. Alfano, B. M. Zaidel and R. de Miguel, Applications of Large Random Matrices
in Communications Engineering, 84pp (2013) [arXiv:1310.5479 [cs.IT]]

[8] O. Bohigas, R. Haq and A. Pandey, Fluctuation properties of nuclear energy levels and widths:
comparison of theory with experiment, pp. 809-813 in K.H. Bockhoff (Ed.), Nuclear Data for
Science and Technology, Springer, Dordrecht, 1983

[9] S. Mukamel, J. Sue and A. Pandey, Fluctuations in Intramolecular Line Schapes - Random
Matriz Theory, Chem. Phys. Lett. [105(2), pp. 134-138| (1984)

[10] T. Zimmermann, H. Képpel, L.S. Cederbaum, C. Persch and W. Demtréder, Confirmation of
Random-Matriz Fluctuations in Molecular Spectra, Phys. Rev. Lett. |61, pp. 3-7| (1988)

[11] E.V. Shuryak and J.J.M. Verbaarschot, Random matriz theory and spectral sum rules for the
Dirac operator in QCD, Nucl. Phys. A [560(1), pp. 306-320 (1993) [arXiv:hep-th/9212088]

[12] G. Akemann, Random Matriz Theory and Quantum Chromodynamics, pp. 228-282
[arXiv:1603.06011 [math-ph]]| in G. Schehr, A. Altland, Y.V. Fyodorov, N. O’Connell and
L.F. Cugliandolo (Eds.), Stochastic Processes and Random Matrices, Oxford University Press,
New York, USA, 2017

97


http://iopscience.iop.org/article/10.1088/1751-8113/49/31/315201/meta
http://iopscience.iop.org/article/10.1088/1751-8113/49/31/315201/meta
https://arxiv.org/abs/1509.03466
https://projecteuclid.org/euclid.aihp/1547802406
https://arxiv.org/abs/1704.05224
https://doi.org/10.1093/oxfordhb/9780198744191.001.0001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.83.1467
https://arxiv.org/abs/cond-mat/9810255
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.198104
https://doi.org/10.1145/1989734.1989742
https://arxiv.org/abs/1310.5479
https://doi.org/10.1007/978-94-009-7099-1_179
https://doi.org/10.1016/0009-2614(84)85636-5
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.61.3
http://www.sciencedirect.com/science/article/pii/037594749390098I?via%3Dihub
https://arxiv.org/abs/hep-th/9212088
https://arxiv.org/abs/1603.06011

Bibliography

[13] V. Eisler, Universality in the Full Counting Statistics of Trapped Fermions, Phys. Rev. Lett.
111, pp. 080402-080407 (2013) |[arXiv:1304.1413 [cond-mat.stat-mech]]

[14] D.S. Dean, P. Le Doussal, S.N. Majumdar and G. Schehr, Universal ground state proper-
ties of free fermions in a d-dimensional trap, Europhys. Lett. 112(6), 60001, 7pp (2015)
[arXiv:1505.01543 [cond-mat.stat-mech]]

[15] P. Calabrese, P. Le Doussal and S.N. Majumdar, Random matrices and entanglement entropy
of trapped Fermi gases, Phys. Rev. A 91, 012303, 11pp (2015) [arXiv:1411.4421 [cond-mat.stat-

mech]]

[16] R. Sprik, A. Tourin, J. de Rosny and M. Fink, Eigenvalue distributions of correlated multichannel
transfer matrices in strongly scattering systems, Phys. Rev. B |78, 012202, 4pp (2008)

[17] A. Nica and R. Speicher, Lectures on the Combinatorics of Free Probability, in N.J. Hitchin (Ed.),
London Mathematical Society Lecture Note Series|335, Cambridge University Press, New York,
USA, 2006

[18] R. Speicher, Free Probability Theory,|pp. 452-470/in |3]: G. Akemann, J. Baik and P. Di Francesco
(Eds.), The Ozford Handbook of Random Matrixz Theory, Oxford University Press, Oxford, 2011
[arXiv:0911.0087 [math.PR]]

[19] H.L. Montgomery, The pair correlation of zeros of the zeta function, Analytic Number Theory
(St. Louis, 1972), Proc. Sympos. Pure Math. 24, Amer. Math. Soc. (Providence), 1973, pp. 181-
193. MR49#2590 (J. Knopfmacher) |[http://www-personal.umich.edu/~hlm/paircorl.pdf|

[20] T. Guhr, A. Miiller-Groeling and H.A. Weidenmiiller, Random-matriz theories in quantum
physics: common concepts, Phys. Rep. 299(4-6), pp. 189-425 (1998) [arXiv:cond-mat/9707301]

[21] J. Wishart, The generalised product moment distribution in samples from a normal multivariate
population, Biometrika 20A(1-2), pp. 32-52 (1928)

[22] E.P. Wigner, On the statistical distribution of the widths and spacing of nuclear resonances
levels, Math. Proc. Cambridge Philos. Soc. |47(4), pp. 790-798 (1951)

[23] F.J. Dyson, The threefold way. Algebraic structure of symmetry groups and ensembles in quantum
mechanics, J. Math. Phys. 3(6), pp. 1199-1215 (1962)

[24] F.J. Dyson, Statistical theory of energy levels of complex systems I, II & III, J. Math. Phys.
3(1): |pp. 140-156, pp. 157-165 & pp. 166-176 (1962)

[25] E.P. Wigner, Results and Theory of Resonance Absorption, pp. 59-70 in Conference on Neutron
Physics by Time-of-Flight, Gatlingburg, Oak Ridge, Tennessee, USA, 1956

[26] L.K. Hua, Harmonic Analysis of Functions of Several Complex Variables in the Classical Do-
mains, Translations of Mathematical Monographs vol. 6, Amarican Mathematical Society, Prov-
idence, 1963

98


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.080402
https://arxiv.org/abs/1304.1413
https://doi.org/10.1209/0295-5075/112/60001
https://arxiv.org/abs/1505.01543
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.91.012303
https://arxiv.org/abs/1411.4421
https://arxiv.org/abs/1411.4421
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.78.012202
https://doi.org/10.1017/CBO9780511735127
https://doi.org/10.1093/oxfordhb/9780198744191.013.22
https://doi.org/10.1093/oxfordhb/9780198744191.001.0001
https://arxiv.org/abs/0911.0087
https://mathscinet.ams.org/msnmain?co3=AND&co4=AND&dr=all&fmt=doc&fn=105&id=337821&l=100&pg3=ICN&pg4=TI&r=3&s3=Montgomery%2C%20H%2A&s4=Pair%20Correlation
http://www-personal.umich.edu/~hlm/paircor1.pdf
https://doi.org/10.1016/S0370-1573(97)00088-4
https://arxiv.org/abs/cond-mat/9707301
https://doi.org/10.1093/biomet/20A.1-2.32
https://doi.org/10.1017/S0305004100027237
https://doi.org/10.1063/1.1703863
https://doi.org/10.1063/1.1703773
https://doi.org/10.1063/1.1703774
https://doi.org/10.1063/1.1703775
https://www.osti.gov/servlets/purl/4319287

Bibliography

[27] N. Rosenzweig and C.E. Porter, "Repulsion of Energy Levels" in Complex Atomic Spectra, Phys.
Rev. 120, 1698, 17pp (1960)

[28] T.A. Brody, J. Flores, J.B. French, P.A. Mello, A. Pandey and S.S.M. Wong, Random-matriz
physics: spectrum and strength fluctuations, Rev. Mod. Phys. |53(3), pp. 385-480 (1981)

[29] H.S. Camarda and P.D. Georgoulos, Statistical Behavior of Atomic Energy Levels: Agreement
with Random-Matriz Theory, Phys. Rev. Lett. 50, pp. 492-496| (1983)

[30] O. Bohigas, M.J. Giannoni and C. Schmit, Characterization of Chaotic Quantum Spectra and
Universality of Level Fluctuation Laws, Phys. Rev. Lett. 52, pp. 1-4] (1984)

[31] O. Bohigas and M.-J. Giannoni, Chaotic motion and random matriz theories, pp. 1-99|in J.S. De-
hesa, J.M.G. Gomez and A. Polls (Eds.), Mathematical and Computational Methods in Nuclear
Physics. Lecture Notes in Physics, vol 209. Springer, Berlin, Heidelberg, Deutschland, 1984

[32] G. Persch, E. Mehdizadeh, W. Demtroder, T. Zimmermann, H. KOppel and L. S. Cederbaum,
Vibronic Level Density of Fxcited NOo-States and its Statistical Analysis, Ber. Bundesges. Phys.
Chem. 92(3), pp. 312-318| (1988)

[33] H. Held, J. Schlichter, G. Raithel and H. Walther, Observation of level statistics and Heisenberg-
time orbits in diamagnetic Rydberg spectra, Europhys. Lett. 43(4), pp. 392-397| (1998)

[34] M.R. Schroder, Normal Frequency and Excitation Statistics in Rooms: Model Experiments with
Electric Waves, J. Audio Eng. Soc. [35(5), pp. 307-316| (1987)

[35] H.J. Stockmann and J. Stein, “Quantum® chaos in billiards studied by microwave absorption,
Phys. Rev. Lett. |64, pp. 2215-2219 (1990)

[36] H. Alt, H.-D. Graf, H.L. Harney, R. Hofferbert, H. Lengeler, A. Richter, P. Schart and H.A. Wei-
denmiiller, Gaussian Orthogonal Ensemble Statistics in a Microwave Stadium Billiard with
Chaotic Dynamics: Porter-Thomas Distribution and Algebraic Decay of Time Correlations,
Phys. Rev. Lett. |74, pp. 62-66| (1995)

[37] H. Alt, H.-D. Gréf, R. Hofferbert, C. Rangacharyulu, H. Rehfeld, A. Richter, P. Schardt and
A. Wirzba, Chaotic dynamics in a three-dimensional superconducting microwave billiard, Phys.
Rev. E 54, 2303, 10pp (1996) [arXiv:chao-dyn/9605004]

[38] P. So, S.M. Anlage, E. Ott and R.N. Oerter, Wave Chaos Experiments with and without Time
Reversal Symmetry: GUE and GOE Statistics, Phys. Rev. Lett. 74, pp. 2662-2666| (1995)

[39] U. Stoffregen, J. Stein, H.-J. Stockmann, M. Ku$ and F. Haake, Microwave Billiards with Broken
Time Reversal Symmetry, Phys. Rev. Lett. 74, pp. 2666-2670 (1995)

[40] M.L. Mehta, Random Matrices, [Volume 142, 3rd Edition, Academic Press, London, England,
2004

[41] F. Haake, Quantum Signatures of Chaos, Springer-Verlag Berlin, Heidelberg, Germany, 2010

99


https://journals.aps.org/pr/abstract/10.1103/PhysRev.120.1698
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.53.385
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.50.492
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.52.1
https://doi.org/10.1007/3-540-13392-5_1
https://doi.org/10.1002/bbpc.198800067
https://iopscience.iop.org/article/10.1209/epl/i1998-00371-6/meta
http://www.aes.org/e-lib/browse.cfm?elib=5207
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.64.2215
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.62
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.54.2303
https://arxiv.org/abs/chao-dyn/9605004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.2662
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.2666
https://www.elsevier.com/books/random-matrices/lal-mehta/978-0-12-088409-4
https://doi.org/10.1007/978-3-642-05428-0

Bibliography

[42] S. Miiller, S. Heusler, P. Braun, F. Haake und A. Altland, Semiclassical Foundation of Univer-
sality in Quantum Chaos, Phys. Rev. Lett. 93, pp. 014103-014103 (2004) [arXiv:nlin/0401021
[nlin.CD]]

[43] S. Miiller, S. Heusler, P. Braun, F. Haake and A. Altland, Periodic-orbit theory of universality
in quantum chaos, Phys. Rev. E |72, 046207, 30pp (2005) |[arXiv:nlin/0503052 [nlin.CD]]

[44] S. Heusler, S. Miiller, A. Altland, P. Braun, F. Haake, Periodic-Orbit Theory of Level Correla-
tions, Phys. Rev. Lett. 98, pp. 044103-044107| (2007) [arXiv:nlin/0610053 [nlin.CD]]

[45] A. Altland and M.R. Zirnbauer, Nonstandard symmetry classes in mesoscopic normal-
superconducting hybrid structures, Phys. Rev. B|55, 1142, 20pp (1997) |[arXiv:cond-mat/9602137|

[46] J.J.M. Verbaarschot, Spectrum of the QCD Dirac operator and chiral random matrixz theory,
Phys. Rev. Lett. |72, pp. 2531-2533 (1994) [arXiv:hep-th/9401059]

[47] V. A. Marcenko and L. A. Pastur, Distribution Of Eigenvalues For Some Sets Of Random
Matrices, Math. U.S.S.R. SB. 1(4), pp. 457-483 (1967)

[48] M. Kieburg, Chiral Random Matriz Theory: Generalizations and Applications, thesis for Habil-
itation at Faculty of Physics, Bielefeld University, PUB-ID: 2763203, URN: urn:nbn:de:hbz:361-
27632034, 522pp, 2015

[49] Vinayak, R. Schifer and Thomas H. Seligmann, Emerging spectra of singular correlation matrices
under small power-map deformations, Phys. Rev. E |88, 032115, 9pp (2013) |[arXiv:1304.4982
[math-phl]

[50] M. Potters, J.P. Bouchaud and L. Laloux, Financial Applications of Random Matriz Theory:
Old Laces and New Pieces, Acta Phys. Pol. B |36(9), 2767-2784| (2005) |[arXiv:physics/0507111
[physics.data-an]]

[51] R.J. Muirhead, Aspects of Multivariate Statistical Theory, John Wiley and Sons, New London,
Connecticut, Vol. 197, 2009

[52] P.J. Forrester, Log-gases and random matrices, LMS-34, Princeton University Press, Princeton,
NJ, USA, 2010

[53] C. Recher, M. Kieburg and T. Guhr, On the Eigenvalue Density of Real and Complex Wishart
Correlation Matrices, Phys. Rev. Lett. 105, pp. 244101-244105 (2010) |[arXiv:1006.0812 [math-

ph]

[54] C. Recher, M. Kieburg, T. Guhr and M.R. Zirnbauer, Supersymmetry Approach to Wishart
Correlation Matrices: Ezact Results, ournal of Statistical Physics: 148(6), pp. 981-988 (2012)
[arXiv:1012.1234 [math.ST]]

[55] M. Snarska, A Random Matriz Approach to Dynamic Factorsin Macroeconomic Data, Acta
Phys. Pol. A 121(2-B), pp. 110-120| (2012) |[arXiv:1201.6544 [q-fin.ST]]

100


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.014103
https://arxiv.org/abs/nlin/0401021
https://arxiv.org/abs/nlin/0401021
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.72.046207
https://arxiv.org/abs/nlin/0503052
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.98.044103
https://arxiv.org/abs/nlin/0610053
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.55.1142
https://arxiv.org/abs/cond-mat/9602137
https://doi.org/10.1103/PhysRevLett.72.2531
https://arxiv.org/abs/hep-th/9401059
http://dx.doi.org/10.1070/SM1967v001n04ABEH001994
https://pub.uni-bielefeld.de/publication/2763203
https://pub.uni-bielefeld.de/publication/2763203
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.88.032115
https://arxiv.org/abs/1304.4982
https://arxiv.org/abs/1304.4982
http://www.actaphys.uj.edu.pl/fulltext?series=Reg&vol=36&page=2767
https://arxiv.org/abs/physics/0507111
https://arxiv.org/abs/physics/0507111
https://doi.org/10.1002/9780470316559
https://doi.org/10.1002/9780470316559
https://press.princeton.edu/titles/9237.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.105.244101
https://arxiv.org/abs/1006.0812
https://arxiv.org/abs/1006.0812
https://doi.org/10.1007/s10955-012-0567-x
https://arxiv.org/abs/1012.1234
http://dx.doi.org/10.12693/APhysPolA.121.B-110
http://arxiv.org/abs/1201.6544

Bibliography

[56] S.H. Simon and A.L. Moustakas, Figenvalue density of correlated complex random Wishart
matrices, Phys. Rev. E 69, 065101(R), 4pp (2004) [arXiv:math-ph/0401038]

[57] D. Waltner, T. Wirtz and T. Guhr, Eigenvalue Density of the Doubly Correlated Wishart Model:
Ezact Results., J. Phys. A: Math. Theor. 48(17) 175204, 19pp (2015) [arXiv:1412.3092 [math-

ph]

[68] J.J. Sylvester, On the relation between the minor determinants of linearly equivalent quadratic
functions, The London, Edinburgh, and Dublin Philos. Mag. and J. Sci.[1(4), pp. 295-305| (1851)

[59] Vinayak, Spectral density of a Wishart model for nonsymmetric Correlation Matrices, Phys.
Rev. E 88, 042130, 7pp (2013) [arXiv:1306.2242 [math-ph]]

[60] Vinayak and L. Benet, Spectral domain of large nonsymmetric correlated Wishart matrices,
Phys. Rev. E 90, 042109, 10pp (2014) [arXiv:1403.7250 [math-ph]]

[61] S. Kumar, Figenvalue statistics for the sum of two complex Wishart matrices, Europhys. Lett.
107(6), 60002, 7Tpp (2014) |[arXiv:1406.6638 [math-ph]]

[62] D. Griffiths, Introduction to Elementary Particles, 2nd Edition, WILEY-VCH Verlag GmbH &
Co.KGaA Weinheim, Germany, 2008

[63] J.J.M. Verbaarschot and T. Wettig, Random Matriz Theory and Chiral Symmetry in QCD, Ann.
Rev. Nucl. Part. Sci. |50, pp. 343-410 (2000) [arXiv:hep-ph/0003017]

[64] C.N. Yang and R.L. Mills, Conservation of Isotopic Spin and Isotopic Gauge Invariance, Phys.
Rev. 96(1), pp. 191-195 (1954)

[65] T. Muta, Foundations of Quantum Chromodynamics, Third edition, World Scientific, Singapore
2010

[66] K. Splittorff, The sign problem in the e-regime of QCD, PoSLAT2006:023, 15pp (2006)
[arXiv:hep-lat/0610072]

[67] C. Schmidt, Lattice QCD at finite density, PoSLAT2006:021, 15pp (2006) [arXiv:hep-
lat/0610116]

[68] S. Scherer, Introduction to Chiral Perturbation Theory, Adv. Nucl. Phys. |27, pp. 277-538| (2003)
larXiv:hep-ph/0210398]

[69] J. Gasser and H. Leutwyler, Light quarks at low temperatures, Phys. Lett. B|184(1), pp. 83-88
(1987) and Thermodynamics of chiral symmetry, Phys. Lett. B |188(4), pp. 477-481 (1987)

[70] T. Banks and A. Casher, Chiral symmetry breaking in confining theories, Nucl. Phys. B/169(1-2),
pp. 103-125 (1980)

[71] A.V. Smilga and J. Stern, On the spectral density of Fuclidean Dirac operator in QCD, Phys.
Lett. B|318(3), pp. 531-516/ (1993)

101


http://dx.doi.org/10.1103/PhysRevE.69.065101
http://arxiv.org/abs/math-ph/0401038
http://iopscience.iop.org/article/10.1088/1751-8113/48/17/175204/meta
https://arxiv.org/abs/1412.3092
https://arxiv.org/abs/1412.3092
https://doi.org/10.1080/14786445108646735
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.88.042130
https://arxiv.org/abs/1306.2242
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.90.042109
https://arxiv.org/abs/1403.7250
http://dx.doi.org/10.1209/0295-5075/107/60002
http://arxiv.org/abs/1406.6638
https://doi.org/10.1146/annurev.nucl.50.1.343
https://arxiv.org/abs/hep-ph/0003017
https://journals.aps.org/pr/abstract/10.1103/PhysRev.96.191
https://arxiv.org/abs/hep-lat/0610072
https://arxiv.org/abs/hep-lat/0610116
https://arxiv.org/abs/hep-lat/0610116
http://link.springer.com/chapter/10.1007/0-306-47916-8_2
https://arxiv.org/abs/hep-ph/0210398
https://www.sciencedirect.com/science/article/pii/0370269387904928
https://www.sciencedirect.com/science/article/pii/0370269387916522
http://www.sciencedirect.com/science/article/pii/0550321380902552?via%3Dihub
http://www.sciencedirect.com/science/article/pii/0550321380902552?via%3Dihub
https://www.sciencedirect.com/science/article/pii/037026939391551W

Bibliography

[72] M.A. Stephanov, Random Matriz Model of QCD at Finite Density and the Nature of the
Quenched Limit, Phys. Rev. Lett. |76, pp. 4472-4476 (1996) [arXiv:hep-lat/9607060)

[73] J.C. Osborn, Universal Results from an Alternate Random-Matriz Model for QCD with a Baryon
Chemical Potential, Phys. Rev. Lett. 93 222001 (2004) |arXiv:hep-th/0403131]

[74] G. Akemann and E. Strahov, Dropping the Independence: Singular Values for Products of Two
Coupled Random Matrices, Commun. Math. Phys. 345(1), pp. 101-140 (2016) |[arXiv:1504.02047
[math-phl]

[75] G. Akemann and E. Strahov, Hard edge limit of the product of two strongly coupled random
matrices, Nonlinearity 29(12), pp. 3743-3776/ (2016) [arXiv:1511.09410 [math-ph]|]

[76] D.-Z. Liu, Singular Values for Products of Two Coupled Random Matrices: Hard Edge Phase
Transition, Constr. Approx. 47(3), pp. 487-528| (2018) [[arXiv:1602.00634 [math-ph]|

[77) A. Haar, Der Massbegriff in der Theorie der kontinuierlichen Gruppen, Annals of Mathematics
34(1), pp. 147-169, (1933)

[78] H. Weyl, The Classical Groups: Their Invariants and Representations, Princeton Univ. Press.,

Princeton, New Jersey, 1966

[79] Harish-Chandra, Differential Operators on a Semisimple Lie Algebra, Am. J. Math. 79(1), pp.
87-120 (1957)

[80] C. Itzykson and J.B. Zuber, The planar approzimation. II, J. Math. Phys. 21(3), pp. 411-421
(1980)

[81] F.A. Berezin and F.I. Karpelevich, Zonal spherical functions and Laplace operators on some
symmetric spaces, Dokl. Akad. Nauk SSSR 118(1), pp. 9-12/ (1958)

[82] 1.S. Gradshteyn and I.M. Ryzhik, Table of Integrals, Series, and Products, A. Jeffrey and
D. Zwillinger (Eds.), 8th Edition, Academic Press, 2014

[83] T. Guhr and T. Wettig, An Itzykson—Zuber-like integral and diffusion for complex ordinary and
supermatrices, J. Math. Phys. 37(12), pp. 6395-6413| (1996) |[arXiv:hep-th/9605110]

[84] A.D. Jackson, M.K. Sener and J.J.M. Verbaarschot, Finite volume partition functions and
Itzykson-Zuber integrals, Phys. Lett. B |387(2) 355-360| (1996) |[arXiv:hep-th/9605183]

[85] A.B. Balantekin, Character expansions, Itzykson-Zuber integrals, and the QCD partition func-
tion, Phys. Rev. D 62, 085017, 8pp (2000) [arXiv:hep-th/0007161]

[86] B. Schlittgen and T. Wettig, Generalizations of some integrals over the unitary group, J. Phys.
A: Math. Gen. 36, pp. 3195-3202 (2003) |[arXiv:math-ph/0209030]

[87] S.H. Simon, A.L. Moustakas and L. Marinelli,Capacity and Character Expansions: Moment-
Generating Function and Other Ezxact Results for MIMO Correlated Channels, IEEE Trans.
Info. Theor. |52(12), pp. 5336-5351 (2006) |[arXiv:cs/0509080 [cs.IT]|

102


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.76.4472
https://arxiv.org/abs/hep-lat/9604003
https://doi.org/10.1103/PhysRevLett.93.222001
https://arxiv.org/abs/hep-th/0403131
https://doi.org/10.1007/s00220-016-2653-4
https://arxiv.org/abs/1504.02047
https://arxiv.org/abs/1504.02047
https://doi.org/10.1088/0951-7715/29/12/3743
https://arxiv.org/abs/1511.09410
https://doi.org/10.1007/s00365-017-9389-z
https://arxiv.org/abs/1602.00634
https://doi.org/10.2307/1968346
https://doi.org/10.2307/j.ctv3hh48t
https://doi.org/10.2307/j.ctv3hh48t
https://doi.org/10.2307/2372387
https://doi.org/10.2307/2372387
https://doi.org/10.1063/1.524438
https://www.researchgate.net/publication/265541638_Zonal_spherical_functions_and_Laplace_operators_on_some_symmetric_spaces
https://doi.org/10.1016/C2010-0-64839-5
https://doi.org/10.1063/1.531784
https://arxiv.org/abs/hep-th/9605110
https://doi.org/10.1016/0370-2693(96)00993-8
https://arxiv.org/abs/hep-th/9605183
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.62.085017
https://arxiv.org/abs/hep-th/0007161
https://iopscience.iop.org/article/10.1088/0305-4470/36/12/319/meta
https://arxiv.org/abs/math-ph/0209030
https://doi.org/10.1109/TIT.2006.885519
https://arxiv.org/abs/cs/0509080

Bibliography

[88] A.T. James, Distributions of Matriz Variates and Latent Roots Derived from Normal Samples,
Ann. Math. Stat. [35(2), pp. 475-501 (1964)

[89] F.W.J. Olver, D.W. Lozier, R.F. Boisvert and C.W. Clark, NIST Handbook of Mathematical
Functions, Cambridge Univ. Press, 2010 |[https://d1lmf.nist.gov/|

[90] C. Andréief, Note sur une relation entre les intégrales définies des produits des fonctions, Mém.
Soc. Sci. Phys. Nat. Bordeaux (3) 2, pp. 1-14 (1886)

[91] P.J. Forrester, Meet Andréief, Bordeaux 1886, and Andreev, Kharkov 1882-83, 9pp (2018)
[arXiv:1806.10411 [math-ph]]

[92] S. Kumar, Random matriz ensembles involving Gaussian Wigner and Wishart matrices, and
biorthogonal structure, Phys. Rev. E 92, 032903, 11pp (2015) [arXiv:1504.01281 [math-ph]]

[93] M. Kieburg and T. Guhr, Derivation of determinantal structures for random matriz ensembles
in a new way, J. Phys. A: Math. Theor. 43(7) 075201, 32pp (2010) [arXiv:0912.0654 [math-ph]|]

[94] A. Borodin, Biorthogonal ensembles, Nucl. Phys. B 536(3), pp. 704-732 (1998)
[arXiv:math /9804027 [math.CA]]

[95] G. Akemann, M. Kieburg and L. Wei, Singular wvalue correlation functions for prod-
ucts of Wishart random matrices, J. Phys. A: Math. Theor. 46(27) 275205, 23pp (2013)
[arXiv:1303.5694 [math-ph]]

[96] E.L. Basor and P.J. Forrester, Formulas for the Evaluation of Toeplitz Determinants with Ra-
tional Generating Functions, Math. Nachr. [170, pp. 5-18 (1994)

[97] A. Borodin and S. Péché, Airy Kernel with Two Sets of Parameters in Directed Percolation and
Random Matriz Theory, J. Stat. Phys. 132(2), pp. 275-290| (2008) [arXiv:0712.1086 [math-phl]

[98] P. Zinn-Justin, Random hermitian matrices in an external field, Nucl. Phys. B 497(3), pp.
725-732| (1997) [arXiv:cond-mat /9703033

[99] P. Zinn-Justin, Undversality of Correlation Functions of Hermitian Random Matrices in an
Eaxternal Field, Commun. Math. Phys. |[194(3), pp. 631-650 (1998) |[arXiv:cond-mat/9705044]

[100] K. Johansson, Random matrices and determinantal processes, Lecture Notes, 40pp (2005)
[arXiv:math-ph/0510038|

[101] A. Soshnikov, Determinantal random point fields, Russ. Math. Surv. 55(5), pp. 923-975/ (2000)
[arXiv:math/0002099 [math.PR]]

[102] G. Cramer, Introduction ¢ I’Analyse des lignes Courbes algébriques, chez les freres Cramer & Cl.
Philibert, Geneva: Europeana, 1750

[103] S. Schechter, On the inversion of certain matrices, Math. Comp. 13, pp. 73-77| (1959)

[104] A.B.J. Kuijlaars and D. Stivigny, Singular values of products of random matrices and polynomial
ensembles, Rand. Matr. Theor. App. |03(3), 1450011, 22pp (2014) [arXiv:1404.5802 [math.PR]]

103


http://projecteuclid.org/euclid.aoms/1177703550
https://dlmf.nist.gov/
https://arxiv.org/abs/1806.10411
http://dx.doi.org/10.1103/PhysRevE.92.032903
http://arxiv.org/abs/1504.01281
http://iopscience.iop.org/article/10.1088/1751-8113/43/7/075201/meta
https://arxiv.org/abs/0912.0654
https://www.researchgate.net/publication/222447596_Biorthogonal_ensembles
https://arxiv.org/abs/math/9804027
http://dx.doi.org/10.1088/1751-8113/46/27/275205
https://arxiv.org/abs/1303.5694
https://doi.org/10.1002/mana.19941700102
https://doi.org/10.1007/s10955-008-9553-8
https://arxiv.org/abs/0712.1086
https://www.sciencedirect.com/science/article/pii/S0550321397003076?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0550321397003076?via%3Dihub
https://arxiv.org/abs/cond-mat/9703033
https://doi.org/10.1007/s002200050372
https://arxiv.org/abs/cond-mat/9705044
https://arxiv.org/abs/math-ph/0510038
https://dx.doi.org/10.1070/RM2000v055n05ABEH000321
https://arxiv.org/abs/math/0002099
https://doi.org/10.1090/S0025-5718-1959-0105798-2
https://doi.org/10.1142/S2010326314500117
https://arxiv.org/abs/1404.5802

Bibliography

[105] W. Konig, Orthogonal polynomial ensembles in probability theory, Prob. Surv. 2, pp. 385-447
(2005) [arXiv:math /0403090 [math.PR]]

[106] K.A. Muttalib, Random matriz models with additional interactions, J. Phys. A: Math. Gen.
28(5), 7pp (1995) |[arXiv:cond-mat/9405084|

[107] P.J. Forrester and D. Wang, Muttalib—Borodin ensembles in random matriz theory — realisations
and correlation functions, 46pp (2015) [arXiv:1502.07147 [math-ph]]

[108] P. Desrosiers and P.J. Forrester, Asymptotic correlations for Gaussian and Wishart matrices
with external source, 31pp (2006) [arXiv:math-ph/0604012]

[109] P. Desrosiers and P.J. Forrester, A note on biorthogonal ensembles, J. Approx. Theor. 152(2),
pp. 167-187| (2008) [arXiv:math-ph/0608052]

[110] B. Eynard and M.L. Mehta, Matrices coupled in a chain: I. Figenvalue correlations, J. Phys. A:
Math. Gen. 31(19), pp. 4449-4457 (1998) |[arXiv:cond-mat/9710230)

[111] F. Basile and G. Akemann, Equivalence of QCD in the e-regime and chiral random matriz theory
with or without chemical potential, JHEP0712 043 (2007) [arXiv:0710.0376 [hep-th]]

[112] J.E. Bunder, K.B. Efetov, V.E. Kravtsov, O.M. Yevtushenko and M.R. Zirnbauer, Super-
bosonization Formula and its Application to Random Matriz Theory, J. Stat. Phys. [129(5-6),
pp- 809-832| (2007) [[arXiv:0707.2932 [cond-mat.mes-hall]|

[113] M. Kieburg, H.-J. Sommers and T. Guhr, A comparison of the superbosonization formula and
the generalized Hubbard-Stratonovich transformation, J. Phys. A: Math. Theor. 42(27), 275206,
24pp (2009) |[arXiv:0905.3256 [math-ph]]|

[114] P. Littelmann, H.-J. Sommers and M. R. Zirnbauer, Superbosonization of Invariant Random
Matriz Ensembles, Commun. Math. Phys. 283, pp. 343-395 (2008) [[arXiv:0707.2929 [math-ph]]

[115] H.-J. Sommers, Superbosonization, Act. Phys. Pol. B [38(13), pp. 4105-4110 (2007)
[arXiv:0710.5375 [cond-mat.stat-mech|]

[116] A. Berezin, The Method of Second Quantization, Academic Press, 1966

[117] 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: Math. Theor. 45(7)
075203, 32pp (2012) |[arXiv:1107.5019 [math-ph]]

[118] A.L. Moustakas, S.H. Simon and A.M. Sengupta, MIMO capacity through correlated channels
in the presence of correlated interferers and noise: a (not so) large N analysis, IEEE Trans.
Inform. Theor. Soc. 45(10), pp. 2545-2561| (2003)

[119] T. Claeys, A.B.J. Kuijlaars and D. Wang, Correlation kernels for sums and products of random
matrices, 33pp (2015) [arXiv:1505.00610 [math.PR]]

104


https://doi.org/10.1214/154957805100000177
https://arxiv.org/abs/math/0403090
https://iopscience.iop.org/article/10.1088/0305-4470/28/5/003
https://arxiv.org/abs/cond-mat/9405084
https://arxiv.org/abs/1502.07147
https://arxiv.org/abs/math-ph/0604012
https://doi.org/10.1016/j.jat.2007.08.006
https://doi.org/10.1016/j.jat.2007.08.006
https://arxiv.org/abs/math-ph/0608052
https://iopscience.iop.org/article/10.1088/0305-4470/31/19/010/meta
https://arxiv.org/abs/cond-mat/9710230
http://dx.doi.org/10.1088/1126-6708/2007/12/043
http://arxiv.org/abs/0710.0376
http://dx.doi.org/10.1007/s10955-007-9405-y
http://dx.doi.org/10.1007/s10955-007-9405-y
http://arxiv.org/abs/0707.2932
http://dx.doi.org/10.1088/1751-8113/42/27/275206
http://arxiv.org/abs/0905.3256
https://doi.org/10.1007/s00220-008-0535-0
http://arxiv.org/abs/0707.2929
http://www.actaphys.uj.edu.pl/fulltext?series=Reg&vol=38&page=4105
http://arxiv.org/abs/0710.5375
https://www.elsevier.com/books/the-method-of-second-quantization/berazin/978-0-12-089450-5
http://iopscience.iop.org/article/10.1088/1751-8113/45/7/075203/meta
http://iopscience.iop.org/article/10.1088/1751-8113/45/7/075203/meta
https://arxiv.org/abs/1107.5019
https://doi.org/10.1109/TIT.2003.817427
https://arxiv.org/abs/1505.00610

Bibliography

[120] G. Akemann and E. Strahov, Product matriz processes for coupled multi-matriz models and
their hard edge scaling limits, Ann. Henri Poincaré Volume 19(9), pp. 2599-2649, 2018
[arXiv:1711.01873 [math-ph]]

[121] A.B.J. Kuijlaars and L. Zhang, Singular Values of Products of Ginibre Random Matrices, Mul-
tiple Orthogonal Polynomials and Hard Edge Scaling Limits, Commun. Math. Phys. 332(2), pp.
759-781 (2014) |[arXiv:1308.1003 [math-ph]]

[122] Y.V. Fyodorov, J. Grela and E. Strahov, On characteristic polynomials for a generalized chiral
random matriz ensemble with a source, J. Phys. A: Math. Theor. 51(13) 134003, 31pp (2018)
[arXiv:1711.07061 [math-ph]]

105


https://link.springer.com/journal/23/19/9/page/1
https://arxiv.org/abs/1711.01873
https://doi.org/10.1007/s00220-014-2064-3
https://doi.org/10.1007/s00220-014-2064-3
https://arxiv.org/abs/1308.1003
https://iopscience.iop.org/article/10.1088/1751-8121/aaae2a/meta
https://arxiv.org/abs/1711.07061

	Introduction
	Applications
	Time-Series Analysis
	Covariance Matrix and Fluctuations
	Time Evolution in Time-Series Modelling
	First-Moment Condition

	Quantum Chromodynamics
	QCD Partition Function and Global Symmetries
	Random Matrix Models in QCD
	Coupled Wishart Matrices with Correlations


	External Parameters in Matrix Models
	Eigenvalue Representation and Solvable Group Integrals
	Sum of Two Independent Wishart Matrices
	Product of Two Coupled Wishart Matrices

	Determinantal Point Processes
	Determinantal Correlation Functions
	Biorthogonal Ensembles
	Classes of Biorthogonal Ensembles
	Modified Heine Formula
	Biorthogonal Two-Matrix Ensembles

	Spectral Statistics
	Sum of Two Independent Wishart Matrices
	One-Epoch Model
	Spatial Cross-Correlations
	Temporal Cross-Correlations

	Product of Two Coupled Wishart Matrices
	Eigenvalue Representation
	Correlation Kernels for Finite Matrix Dimensions
	Interpolating Hard-Edge Limit


	Summary and Outlook
	Bibliography

