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Abstract

This thesis advances the spectral theory of structured matrix-sequences within
the framework of Generalized Locally Toeplitz (GLT) *-algebras, focusing
on the geometric mean of Hermitian positive definite (HPD) GLT matrix-
sequences and its applications in mathematical physics. For two HPD se-
quences {A,}, ~grr k and {B,}, ~crr € in the same d-level, r-block GLT
x-algebra, we prove that, when x and £ commute, the sequence of geomet-
ric means {G(A,, B,)}, is a GLT sequence with symbol (k€)Y2, without
requiring the almost-everywhere invertibility of either symbol, thereby set-
tling [38, Conjecture 10.1] for r = 1, d > 1. In degenerate cases, where
symbols vanish on sets of positive measure, we identify conditions ensuring
that the geometric mean retains a GLT structure in the commuting setting,
so having {G (A, Byn) }n ~crr G(K,§). Conversely, for » > 1 with degenerate,
non-commuting symbols, we provide numerical evidence that the resulting
sequence still admits a spectral symbol, with G(k, &) being not well defined.
The latter implies that the result {G(A,, B,)}n ~crr G(k,§) in the commut-
ing setting is maximal. Numerical experiments in scalar and block settings,
in one and two dimensions, confirm the theoretical predictions and illustrate
spectral behaviour. We sketch also the case of £ > 2 matrix-sequences, by
considering the Karcher mean. Preliminary results and numerical experiments
indicate that {G(AWY, ... AYN Y, ~qrr G(k1, ... k), if {AV}, ~arr K, for
j=1,...,k.

The GLT framework is further applied to mean-field quantum spin systems,
with particular attention to the quantum Curie-Weiss model. In this con-
text, we show that the structured matrices arising from the model form GLT
sequences, enabling an explicit determination of their spectral distributions
in both unrestricted and symmetry-restricted cases. Numerical simulations
validate the analysis and reveal additional spectral features such as eigenvalue
localization and extremal behaviour.

In terms of mathematical tools, we use the axioms characterizing the d-level,
r-block GLT x-algebra, the notion of approximating classes of sequences and
the important two-sided ideal of zero-distributed matrix-sequences.
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General notations and acronyms

o N, R, C: Sets of natural, real, and complex numbers, respectively.
o« RT, NT: Sets of positive real and natural numbers.

e 7Z: Set of integers.

o K: A field, usually R or C.

o K": Space of vectors of length r with entries in K.

o K"*%: Space of r x s matrices with entries in K.

o M,(K): Set of n x n matrices over K.

o x,y: Vectors in K" (bold letters usually denote vectors).

« A, B: Matrices in M,,(K) unless specified otherwise.

e I, or I,: n X n identity matrix.

e 0, or 0,: n X n zero matrix.

e (-)": denotes the transpose of a vector or matrix.

e (-)*: denotes the conjugate transpose of a vector or matrix.

e ()7: denotes the Moore-Penrose pseudoinverse of a square matrix.
o X;j(A): denotes the j-th eigenvalue of A € M, (K), for j =1,... n.
« 0j(A): denotes the j-th singular value of A € M, (K), for j =1,...,n.
o H: Hilbert space.

e 04,0y,0,: Pauli matrices.

o o): Pauli operator acting on the i-th spin.

o H: Hamiltonian operator of the system.

o p(H): empirical spectral measure of H.

e x: Magnetic susceptibility.

o (: Inverse temperature parameter.

o Z: Partition function.

o (-): Expectation with respect to the Gibbs measure.

e A> B, where A, B € M,(K), means that A — B is positive semidefinite.
Likewise, A < B means that A — B is negative semidefinite.



A > B, where A, B € M,(K), means that A — B is positive definite.
Likewise, A < B means that A — B is negative definite.

e A~ B, where A, B € M,(K), denotes that A and B are similar matrices
(i.e., there exists an invertible P such that A = PBP™!).

o || -|[p: denotes the standard p-norm of a vector or matrix, 1 < p < oo.

e | - |I: denotes the spectral norm (largest singular value), coincides with
| - []2. If the matrix is normal, the spectral norm coincides with the
spectral radius.

o ®: Kronecker (tensor) product. For A € CP*4, B € C"™**,
anB s aqu
A R B — : c CPTX(JS

CLplB CquB

o LP(D): Space of p-integrable functions on domain D.
o C([a,b]): Space of continuous functions on [a, b].
e O(+), o(+): Big-O and little-o notation.

e C.(R), C.(C): The set of continuous, complex-valued functions with com-
pact support on R or C.

Multi-index notation:

e i denotes a multi-index (i1,...,iq) € Z9. Tts size will be clear from
context.

e« 0,1,2,... are vectors of all zeros, ones, twos, etc.

e h + k is the multi-index whose components are h, + k, for r =1,...,d.

More generally, operations between multi-indices such as subtraction,
multiplication, division, and so on, are performed componentwise.

e h < k means that h, < k, for all r =1,...,d. More generally, relations
between multi-indices are evaluated componentwise.

e h,..., k denotes the multi-index range {j € Z¢ : h < j < k}. With
J =h,..., k we mean that j varies in this range from h to k according
to the standard lexicographic ordering:

RN LIRS ) PR IOV I

« m — oo means that min(m) = min;—;__4m; — oo, or equivalently,
that all the components tend to infinity.

o N(m) is the product of all the components of m, i.e., N(m) := H?zl m;.
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{A, }n: Sequence of matrices indexed by size/discretization parameter n.
T,(f): Toeplitz matrix of size n generated by symbol f.

Cyr(f): Circulant matrix of size n generated by symbol f.

H,(f): Hankel matrix of size n generated by symbol f.

Symbol (k): Measurable function associated with a matrix-sequence, e.g.,
{An}n ~GLT K-

Symbol (§): Measurable function associated with a matrix-sequence, e.g.,
{Bn}n ~GLT f

D = [0,1]¢ x [~m,7]% Typical domain for the symbol of a d-level GLT
sequence.

~,: Singular value distribution.

~y: Eigenvalue distribution.

~qrr: Matrix-sequence is a GLT sequence with symbol.
ran(M): The column space (range) of a matrix M.

essRan(-): The essential range of a Grassmannian-valued measurable
map, i.e., the set of subspaces which are not avoided by the function on
a set of positive measure.

Acronyms and Abbreviations:

GLT: Generalized Locally Toeplitz

LT: Locally Toeplitz

HPD: Hermitian positive definite

SPD: Symmetric positive definite

a.c.s.. Approximating class of sequences

FDE / PDE: Fractional / Partial Differential Equation
CW: Curie-Weiss (model)

TFIM: Transverse-field Ising model.

LSD: Limiting spectral distribution.

a.e.: almost everywhere.

w.h.p.: with high probability.



Introduction

The asymptotic spectral distribution of large, structured matrices is a central
theme in matrix analysis and computational mathematics, particularly in the
context of discretized differential equations. This theme dates back to the
early twentieth century with the pioneering work of Gabor Szegd, whose limit
theorem rigorously describes the eigenvalue distribution of n x n Hermitian
Toeplitz matrices generated by a real-valued symbol f € L*([—m,7]). More
precisely, for f real-valued and essentially bounded, the classical Szeg6 Limit
Theorem as discussed in [43] states that for the Toeplitz sequence {T,,(f)}n,
it holds

:% .

Jim 13" FOU(T0) = 5= [ PUO) o, 1)

for every continuous function F', where \;(T,(f)) are the eigenvalues of T),(f);
see [87, Theorem 1.1]. This profound results laid the groundwork for connect-
ing discrete matrix structures with continuous spectral data, a connection of
fundamental importance in many applications, including the approximation
of differential and integral operators.

Over time, the need to extend these foundational results to broader function
spaces and more general matrix structures became apparent. A major ad-
vancement was made by Eugene Tyrtyshnikov in 1996 [89], who developed a
unifying approach for the spectral and singular value distribution of Toeplitz
and multilevel Toeplitz matrices generated by symbols in L?([—m,7]),d > 1.
In particular, Tyrtyshnikov proved that for the wide class of Toeplitz matrix-
sequences with symbol f € L?([—m, n]?), the limiting singular value distribu-
tion is still governed by integrals over the symbol, even when f is unbounded
or complex-valued. The eigenvalue distribution is also proved for {7, (f)}x
and f € L?([—n, n]%), but with the restriction that f is essentially real-valued.
By relaxing the assumption on the generating function to the minimal require-
ment f € L!'([—n, 7)), the singular value distribution was extended in [91],
while, for the eigenvalue distribution, the function f has to be essentially real-
valued. This framework not only extends the reach of the classical Szeg6 and
Avram-Parter theorems [29], but also justifies the use of weak spectral limits
and singular value analysis in a broad array of applications, from signal pro-
cessing to the numerical analysis of partial differential equations (PDEs).

In terms of mathematical techniques, in [91], Tyrtyshnikov and Zamarashkin
introduced matrix-theoretical approximation tools which anticipate the notion
of approximating classes of sequences [78]. A further significant contribution
which is mathematically very elegant was provided by Paolo Tilli in [86], where
he extended Szeg6-type distribution in the case where the generating function
is Lebesgue integrable and matrix-valued. Again, the eigenvalue distribution

7



is proven for Hermitian d-level, r-block Toeplitz matrix-sequences, d,r > 1.
Interesting results for the eigenvalue distribution in the non-Hermitian set-
ting can be found in [23,24, 28,80, 88|, where completely different techniques
and tools are used. In such cases, the resulting matrices exhibit Toeplitz or
Toeplitz-like structures, and the above theory applies directly. But when the
operator involves variable coefficients the translation invariance is lost, and
the resulting matrices no longer belong to the Toeplitz class. This limitation
naturally motivated the introduction of a more general framework capable of
capturing the asymptotic spectral behavior of matrices arising from the dis-
cretization of variable-coefficient PDEs. To address this challenge, Tilli intro-
duced the theory of Locally Toeplitz (LT) sequences in [87]. This framework
extends classical Toeplitz theory by associating each LT sequence with a pair
of measurable functions (a, f), called the local symbol, where f plays the role
of the generating function, analogous to the symbol in Toeplitz theory, while
a acts as a weight function capturing spatial variations due to variable coeffi-
cients. Tilli proved that LT sequences admit weighted Szegé-type formulas for
both eigenvalues and singular values, thus providing a robust mathematical
foundation for the analysis of matrix-sequences arising from the discretization
of PDEs with variable coefficients. Importantly, classical Toeplitz sequences
{T,,(f)}n are recovered as a special case of LT sequences by taking a(z) =1,
when f € L?([—m,7]) . This theory marked a paradigm shift in structured
matrix analysis, enabling the application of spectral distribution results to a
vastly broader class of discretization schemes and structured matrices relevant
in modern numerical analysis.

Since these foundational contributions by Tyrtyshnikov and Tilli, there has
been a surge of interest in the spectral analysis of structured matrix-sequences,
leading to the development of the comprehensive theory of Generalized Locally
Toeplitz (GLT) sequences [81,82]. This theoretical framework has rapidly
become central in both pure and applied mathematics, due to its remark-
able ability to capture the asymptotic singular value and eigenvalue distri-
butions of matrices arising from virtually any meaningful approximation of
(fractional) partial differential equations ((F)PDEs); see, e.g., the books and
review papers [11,12,38,39,40] and references therein. In fact, virtually any
practical discretization scheme, such as finite differences, finite elements of
any order, discontinuous Galerkin methods, finite volumes, or isogeometric
analysis, produces GLT matrix-sequences. Mathematically, for fixed posi-
tive integers d and r, the set of d-level, r-block GLT matrix-sequences forms
a maximal x-algebra of matrix-sequences, which is isometrically equivalent
to the space of d-variate, r X r matrix-valued measurable functions defined
on [0,1]? x [—m,7]¢ Each such GLT sequence {A,}, is uniquely associ-
ated with a measurable, matrix-valued function x the GLT symbol on the
domain D = [0,1]¢ x [~7,7]?. Notice that the set [0,1]¢ can be replaced
by any bounded Peano-Jordan measurable subset of R¢ as occurring with
the notion of reduced GLT x-algebras, see [81, pp. 398-399, formula (59)]



for the first occurrence with applications of approximated PDEs on general
non-Cartesian domains in d dimensions, [82, Section 3.1.4] for the first for-
mal proposal, and [7] for an exhaustive treatment, containing both the -
algebra theoretical results and a number of applications. This symbol pro-
vides a powerful tool for analyzing the singular value and eigenvalue distri-
butions when the matrices A, are part of a matrix-sequence of increasing
size. The notation {A,}, ~qrr k indicates that {A,}, is a GLT sequence
with symbol k. Notably, the symbol of a GLT sequence is unique in the
sense that if {A,}, ~qgrr £ and {A,}, ~crr &, then kK = £ almost every-
where in [0, 1] x [—7, 7] [11,12,38,39]. Furthermore, by the x-algebra struc-
ture, {A,}n ~crr £ and {B,}, ~crLr ~ implies that {4, — B,}» ~crr 0,
i.e., the matrix-sequence {A, — By}, is zero-distributed and the latter is
very important for building explicit matrix-sequences approximating a GLT
matrix-sequence and whose inversion is computationally cheap, in the con-
text of preconditioning of large linear systems. It must be noticed that the
d-level, r-block GLT x-algebra includes all Toeplitz sequences {T,,(f)}, with
f matrix-valued and f € L'([—m, n]9). Hence, even when r = d = 1, the LT
matrix-sequences are strictly contained in the GLT class with r = d = 1.

For other structured matrix-sequences such as Hankel, flipped Toeplitz, and
sampling dense matrix-sequences, further distributional results exist and can
be related to the study of GLT matrix-sequences; see [35] for Hankel structures
generated by f € L?([—7, 7|, d > 1, also of rectangular matrix-valued type.
For flipped and symmetrized Toeplitz structures, and for the related develop-
ment of preconditioning techniques and asymptotic spectral analyses applied
to evolutionary and optimal-control PDEs, see [33,36,37,45,46,47,52, 54,55,
56, 57,66, 67], where spectral properties of flipped or symmetrized Toeplitz
and multilevel Toeplitz matrices are analyzed, and structure-exploiting pre-
conditioners are proposed and tested. Finally, see [2,70] for dense sampling
matrix-sequences with applications to integral operators, including models
arising in mathematical finance.

For other structured matrix-sequences like Hankel, flipped Toeplitz, sampling
dense matrix-sequences, further distributional results exist and they can be
related to the study of GLT matrix-sequences; see [35] for Hankel structures
generated by f € L?([—m,7]?%),d > 1, also of rectangular matrix-valued type,
see [36,37,46,55] for flipped Toeplitz structures and related applications to
discretized evolutionary PDEs, see [2,70] for dense sampling matrix-sequences
with applications to integral operators also in finance models.

A particularly rich connection of the GLT theory is with that related to the
concept of geometric means of matrices. This notion was originally formalized
by Ando, Li, and Mathias (ALM) [3]. The concept of the matrix geometric
mean has attracted considerable attention from a large number of researchers
in recent decades due to its elegant theoretical foundations and growing sig-
nificance in a wide range of fields, including mathematics, engineering, and



applied sciences. More in detail, matrix geometric means appear in diffu-
sion tensor imaging (DTI) [14], radar detection [51,99], image processing [71],
elasticity [62], machine learning [48], brain-computer interfaces [100], network
analysis [34], and many more applications. The geometric mean provides a
meaningful way of averaging positive definite matrices while preserving criti-
cal structural properties. Historically, the notion of the geometric mean dates
back to ancient mathematics, where it was primarily applied to positive num-
bers. For positive real numbers ay, as, ..., ax, the geometric mean is defined

asS
k 1/k
g = (H ai) )
=1

a concept that can be extended to matrices [16,61]. However, this extension
is far from straightforward, primarily due to the lack of commutativity in
matrix multiplication.

Initially introduced implicitly in the context of a functional calculus for sesquilin-
ear maps by Pusz and Woronowicz [68], but popularized as a mean by Kubo
and Ando [50], the matrix geometric mean was rigorously formalized as fol-
lows: for two positive definite matrices A and B, the geometric mean G(A, B)

is defined as

G(A,B) = AY?(A1PBATI2)2AV? = G(B, A).

The rigorous definition has been analyzed by Ando, Li, and Mathias (ALM) [3],
who also identified essential axiomatic properties [20, Section 3] that a proper
matrix geometric mean should satisfy. These axioms serve as a foundation
for several established definitions, including the ALM mean itself, the Naka-
mura—Bini-Meini-Poloni (NBMP) mean [64], and the Karcher mean, rec-
ognized as a matrix geometric mean through Riemannian geometry as intro-
duced in [19,61]. Further detailed historical developments and generalizations
can be found in [16].

Building upon these foundational works, it becomes essential to address the
challenges that arise when considering more than two matrices. In princi-
ple, if £ > 2, the ALM mean can be computed through a recursive process,
where at each step the geometric mean is formed by reducing the problem
to k — 1 matrices. However, this method has significant limitations: it only
achieves linear convergence and entails high computational cost, as each re-
cursive step requires a large number of iterations. As a result, extending the
ALM geometric mean beyond two matrices quickly becomes computationally
infeasible [21]. To overcome these challenges, the Karcher mean [19] was in-
troduced as a true generalization of the geometric mean to multiple positive
definite matrices. For HPD matrices Ay, Ao, ..., Ag, the Karcher mean is
defined as the unique positive definite solution

k
> log(4;'X) =0,
=1
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as established by Moakher [61, Proposition 3.4].

With these generalizations in hand, a natural and central question arises: How
does the geometric mean behave asymptotically when applied to sequences of
structured matrices, such as those in the GLT class? In particular, does the
geometric mean of two (or more) GLT sequences itself form a GLT sequence,
and what is its symbol?

These foundational questions form the cornerstone of the present thesis. The
main questions addressed in this thesis concern the asymptotic behavior and
spectral distribution of geometric means of GLT matrix-sequences, which are
the focus of Chapters 4, 5. The results can be summarized as follows: the
extension of distribution results to the geometric mean of HPD GLT matrix-
sequences, establishing that under appropriate conditions the sequence of ge-
ometric means is itself a GLT sequence, with a symbol given by the geometric
mean of the input symbols; the removal of unnecessary assumptions on in-
vertibility and clarification of the role of commutativity in the distribution
results. This is done in a complete way for k = 2, while for the case of more
than two matrix-sequences is still open, even though partial theoretical results
and numerical tests indicate that such a generalization is possible.

In addition, the thesis includes an application-oriented Chapter 6 that demon-
strates the power of GLT theory in the spectral analysis of large quantum
spin systems. For instance, in mean-field models such as the Curie-Weiss
model, the asymptotic spectral properties of large Hamiltonian matrices play
a central role in understanding phase transitions and collective phenomena in
the thermodynamic limit. Traditionally, analyzing these spectral properties
relied on specialized analytical or combinatorial techniques. By interpreting
discretized Hamiltonians as GLT matrix-sequences, however, one can leverage
the powerful machinery of structured matrix theory: the spectral distribution
of the quantum system is described by the symbol associated with the GLT se-
quence. This approach enables precise predictions of eigenvalue distributions
and asymptotic behavior, bridging the gap between abstract mathematical
theory and concrete models in mathematical physics.

Thesis structure

The thesis is organized as follows:

e Chapter 1 introduces foundational concepts and definitions related to
matrix-sequences, focusing on singular value and eigenvalue distributions,
approximation classes, and multi-level structures. This chapter sets the
mathematical background necessary for the study of structured matrices
and their spectral properties.

o Chapter 2 reviews classical structured matrices, including Toeplitz, cir-
culant, w-circulant, 7, and Hankel matrices. The chapter details their
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definitions, algebraic and spectral properties, and discusses their impor-
tance in numerical linear algebra and asymptotic linear algebra.

Chapter 3 develops the theoretical framework of Generalized Locally
Toeplitz (GLT) sequences, which serves as the mathematical backbone
for the spectral analysis of structured matrix-sequences. The chapter
introduces the GLT notion and presents GLT algebras and their key
properties, establishing the essential axioms and algebraic structure that
define the behavior of GLT sequences. It distinguishes between matrix-
sequences with explicit and hidden asymptotic structures and discusses
fundamental concepts such as zero-distributed sequences, block Toeplitz
and block diagonal sampling matrices, and the construction of d-level

r-block GLT x-algebras.

Chapter 4 investigates the spectral distribution of geometric means of
Hermitian positive definite GLT matrix-sequences. For the scalar case
(r =1, d > 1), it is shown that the geometric mean of two GLT sequences
remains in the GLT class, with the symbol given by the geometric mean of
the input symbols. This result is extended to the block and multilevel case
(r, d > 1). Extensions to multiple matrices via the Karcher mean are also
discussed. Theoretical findings are supported by numerical experiments
in one and two dimensions, confirming the asymptotic spectral behavior.

Chapter 5 extends the study of the spectral distribution of geometric
means of Hermitian positive definite GLT matrix-sequences to the max-
imal setting, including degenerate and non-commuting GLT symbols. It
proves that if the GLT symbols commute, the geometric mean remains
a GLT sequence with symbol given by the geometric mean of the input
symbols, without requiring invertibility almost everywhere, completing
the proof of a long-standing conjecture for the scalar and block cases
(r,d > 1). Through detailed numerical experiments, the chapter also
demonstrates that when the symbols do not commute or are both de-
generate, the classical relation may fail, revealing new phenomena and
providing a candidate symbol for the geometric mean in these settings.

Chapter 6 applies the GLT framework to mean-field quantum spin mod-
els, especially the Curie-Weiss model. This chapter demonstrates how
GLT theory and spectral distribution results can be used to analyze the
asymptotic spectral properties of large Hamiltonians, connecting abstract
theory with quantum statistical mechanics.

In terms of mathematical tools, Theorem 4.2, Theorem 4.3, and Theorem 6.4
are proved only by using the GLT axioms. The case where both GLT symbols
are degenerate requires an elegant use of the notion of approximating classes of
sequences combined with the GLT axioms; see Theorem 5.2 and Theorem 5.4.
Finally, Theorem 6.1 has been the most difficult, since the verification that the
considered matrix-sequences are GLT with zero symbol has been performed

12



through an explicit computation.

The thesis ends with a final section where we summarize the results and
indicate open questions and future directions research.
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Chapter 1
Matrices and matrix-sequences

Matrix-sequences are essential to the mathematical investigation and practi-
cal application of numerical techniques for differential equations along with
applications. A matrix-sequence is formally defined as a collection {A,}, of
square matrices, where each matrix A,, is of size d,, x d,,, and the dimension
d,, increases with n. This increasing dimension signifies the enhancement of
discretizations, demonstrated by the reduction of mesh size in finite difference
or finite element methods to attain improved accuracy.

The origins of matrix-sequences originated in the discretization of continuous
mathematical models. For example, when an ordinary or partial differential
equation is discretized on a grid with n points, a linear system is often pro-
duced, with the coefficient matrix size specified by the number of unknowns
in the discretization. As the discretization refines (i.e., as the grid size di-
minishes or the number of nodes increases), the resultant matrices expand
in size, creating a sequence indexed by the discretization parameter. These
sequences are not random; the matrices frequently possess algebraic or ana-
lytic features derived from the original differential operator or the problem’s
geometry. Prominent cases contain Toeplitz and circulant matrices in scenar-
ios involving constant coefficients and periodic domains, as well as broader
categories such as banded, block, or multi-level matrices. Recently, the theory
has been widened to include GLT sequences, which can represent a broader
range of operators.

The main motivation for examining matrix-sequences is their spectral char-
acteristics as the matrix dimensions increase. The asymptotic behavior of
eigenvalues and singular values, expressed through matrix symbols and limit-
ing spectral measures, provides valuable insight into the stability and conver-
gence of numerical schemes. For instance, the link between the von Neumann
stability of linear approximation methods and the asymptotic spectral distri-
bution results is discussed in [82, Section 3.4]. When considering stationary
iterative solvers, the convergence can be read in the symbol. If the eigen-
values remain confined within bounded regions of the complex plane and the
spectral radius of the iteration matrix is strictly less than one, then the re-
sulting iterative technique is convergent. In terms of the symbol, a necessary
condition is that its infinity norm is less than one. In contrast, broad spectral
distributions or eigenvalue accumulation near zero usually indicate poor con-
ditioning, reduced convergence speed, or numerical instability. Furthermore,
comprehending the fundamental structure of a matrix-sequence is essential for
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developing efficient algorithms, including rapid direct solvers, preconditioned
iterative approaches (both stationary and of Krylov type), and multi-grid
techniques or multi-iterative methods.

This chapter seeks to explain the essential principles and motives underlying
the study of matrix-sequences, thereby preparing the reader for the more com-
plex content in subsequent chapters. Section 1.1 focuses on the concepts of
eigenvalue and singular value distributions, which are essential instruments for
the asymptotic spectral analysis of matrix-sequences. Section 1.2 explains the
notion of convergence in the realm of matrix-sequences, emphasizing the ro-
bust framework for approximating classes of sequences. Section 1.3 ultimately
examines the multilevel structural dimensions of the matrices presented in this
thesis. Readers who desire a comprehensive and formal exploration of these
topics are directed to the following [39, Chapter 2].

1.1 Singular value and eigenvalue distributions
of a matrix-sequence

In numerous cases, a matrix-sequence may be associated with an eigenvalue
or singular value distribution. We provide a formal definition of this idea and
clarify its intuitive meaning.

Definition 1. (Singular value and eigenvalue distribution of a matrix-sequence).
Let {A,}, be a matrix-sequence, with A,, of size d,,, and let ¢ : D C R* —
C™" be a measurable function defined on a set D with 0 < uy(D) < oo, where
() denotes the standard Lebesgue measure in R’

o We say that {A,}, has an (asymptotic) singular value distribution de-
scribed by v, and we write {A,,}, ~, ¥, if

1 & 1 G
Jim Y Floi(A) = s [ X Floib(@) e, VF € C(R)

nzl

o We say that {A,}, has an (asymptotic) spectral (or eigenvalue) distri-
bution described by v, and we write { Ay}, ~ ¥, if

dn
lim > F((Ay /D 3 (W(@)) dm, VF € C,(C).

n—o0 d 1

o If 7 describes both the singular value and eigenvalue distribution of

{A,}n, we write {A,}n ~o V.

In this case, the function 1 is referred to as the eigenvalue (or spectral) symbol
of {A,}n.

The same definition when the considered matrix-sequence shows a multilevel
structure. In that case n is replaced by m uniformly in A, and d,,.
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The formal definitions shown above define precisely the mathematical con-
straints under which a function, commonly referred to as the symbol, charac-
terizes the asymptotic spectral (eigenvalue) or singular value distribution of
a sequence of matrices.

The informal meaning behind the spectral distribution definition is as follows:

if 1 is continuous, then a suitable ordering of the eigenvalues {\;(A;)}j=1, . .,

assigned in correspondence with an equispaced grid on D, reconstructs ap-

proximately the r surfaces  — X\;(¢)(x)), i = 1,...,r. For example, in the

simplest case where t = 1 and D = [a,b], d,, = nr, the eigenvalues of A,, are

approximately equal up to a few potential outliers to A;(¢(x;)), where
(b—a)

rj=a+] p— g=1...,n, +=1,...,r.

If t =2 and D = [ay,b1] X [ag,bs], d, = n®r, the eigenvalues of A, are
approximately equal again up to a few potential outliers to A;(¥(x;,, y;,)),
where

A analogous understanding pertains to the definition of the singular value
distribution.

If the considered structure is two-level then the subscript is n = (n1,n2) and
d, = ningr. Furthermore, for ¢ > 3, a similar reasoning applies.

Finally we report an observation which is useful in the following deriva-
tions.

Remark 1.1. The relation {A,}, ~x ¥ and A(A,,) €S for all n imply that
the range of v is a subset of the closure S of S. In particular {A,}, ~x 1
and A, positive definite for all n imply that 1 is nonnegative definite almost
everywhere, simply nonnegative almost everywhere if r = 1. The same applies
when a multilevel matriz-sequence { Ay }n is considered and similar statements
hold when singular values are taken into account.

As we will experience, computing the spectral distribution is often simpler for
Hermitian matrix-sequences. However, there exist several effective tools for
analyzing matrix-sequences where the non-Hermitian component is somehow
negligible; as in the following proposition stating that small-norm perturba-
tions of Hermitian sequences do not alter the spectral distribution.

Proposition 1.2 ([13, Corollary 2|). Let {A,}, be a matriz-sequence such
that A, = B, + C,,, where B,, is Hermitian ¥Yn € N. Suppose that

® {Bn}n ~A ¢;
« [[Cull = o(1).
Then {An}n ~a 1.
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The non-uniqueness of the distribution function for a matrix-sequence occurs
because any measurable function that yields the same integral relationship
when evaluated against all compactly supported continuous functions is also
considered a distribution. Once a distribution function 1) is established, there
exist infinitely many alternative functions ¢, potentially specified on distinct
domains or possessing varying dimensionalities, that produce identical asymp-
totic spectral information. For instance, any permutation of i, specifically
any measurable function ¢ : F C R®* — C that meets the specified condi-
tion
1 1
:UJt(D ) Hes (E )

is also classified as a distribution. Alternative representations, which may
involve varying numbers of variables or be matrix-valued; see e.g. [11,12], are
deemed valid if they fulfill the aforementioned integral criterion.

| F@)de = —— [ Flo@))dz, VF € C.(0),

1.2 Approximating classes of sequences

We present the idea of approximation class of sequences (a.c.s.), which is es-
sential in the contemporary theory of matrix-sequences. Generally, an (a.c.s.)
scheme for a specified matrix-sequence {A,}, comprises a family of matrix
sequences that can increasingly approximate {A,},, aside from the poten-
tial existence of error terms: one of low rank relative to the overall matrix
dimensions, and another possessing a negligible norm.

This concept can be regarded as a particular form of convergence, or more
formally, as a method of establishing a topology on the space of matrix-
sequences. The formal concept of approximation classes of sequences and
their associated convergence results was initially defined in prior research see

e.g. [79,87]. For additional literature and contemporary finding, refer to, for
instance [38,39].

Definition 2 (Approximating class of sequences). Let {A,}, be a matrix-
sequence and let {{B,_}»}; be a class of matrix-sequences, with A,, and B, ;
of size d,,. We say that {{B, }.}; is an approximating class of sequences
(a.c.s.) for {A,}, if the following condition is met: for every j, there exists
n; such that, for every n > n;,

An - Bn,j + Rn,j + Nn,j;

tank(Rog) < c()dn and | Nogl < w(j),
where n;j, ¢(j), and w(j) depend only on j, and

lim ¢(j) = lim w(j) = 0.

j—00 Jj—00
({Bp}n}; 222090 £4 Y denotes that {{B, }n}; is an a.c.s. for {4, .
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In more intuitive words, we assert that {{B,, ;},}; constitutes an approximat-
ing class of sequences (a.c.s.) for {A,}, if, for any sufficiently large value of
J, the sequence {B, ;}, yields an asymptotic approximation to {A,},. This
indicates that each A,, can be expressed as the sum of the corresponding B,, ;,
a matrix with a rank significantly lower than that of A,,, and an additional
matrix with a tiny norm. As j rises, the rank and norm of these error terms
diminish significantly for large n.

The following theorem represents the expression of a related convergence the-
ory and it is a powerful tool used, for example, in the construction of the GLT
x-Algebra.

Theorem 1.3. Let {A,}y, {Bnj}n, with j,n € N, be matriz-sequences and
let ,v; : D C R? — C™" be measurable functions defined on a set D with
positive and finite Lebesque measure. Suppose that:

1. {Bn,j}n ~o ¢j fOT every j;
a.c.s. wrt j
2 AA{Bujtnt; = {Au}n;

3. 1 — 1 in measure.

Then
{An}n ~o ¢

Theorem 1.4. Given a Hermitian matriz-sequence {Ay}y,, let {By jtn, be
a class of Hermitian matriz-sequences and let ,v; :+ D C R? — C™" be
measurable functions defined on a set D with positive and finite Lebesgue
measure. Suppose that:

1. {Byj}n ~x ¥j for every j;
a.c.s. wrt j
2. {{Bn,j}n}j — {Antn;

3. Y — 1 in measure.

Then
{An}n ~X ¢

We end this section by observing that the same definition can be given and
corresponding results (with obvious changes) hold, when the involved matrix-
sequences show a multilevel structure. In that case n is replaced by m uni-
formly in A, B, j, dy.

To prevent ambiguity, it is essential to specify that, in some instances, we
regard “constant” classes of sequences of the kind {{B,},};, where the fun-
damental sequence {B,}, is independent of the parameter j. Thus, for each
value of j, the sequence stays invariant. For instance, in the class {{I,}n};,
each member is simply the series of identity matrices {I,,},, for all j € N,
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1.3 Multilevel discretization matrices

The discretization of partial differential equations (PDEs) on multi-dimensional
domains, such as rectangles, cubes, or higher-dimensional hyperrectangles, in-
herently results in the formation of multi-level matrices. These matrices are
characterized by their hierarchical structure, reflecting the underlying geom-
etry and grid of the computing domain. Multi-level matrices are not simply
collections of numbers; they are recursively structured into blocks: each ma-
trix is segmented into larger blocks, which can be further subdivided into
smaller sub-blocks, and so on. When a PDE is discretized on a d-dimensional
grid comprising nq,ne, ..., ng points in each spatial direction, the resultant
matrix is generally of size N x N, where N = nins---nq.

At the highest level, the matrix consists of n? blocks of size N/ny, corre-
sponding to subdivisions along the first coordinate; each block at this level is
further broken down into n3 blocks of size N/(nins), according to the second
coordinate, and this recursive process continues until, at the final level, we
arrive at individual scalar entries. In general, at the d-th level, each block
is partitioned into n3 blocks of order N/(nq---ng). This multi-level struc-
ture is not just a mathematical curiosity: it is vital for the efficient storage,
computation, and theoretical analysis of the matrices that arise from multi-
dimensional problems.

Using the conventional notation of two scalar indices ¢,7 = 1,..., N to refer
to the entries of a multi-level matrix quickly becomes impractical. To address
this, mathematicians use multi-index notation, where each position in the
matrix or vector is labeled by a d-tuple, or multi-index, i = (i1, ..., i) in Z¢,
that records its location along every dimension of the grid. This approach not
only makes the notation more concise and natural but also aligns perfectly
with the recursive construction of multi-level matrices. Using multi-indices,
we can systematically and clearly describe the positions of entries in both
vectors and matrices: for example, a vector & € CN™ with N(n)=nq,...,nq
can be indexed as @ = [7;]{—;, The first component is x(; 1), the second is
T(,..1,2), and so on, until x,, . .. For instance, the component in position
ng + 3 will be 21 123). Likewise, a d-level matrix A € My(»)(C) can be
written as A = [a;]7;_1, where m = (n1,...,ng).

In summary, a multi-level matrix-sequence is a family of matrices {Ay}n,
whose size and structure are governed by a multi-index n — +o00 that reflects
the refinement of the underlying grid in each coordinate direction, with A €
My () (C). With this framework in place, we are now prepared to explore the
different types of structured matrices that play a central role in the numerical
analysis of PDEs on multi-dimensional domains.
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Chapter 2
Structured matrices

Matrices generated by common discretization techniques, such as finite differ-
ence schemes, often possess distinctive structures whose theoretical analysis
is crucial for efficient numerical computation. Indeed, it is very important
to understand these structures from a mathematical point of view because
it leads to faster numerical processes and new ideas about how numerical
schemes work. Toeplitz matrices, which have constant entries along each di-
agonal, are one of the most well-known of these types. This diagonal constant
is a discretized form of the translation invariance quality that is built into par-
tial differential equations (PDEs) and fractional differential equations (FDEs)
with constant coefficients. A standard Toeplitz matrix is automatically made
when a uniform grid spacing is used in a one-dimensional discretization set-
ting. This is easy because the discrete approximation of derivative operators
keeps the stencil patterns the same along the grid, which means that diagonals
have the same entries.

Toeplitz structures with more than one level are created when discretizing
PDEs or FDEs in higher dimensions using uniform grid spacing over rectan-
gular areas. As these matrices get more complicated, they turn into block
Toeplitz matrices, where each block has its own Toeplitz structure. Each
block is basically a Toeplitz matrix with fewer dimensions that is nested in-
side a matrix structure with more dimensions. These multi-level Toeplitz
matrices have a direct relationship between the number of dimensions of the
subject being studied and the number of recursive levels. For instance, prob-
lems in two dimensions produce matrices with two levels of recursion, while
problems in three dimensions produce matrices with three levels of stacked
levels. Understanding and using this multi-level Toeplitz structure is impor-
tant for making numerical methods work well and for making the best use of
computing strategies in real-world situations.

This chapter begins with Section 2.1. It contains a rigorous definition of multi-
level Toeplitz matrices, followed by a concise overview of their key spectral and
algebraic characteristics, based on the substantial research that has developed
in this area over time. Unless otherwise noted, these foundational results
are comprehensively discussed in [39, Chapter 3]. Additionally, the chapter
explores several related matrix structures some of which are specific subclasses
of Toeplitz matrices, while others exhibit strong algebraic and spectral links
to Toeplitz matrices highlighting their significance in numerical computations.
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In particular, circulant and w-circulant matrices are introduced in Sections 2.2
and 2.3, respectively, whereas Sections 2.4 and 2.5 focus on 7 matrices and
Hankel matrices.

2.1 Toeplitz matrices
Given n € N?, a matrix of the form
T = [ai—j]3 =1 € Mn@m)(C),
where the element in position (4, ) depends only on the difference 4 — j, is

called a multi-level or d-level Toeplitz matrix.

In the simplest case where d = 1 and n = n, a 1-level or uni-level Toeplitz
matrix is just a classical Toeplitz matrix, whose entries remain constant along
the diagonals:

ao Cl,1 a72 o .. o .. alfn
aq ap a-—1 a_—»9
as ai B L .
— . —
T, =laijlim = | o € M,(C).
. ay . . Ay
a1

an—l o .. o .. a2 al ao

Note that T}, is completely specified by its 2n — 1 coefficients ax, k = 1 —
n,...,n — 1, or equivalently by its first row and column.

For d = 2 and n = (n1,n2), we have a 2-level Toeplitz matrix:

Ty = [a(il—ﬁvirﬁ)}m,ﬁ—l] - [A“’jl]?ll?jlzl
i1,51=1
[ A Ay Ay oo e Al_m'
Aq Ay A1 A, :
e = VAN (o)}

. A2 . . . . . . A_2
: ‘ . * . . A_l

_An1—1 e e Ay Ay A |

where each block Ay is itself a Toeplitz matrix:
n2
A = |a(k,ir )|

12,j2=1
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a(k,0) A(k,—1) Q(k,—2) T Ok 1-ng)

a(kvl) a(kvo) a(k’_l) a(kv_Q)

_| Ak awy e ey ),
: a(k,2) - s E A(k,—2)
a(ka_l)
| A(k,n2—1) Ak2) k1) Ak0) |

This type of matrix is also known as a block Toeplitz matrixz with Toeplitz
blocks or BT'TB matrix.

In the case where d = 3, a 3-level Toeplitz matrix is made up of blocks, and
each block has its own 2-level Toeplitz structure. A more general way to
describe a d-level Toeplitz matrix is as a block Toeplitz matrix whose blocks
are (d — 1)-level Toeplitz matrices. In this recursive design, the coefficients
in the first row and first column of the matrix tell you everything you need
to know about it, just like in the case of a single-level matrix. From the
computational perspective, this makes the storage requirement for Toeplitz
matrices drop to only O(N(n)), compared to O(N(n)?) for a generic dense
matrix.

A compact expression for a multi-level Toeplitz matrix can be formulated by
defining, for n € N and k € Z, the matrix J,(Lk) as follows:

1 ifi—j=k
W)= 0k = i,j=1,...,n,

0 otherwise,

where 4, is the Kronecker delta function. In other words, J®* is a matrix
with all ones on the k-th diagonal and zeros elsewhere. The main diagonal
is numbered as 0, diagonals above as —1,—2,..., —n + 1, and those below as
1,2,...,n — 1. For the multi-level case, where n € N% and k € Z¢, are both
d-dimensional vectors (for example, n = (ny,...,nq) and k = (ky, ..., kq)), we
define its multi-level version:

JE) — Jk) o Jlka) o g Jlka),

n ni no Ngq

Then, T,, admits the following representation:

n—1

Tn = [ai_j];-fj:l = Z akJ,,(lk). (2.1)
k=1—n

This means the matrix is a sum over all possible diagonals, where each term
involves the coefficient ap multiplied by the matrix J,(lk), which places ones
along the k-th diagonal and zeros elsewhere. This result can be demonstrated
by examining each entry (2, 7) of the matrix on the right-hand side and using
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the definition of J,(f) together with the properties of the Kronecker product.

Given a function f : [~m, 7]? — C belonging to the space of integrable func-
tions L'([—m,w]9), it is possible to construct a class of multi-level Toeplitz
matrices associated with f. Let fx denote the k-th Fourier coefficient of f,
defined for any k € Z% as

o 1 —ik-0
fi = gy /[_m]df(B) e~ g,

where i2 = -1l and k-0 = k10 + - - - + kg0,.

For any n € N? the n-th Toeplitz matrix associated with f is the d-level
Toeplitz matrix, denoted by T,,(f), whose entries are the Fourier coefficients
of f, arranged along the diagonals according to the following definition:

To(f) = [fivjlij=1 € Mn@m)(C).

The function f is referred to as the generating function of T, (f), since its
Fourier coefficients determine the matrix entries. In the broader GLT frame-
work, the term symbol instead denotes the function that describes the asymp-
totic singular value distribution of a matrix-sequence and the asymptotic
eigenvalue distribution under certain condition; see GLT1 and GLT5. In this
direction, we notice that f is also the GLT symbol of the matrix-sequences
{T%(f)}n. Furthermore, using Equation (2.1), T,(f) can also be represented
as

n—1 n1—1 ndfl

L= > M= 3 X faw (@@ J50).

k=1—n ki=1—n1 kqg=1—ng

2.1.1 Relationship between the Toeplitz matrix and its
generating function

By constructing a Toeplitz matrix T, (f) from a given multivariate function
f in LY([—m, 7)), we are essentially creating a map that takes functions and
produces matrices:

Tn() : Ll([—ﬂ', 7T]d) — MN(n)(C)

for any fixed m € N% The properties of the function f are closely related
to those of the Toeplitz matrix. To start, the operator T,,(-) is linear. This
follows directly from the linearity of the Fourier coefficient operation.

Proposition 2.1. For any o, 3 € C and f,g € L*([—m, 7]?), it holds that
Talaf + Bg) = aTu(f) + B Tu(9)-

Moreover, further results follow from the identities

(f(=0))k = f and (flx=fk, forallkeZ’,

where f denotes the complex conjugate of f.
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Proposition 2.2. For any f € L'([—m,7]%), the following properties hold:
Ta(f(8)" = Ta(f(-0)),

Ta(f)" = Ta(f),
where Ty, (f)* is the Hermitian (conjugate transpose) of T (f).

Specifically, if the function f is real-valued a.e., then the corresponding Toeplitz
matrix T, (f) is Hermitian. This indicates that the matrix is identical to its
conjugate transpose, a characteristic that guarantees all of its eigenvalues are
real numbers. Consequently, when initiating with a real function, the Toeplitz
matrix generated will always possess real eigenvalues.

Furthermore, the spectrum of T, (f), comprising its eigenvalues, will always
exist within the range of values assumed by f, namely inside the interval
defined by the essential minimum and essential maximum of f. This of-
fers an effective method to estimate or constrain the potential eigenvalues of
the Toeplitz matrix based exclusively on the characteristics of the generating
function.

Theorem 2.3. Given f € LY ([—m,7|%), real a.e., let my := essinf f and
M; :=esssup f. Then, for any n € N, it holds that

N(Tn(f)) € Imyg, My), Vj=1,...,N(n).
If, in addition, my < My, or equivalently f is not constant a.e., then it holds

N(Tn(f)) € (mp, My), Vj=1,...,N(n).

An important extension of the previous theorem concerns the behavior of the
extreme eigenvalues of the Toeplitz matrix T,,(f) as the matrix dimension
increases. Specifically, for any integer 5 > 1, as n — oo, the 7 smallest
eigenvalues of T, (f) converge to the basic infimum of the generating function
f. As the matrix size increases, its smallest eigenvalues converge towards the
minimum value that f attains almost uniformly. Likewise, the j largest eigen-
values converge to the fundamental supremum of f, indicating they approach
the maximum value of f within its domain.

This outcome offers an exact asymptotic characterization of the spectrum of
large Toeplitz matrices, indicating that their extreme eigenvalues are deter-
mined by the minimum and maximum values of the generating function.

Theorem 2.4. Given f € LY([—m,n]?), real a.e., let my := essinf f and
My = esssup f, and let

M(Ta(£)) < X(Tulf)) < -+ < Aviwy (Ta( )

be the eigenvalues of Ty (f) arranged in increasing order. Then, for any fixed
J > 1, it holds that

lim A (Ta(f) =my, Jim Avgny—ja (Ta(f)) = Mj.

n—oo
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From Theorem 2.3, we immediately deduce the positivity and monotonicity
of the Toeplitz operator.

Corollary 2.5. For any f,g € L'([—m, 7]%), the following holds:
f>0ae < T,(f) > Onm) VneN,
and, consequently,

f>gae < T,(f)>Tnwg) VneN.

These results remain valid even if all of the inequalities are replaced by strict
inequalities. In other words, if you consider situations where f > 0 a.e., or
f > g a.e., the corresponding conclusions about the Toeplitz matrices still
hold when using the strict inequality signs.

The spectral norm of a Toeplitz matrix is connected with the oo-norm of its
generating function through the following inequality, proved in [80].

Proposition 2.6. For any f € L>®((—x,7|%) and any n € N%, it holds that

1T (O < [ f]]oo-

Finally, we present a noteworthy result that clarifies how the separability
of the function f affects the structure of the associated multi-level Toeplitz
matrices.

Proposition 2.7. Let f € L'([—=,n]%). If f is separable, i.e.,

f=hHh® & fa,

then, for any n € N%, it holds that

Tn(f) = Tnl(fl) Q- ® Tnd(fd>-

If we allow the multi-index n € N? instead of keeping it fixed, we obtain a
whole sequence of multi-level Toeplitz matrices, denoted by {75, (f)}n. There
exists a deep and important relationship between the singular values and
eigenvalue distributions of this sequence and the properties of the generating
function f. Over the years, this connection has been established and presented
in several different forms within the mathematical literature.

In particular, the result is elegantly stated as in [39, Theorem 3.5], where the
proof relies on the notion of approximation in the sense of almost convergence
in the strong sense (a.c.s.). For readers interested in the earliest formulation
of this result, reference [91] provides the original statement, while further
generalizations specifically to cases where the generating function f is matrix-
valued rather than scalar can be found in [86].
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Theorem 2.8. With reference to Definition 1, if f € LY([—n,n]?), then

(TN} ~o (f [=m, 7)),

If, moreover, f is real valued, then
{Tn(f)}n ~A (f7 [_777 ﬂ-]d)'

This theorem states that, as the size of the multi-level Toeplitz matrices grows,
their singular values (and, if f is real, also their eigenvalues) become dis-
tributed according to the generating function f over the domain [—, 7]<.

2.2 Circulant matrices

A multi-level (or d-level) circulant matrix for n € N? is a structured matrix

defined as,
Chn = [a(i—j) mod nlij—1 € Mn@n)(C),

where (i —j) mod n denotes the remainder obtained when (i —j) is divided by
n. This means that the entry in position (2, ) depends only on the difference
(4 —7) mod m, so the matrix repeats its values cyclically along each diagonal.
Each row of the circulant matrix is simply a cyclic shift of the previous row,
making circulant matrices a special case of Toeplitz matrices with even higher
symmetry.

When d = 1 and n = n, this reduces to a classic circulant matrix, where each
column is a one-position downward shift of the previous one:

ao a/nfl a//n/72 Y P a/l
ai Qo p—-1 Qp—2
n as aq - e T :
Cn :[a(z—]) mod n ij=1 - . € Mn(C)
. as . . o
ap—1
_an_l .. PR a2 a/l aO |

C,, is entirely determined by the n coefficients in its first column, {az}7=,.
Similarly, each row is a one-element rightward shift of the previous row, so
that the matrix is fully specified by its first row.

For d = 2 and n = (n1,n2), we obtain a 2-level circulant matrix:

ni

= [A(ilfjl) mod nJ

i1,J1=1

na }nl
i2,72=1

Cn = “a((hjl) mod ny, (i2—j2) mod nz)} in,1=1
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[ AO An1—1 An1—2 Al
Al AO An1—1 An1—2 :
_| 2 A € My, (C),
AZ An1—2
: E : An1—1
_An171 A2 Al AO i
in which each block A, is itself a circulant matrix:
n2
Ay = [a(k, (i2—7j2) mod nz)LMz:l
[ A(k,0)  O(kna—1) Q(kna—2) Q(k,1) ]
QA(k,1) Ak,0)  Akne—1) A(kns—2)
_ | Mk2) A(k,1) € M,,(C).
a(k,2) A(k,ng—2)
a(k,ng—l)
_a(k7n2_1) a’(kﬂ) a(kvl) a(kvo) J

This structure is often called a block circulant matriz with circulant blocks

(BCCB).

For d = 3, a 3-level circulant matrix is constructed as a block circulant matrix,
where each block is itself a 2-level circulant matrix. More generally, a d-level
circulant matrix can be defined recursively as a block circulant matrix whose
blocks have (d — 1)-level circulant structure. Just as in the classic (uni-level)
case, the entire matrix is fully specified by the coefficients in its first column,
or, equivalently, by those in its first row.

A compact expression for a uni-level circulant matrix C, can be derived by
using

1 ifi—j5=1 modn
Znlij = 0(i—j—1) mod n = 7 Lj=1...,n,
Znlis (i=j=1) mod {O otherwise, J
where n € N and ¢ is the Dirac delta function. More explicitly, Z,, is the
matrix that has all ones on the first and (1 — n)-th diagonals, with zeros

elsewhere:

0 1
1

€ M,(C).
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Raising Z,, to the power k, for k =1,...,n — 1, cyclically shifts the diagonals
by k positions, with entries given by

1 ifi—j=k modn
Zki.:zéi—'_ N ) Z','Zl’“.’n.
(2.5 (i—j—k) mod {0 otherwise, ’

More explicitly,

0 10 0 1 0 0
0 . 1 0 10
2| g5 |0 1
L
_ 1 0 0 _ 1 0 0 0

Hence, any uni-level circulant matrix can be expressed as a linear combination
of these powers:
n—1
Cn=> arZF. (2.2)
k=0
Conversely, since Z" = I,, and, more generally, ZX = ZFmodn for any k € 7Z,
any finite linear combination of the form

S apZk, a,€C, K CZ,
keK

is a circulant matrix. For this reason, 7, is commonly referred to as the
generator of circulant matrices of order n.

The multi-level generalization of circulant matrices is straightforward. For
n € N? and k € Z%, we define

ZE=Z@Zk @ ® 2.

Using this definition, any multi-level circulant matrix can be written as a
linear combination of these Kronecker products:

n—1

Cn = Z akZ,'f.
k=0

This formula is directly analogous to the uni-level case and demonstrates that,
just as for classic circulant matrices, the structure of multi-level circulant
matrices is fully captured by these shift matrices and the set of coefficients
ag.
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2.2.1 Diagonalization and computational efficiency of
circulant matrices

Circulant matrices hold a special place in numerical analysis because of their
strong relationship with the Discrete Fourier Transform (DFT) and the Fast
Fourier Transform (FFT). The DFT is an operation that maps a vector
x € C" to its product with the Fourier matrix F),, i.e., F,x. The FFT is
a highly efficient algorithm that computes the DFT in only O(nlogn) opera-
tions, which is a substantial improvement over the O(n?) operations required
for a standard matrix-vector multiplication, as discussed in [92]. The key
feature that enables this efficiency is the fact that every circulant matrix can
be diagonalized by the Fourier matrix. As a result, circulant matrices are
particularly advantageous for both theoretical analysis and computational
tasks, allowing for rapid matrix-vector products and simplified spectral anal-
ysis.

Let us begin from the definition of the Fourier matrix of order n € N:

F, = \/15 [6*2“%]:;0 € M,(C).

For convenience, this expression involves a slight abuse of notation, as the
row and column indices start from O rather than 1. It is easy to verify that
F,, is both symmetric and unitary.

Extending the definition to multiple dimensions, the multi-level Fourier ma-
trix for n € N? is given by

Foi=F,® - ®F,,

F, inherits its symmetry and unitarity from its components F,,, 7 =1,...,d,
by virtue of the properties of the Kronecker product.

For any multi-level circulant matrix, we have the following spectral decompo-
sition.

Theorem 2.9. For all n € N%,

n

Cn = [a(i—j) mod n} ij=1 = FnAnF;:,u (23)
where o
A, = diag <p <7T'7>> :
7=0,....n—1 n
and

n—1
p(0) := > ape™?, k-0 =Fk0 + -+ kg
k=0

The proof of this theorem relies on finding a diagonalization of the uni-level
generator Z,, which can be obtained explicitly by computing its eigenvalues
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and eigenvectors. The diagonalization for C), then follows directly from equa-
tion (2.2), and the extension to the multi-level case is achieved by exploiting
the properties of the Kronecker product.

Theorem 2.9 offers numerous significant discoveries. All multi-level circulant
matrices are normal, as A,, is a diagonal matrix with complex entries. Sec-
ondly, the eigenvalues of C), are clearly defined by

n—1
Ai(C) =Y age™b 0, =" j=0,....n—-1
k=0

indicating that they may be calculated by computing the discrete Fourier
transform (DFT) of the initial column of C,,. The associated eigenvectors are
only the columns of the Fourier matrix Fj,. Third, circulant matrices consti-

tute an algebra and all matrices within this algebra are uniformly diagonalized
by F,.

Last but not least, many computations involving circulant matrices can be
significantly accelerated by using the FFT. The computational cost of the
matrix-vector product Cpx, where & € CN™ is reduced from the conven-
tional O(N(n)?) operations necessary for dense matrices to only O(N(n) log
N(n)) operations, by using the following approach:

1. Compute y = F;ix via the FFT, in O(N(n)log N(n)) flops;
2. Compute z = A,y in O(N(n)) flops;
3. Compute Fj,z via the FFT, in O(N(n)log N(n)) flops.

In a similar manner, C,;'z may be calculated as Fy,A,;'F)*z. This method-
ology is applicable to other fundamental matrix operations, including mul-
tiplication, inversion, solving linear problems, and computing the spectrum,
rendering circulant matrices remarkably efficient and potent in real applica-
tions.

Remark 2.10. This algorithm can be extended to accommodate general multi-
level Toeplitz matrices through the use of an immersion (or embedding) tech-
nique. The central idea is to embed the original Toeplitz matrix into a larger
circulant matriz, and then perform the matriz-vector multiplication using the
circulant structure as described above. The required result is then obtained by
appropriately extracting the relevant portion from the output. By adopting this
strategy, the computational complexity of the Toeplitz matriz-vector product is

also reduced to O(N(n)log N(n)).

Remark 2.11. Finally, it is important to note that each step of the process
is fully parallelizable. Therefore, in a parallel model of computation, the theo-
retical computational cost of all the aforementioned algorithms can be further

reduced to O(log N(n)).
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2.3 w-circulant matrices

By introducing a nonzero parameter w € C \ {0}, we obtain a generalization
of uni-level circulant matrices known as w-circulant matrices. Unlike the
classical circulant case, this concept is typically limited to the uni-level setting
rather than being extended to multiple levels. The structure of a w-circulant
matrix is specified by the following rule:

Ali— i\ m if ¢ > 7, .
(€], ;= g T medn ! i,j=1,...,n.
W A(i—5) mod n if i < J
where a;, € C for k =0,...,n—1. Here, the parameter w acts as a scaling fac-

tor for certain matrix entries, setting these matrices apart from the standard
circulant case.

Essentially, all entries above and on the main diagonal are multiplied by the
factor w, resulting in the following structure:

on) Wlp—-1 Wap—2 ce cee waq
aq ap Whp—-1 Wap—2
az ai
w
Cy = € M,(C)
as - . L Way—9
Wap—1
_an_l .o .. DR a2 al ao |

Note that C} still retains a Toeplitz structure, and that for w = 1 it reduces
to the standard circulant matrix. To generalize equation (2.2), we define the
w-circulant generator as

T A R B
WO(i—j-1)modn if 1 <7,
Equivalently,
1 ifi—j=1,
(Zy)i; = w ifi=1Aj=n, i,j=1,...,n.

0 otherwise,

In other words, Z has all ones on the first superdiagonal and w in the top-
right corner:

0 W]
1
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In this framework, C}? can be expressed as a linear combination of powers of
w.
Vel

n—1
Cy = an(Z2)".
k=0

A diagonalization formula, paralleling equation (2.3), naturally extends to the
case of w-circulant matrices:

O = FyA(F)

where the diagonal matrix of eigenvalues is given by
) 2mg
Ay = diag (p <J>>
§=0,...,n—1 n

n—1 A ]
p(0) =3 wrage™,
k=0

with

and the adapted Fourier matrix is defined as

F .= D“F,,  D¥:= diag (w’i) .
k=0,...,n—1
It should be highlighted that, as in the standard case, the eigenvalues of CY

can once again be computed by performing the product F’c with the first
column ¢ of C¥.

Extending the efficient computation of matrix-vector products to w-circulant
matrices, as well as applying the other algorithms described previously, is
straightforward:

1. Compute y = (D*F,) 'z = F(D¥) 'z using the FFT, which requires
O(nlogn) flops;

2. Compute z = A%y, in O(n) flops;
3. Compute D¥F, z via the FFT, again in O(nlogn) flops.

Altogether, this sequence of operations achieves a total computational com-
plexity of O(nlogn) when performed sequentially, or O(logn) steps in a par-
allel setting. However, the inclusion of the parameter w introduces potential
numerical stability issues. Since F;, is unitary, the condition number of the
transformation D% F), is determined by that of D¥. In particular, as n — 400,
the condition number of D¥ tends to max{|w|, |w|~'}, diverging to +oo if w
approaches 0 or becomes unbounded.

2.3.1 Block w-circulant matrices

To prepare for practical applications involving the solution of linear systems,
it is useful to extend both the definition and the diagonalization procedure for
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w-circulant matrices to the block setting. For m,n € N, we define an m-block
w-circulant matrix Cy € M,,,(C) as follows:

Aif'mon .f.>'7 .
[Cg,] = Smmedn TS =1,
Tl w A(i—j) mod n if ¢ < J
where Ay, € M,,(C) for k =0,...,n — 1 are n general (not necessarily struc-
tured) matrices. Explicitly:
[ AO (,UAn_l CL)An_g cee s (,UAl |
A A wA wA :
w A2 Al
Cn7m - . . . .
A2 . . . LUAn_Q
; " " WA, 1
Ay - Ay A Ay |
A concise representation for C}  is given by
n—1 )
Com = 2_(Z7) ®A;.
j=0

Moreover, C}7, can be block-diagonalized as

Crim = Frn s (Fn)

where

By = FY @ Ly,
and o

Ay, = diag (p <7T‘7>>
5=0,...,n—1 n
with :
p(0) =Y wr Age™™ € M,,(C).
k=0

It is important to highlight that C},, is not a two-level w-circulant matrix,
since the blocks A are arbitrary and may not possess any special structure,
and the function p(f) is a matrix-valued function of size m x m, rather than a
scalar. However, if m is fixed, the matrix-vector multiplication involving C}7 ,
can still be performed efficiently in O(nlogn) flops for the sequential case, or
O(logn) steps in a parallel setting, with the constant hidden in the complexity
depending on m. If m is allowed to grow and the individual matrices Ay can
each be diagonalized efficiently for instance, in O(mlogm) operations, then
the overall complexity for the matrix-vector product becomes O(mnlog(mn))
flops for sequential computation, or O(log(mn)) steps in parallel, taking both

block size and block count into account.
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2.4 T matrices

A uni-level 7 matrix is defined as a square matrix S,, € M,(R) whose entries
s; ; satisfy the so-called cross-sum condition:

Si—1,j + Sit+1,j = Sij—1 + Sij+15 1,] = 1,...,n,

where it is understood that s, 1 = Sint1 = S0,j = si0 = 0. This condition
ensures that S, is centrosymmetric, meaning it is symmetric with respect
to the center of the matrix. In particular, S, exhibits both symmetry with
respect to the main diagonal and persymmetry with respect to the main anti-
diagonal. Furthermore, the elements in the first row or column of S, are
sufficient to generate all other entries of the matrix. For further details and
additional properties, see [17].

Much like circulant matrices, there is a generator for the set of 7 matrices,
defined by

W :62__ — ’ i,.:]q-.-7n’
[ n]l,] li—j|—1 {0 otherwise, g

or, in explicit matrix form
0 1
1 0 1
1

1

I 1 0]
The 7 algebra is defined as the set of matrices generated by W,,, meaning
that every 7 matrix can be represented as a linear combination of the powers
WO =TI, W,, W2 ..., W"1 Asis characteristic of matrix algebras, this set
is closed under inversion, a property that follows from the Hamilton—Cayley
theorem [15]. Furthermore, for any n,k € N, the matrix W is symmetric
and is invertible if and only if n is even.

This construction can be extended to the multi-level setting by defining the
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multi-level generators for n € N? as

d
WS) =W, ® (@ Im> ,

=2

(2.4)

d—1
W@:(®QJ®WW
=1

Matrices S, that belong to the multi-level 7 algebra are referred to as multi-
level 7 matrices.

2.4.1 Spectral properties and the discrete sine trans-
form

Similar to the approach used for circulant matrices, it is also possible to
diagonalize 7 matrices by leveraging a closely related fast transform. The
Discrete Sine Transform (DST) associates to each vector & € C" the product
(), x, where the sine matrix @), is defined as

2 ) rsm \1" 1
Q. = [sm < )] :
n—+1 n+1 r,5=0

This transformation is intimately connected to the Fast Sine Transform, which
enables the DST to be computed efficiently in O(n log n) real operations—roughly
half the computational cost of the traditional Fast Fourier Transform (FFT) [92].
The matrix @), possesses several notable properties: it is real, symmetric, and
orthogonal.

The construction extends naturally to the multi-level case: for n € N¢, we
define the multi-level sine matrix as

Qn::Qm@"'@Qnda

and the d-level DST is given by the product Q,x, where € CN™_ By prop-
erties of the Kronecker product, (),, remains real, symmetric, and orthogonal,
so that @, = Q,) = Q,,'. This structure allows us to derive a spectral decom-
position for multi-level 7 matrices, analogous to what is obtained for circulant
matrices.

Theorem 2.12. For all n € N?, it holds that
Sn = QnAnQna

where the diagonal entries of Ay, are given by the d-level Discrete Sine Trans-
form (DST) of the first column (or, equivalently, the first row) of Sy
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All observations made after Theorem 2.9 for circulant matrices carry over to
this setting, with appropriate modifications. In particular, every multi-level
7 matrix is real and symmetric, and its eigenvalues are explicitly determined
by applying the DST to its first column. The associated eigenvectors are
given by the columns of (),,. All key matrix operations such as multiplication,
inversion, solving linear systems, and computing the spectrum can be executed
with a computational cost of O(N(n)log N(n)) sequentially, or O(log N (n))
steps in a parallel computation model.

2.5 Hankel matrices
Given n € N?, a matrix of the form
Hy, = [ai—&-j]Zj:l € MN(n)<(C);
where the entry in position (¢, j) depends only on the sum % + 7, is known as

a multi-level (or d-level) Hankel matrix.

In practice, such a matrix exhibits a mirrored Toeplitz structure. For ex-
ample, in the uni-level case with d = 1 and n = n, a 1-level (or standard)
Hankel matrix is characterized by entries that remain constant along each
anti-diagonal:

a2 as (7 T Ap+1
as ay .
n

a2n—2 G2n—1
|On+1 -+ QA2p—2 Q2p—-1  A2n |

Just like Toeplitz matrices, H,, is completely determined by its 2n — 1 co-
efficients ay for k = 2,...,2n, or, equivalently, by its first row and last col-
umn.

For d = 2 and n = (n1,n2), a 2-level Hankel matrix takes the form

ny
n ng ni
Hy, = {aﬂ_j}i,j:l - l[a(il+j1’i2+j2)]i27j2_1]4 i1 - {Ail+j1}ilaj1:1
11,J1=
[ Ay Az Ay e Angt ]
As Ay '
: - Aogp—o Aogp
_An+1 te A2n72 Aanl A2n ]
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where each block Ay is itself a Hankel matrix,

n2

Ay = [a(k,ingjg)}

i2,jo=1
i Ak2)  AK3)  Aka4) a(k,n+1)_
Ak3)  A(k4)
— | Gk Ak 2n—-2)| € My, (C)
: A(k,2n—-2) O(k2n—1)
|A(kn+1) "0 Qk2n—2) Ak2n-1) Qk2n) |

The general d-level Hankel matrix can be regarded as a block Hankel matrix
whose blocks themselves possess (d — 1)-level Hankel structure. Such a matrix
is entirely determined by the coefficients in its first row and last column.

To obtain a compact representation of H,,, we introduce, for n € Nand k € 7Z,
the matrix

1 ifi+5=k .
K(k).,::& i—k = ’ Lj=1...,n,
[ n L,J ik 0 otherwise, J

which places ones on the (k — 1)-th anti-diagonal and zeros elsewhere.

The multi-level generalization for n € N¢ and k € Z? is given by

k) ._ k1 k2 kq
L )®K7(I2)®...®KT(M(1)'

n ni

This leads to the following compact expression for Hy,:

2n
Hp = [aiJrj]Zj:l = > apKP. (2.5)
k=2

As with the Toeplitz and circulant cases, this representation can be verified
directly by checking individual matrix entries.
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Chapter 3
GLT structures in matrix-sequences

We are now ready to discuss the main ideas of GLT matrix-sequences. This
is an important theory for understanding how structured matrices behave,
especially those that come from solving differential equations.

In this thesis, we consider the general case where both r,d > 1. While the
case of scalar-valued GLT symbols is presented in detail in [38,39], here we
focus on matrix-valued GLT symbols, following the more general framework
extensively developed in [11,12]. The existence of two books and two extensive
research papers on this subject demonstrates the depth and interest of this
field of study. For any choice of positive integers d (which tells how many levels
of structure we have) and r (which is the size of the basic matrix block), there
is a class of GLT matrix-sequences with this d-level, r xr block structure. If we
fix d and r, the symbols in this theory are measurable functions & : [0, 1]¢ x
[—7, 7|7 — M,(C). There are still many open questions, and researchers
have also studied other types of GLT sequences, such as the reduced and
rectangular cases [7,10].

Rather than exploring the full constructive development of the multilevel GLT
class, we will focus on the principal operative properties that completely char-
acterize it and are most relevant for practical applications. These properties,
commonly known as “GLT axioms”, are presented and labeled as GLT No,
in Section 3.4.

3.1 The GLT class

Let us first review some basic aspects to better understand GLT sequences.
The theory of LT sequences provides a powerful framework for analyzing the
asymptotic singular value and eigenvalue distributions of structured matrix-
sequences that arise in numerical analysis. In the context of partial differential
equation (PDE) discretization, the matrices resulting from numerical approxi-
mations often fail to retain the classical Toeplitz structure due to the presence
of variable coefficients. Traditionally, Toeplitz matrices have played a central
role in problems involving translation-invariant differential operators, where
constant coefficients ensure a globally repeating structure. Instead, the re-
sulting matrices exhibit a Toeplitz-like structure that varies smoothly along
the diagonals as the matrix size increases, leading to the broader class of LT
sequences [87,89).
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A classical Toeplitz matrix generated by a function f : [~ 7|9 — C™" be-
longing to L!([—m, w]%), where the constant diagonal entries correspond to the
Fourier coefficients of f. However, for differential operators with non-constant
coefficients, the resulting matrices do not maintain this global Toeplitz struc-
ture but instead belong to the LT class. Specifically, an LT matrix A,, is
obtained by modulating the entries of a Toeplitz matrix using an almost ev-
erywhere (a.e.) continuous function a(z) : [0,1]? — C™*", scaling the entries
along the same diagonal a (%) forze =1,...,n. As n — oo, the differences
between consecutive diagonal elements vanish due to continuity, making the
structure asymptotically Toeplitz-like. More precisely, this structure can be
represented as the product of a Toeplitz matrix and a diagonal matrix, where
the diagonal entries correspond to evaluations of the function a(z), such that
Ayp = Dy(a)Ty,, where Dy(a) is a diagonal matrix whose entries are given
by Dp(a) = diag (a (%))?_1 This formulation allows LT sequences to ac-
curately capture local variations in variable-coefficient differential operators
while preserving the structural properties of Toeplitz matrices. Formally, an
LT sequence {A,}, can be expressed as the tensor product of the weight
function a(z) and the generating function f(€), leading to the LT symbol
a® f:[0,1)¢ x [-m,7]¢ — C™".

Building on this concept, a GLT matrix-sequence is defined as the limit, in
the sense of the approximating class of sequences (a.c.s.), as described in
Definition 2, of a finite sum of LT sequences. The construction of GLT se-
quences was formalized through a.c.s. limits in [81] and refined to a d-level -
algebra of structured matrix-sequences satisfying specific axioms, listed
in [39, Chapter 6, pp. 118-120]. The theory of GLT sequences provides a fun-
damental framework for analyzing structured matrix-sequences arising from
discretizations of differential equations.

3.2 Matrix-sequences with explicit or hidden
(asymptotic) structure

In this section, we introduce three types of matrix structures that serve as
the fundamental building blocks of the GLT x-algebras. Specifically, for any
positive integers d and r, we consider the set of d-level r-block GLT matrix-
sequences. This set forms a x-algebra of matrix-sequences, which is both
maximal and isometrically equivalent to the maximal *-algebra of 2d-variate
r X r matrix-valued measurable functions (with respect to the Lebesgue mea-
sure) that are naturally defined over [0,1]¢ x [—,7]%; see [11,12,38,39] and
references therein.

The reduced version of this structure plays a crucial role in approximating
integro-differential operators, including their fractional versions, particularly
when defined over general (non-Cartesian) domains. This concept was initially
introduced in [81,82] and later extensively developed in [7], where GLT sym-
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bols are again defined as measurable functions over Q x [—m, 71]¢, with Q being
Peano-Jordan measurable and contained within [0, 1]¢. Additionally, the re-
duced versions also form maximal x-algebras that are isometrically equivalent
to their corresponding maximal *-algebras of measurable functions.

These GLT *-algebras provide a rich framework of hidden (asymptotic) struc-
tures, built upon three fundamental classes of explicit algebraic structures: d-
level r-block Toeplitz matrix-sequences and sampling diagonal matrix-sequences
(discussed in Sections 3.3.2 and 3.3.3), along with asymptotic structures de-
scribed by zero-distributed matrix-sequences (see Section 3.3.1). Notably,
the latter class serves an analogous role to compact operators in relation
to bounded linear operators, forming a two-sided ideal of matrix-sequences
within any of the GLT x-algebras.

3.3 The Generators of the GLT algebras

For any given r,d > 1, there exists the x-algebra of d-level r-block GLT
matrix-sequences. In the following, we describe the generators.

3.3.1 Zero-distributed sequences

Zero-distributed sequences are defined as matrix-sequences { A, }, such that
{A,}n ~5 0. Note that, for any r > 1, {A,}, ~, 0 is equivalent to {4, }, ~o
O,, where O, is the r X r zero matrix. The following theorem, taken from [38,
79], provides a useful characterization for detecting this type of sequence.

Theorem 3.1. Let {A,}, be a matriz-sequence, with A,, of size d,, and let
p € [1,00], with || X||, being the Schatten p-norm of X, that is, the (¥ norm
of the vector of its singular values. Let || - || = || - ||« be the spectral norm.
With the natural convention 1/0o = 0, we have:

e« {A}n ~o 0 if and only if A, = R, + N, with rank(R,)/d, — 0 and
| Nnll = 0 as n — oo,

o {A,}n ~o 0 if there exists p € [1, 00| such that

[ Al

(dn)l/p—>0 as n — 00.

As in Section 1.2, the same definition can be given and the corresponding
result (with obvious changes) holds when the involved matrix-sequences show
a multilevel structure. In that case, n is replaced by m uniformly in A,,, N,,
Ry, d,.

Further results connecting Schatten p-norms, unitarily invariant norms (see [16]),
variational characterization, and Toeplitz/Hankel structures can be found
in [85].
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Remark 3.2. The multilevel block Toeplitz matriz defined below is a class of
GLT matriz-sequences with a d-level, r X r block structure. This generalization
extends the Toeplitz and BTTB cases discussed in Section 2.1 and naturally
includes the possibility of block entries at each level.

3.3.2 Multilevel block Toeplitz matrices

Given n € N, a matrix of the form
[Ai—j]3i=1 € M) (C),

with blocks Ax € M, (C), k € {—(n —1),...,n — 1}, is called a multi-
level block Toeplitz matrix, or, more precisely, a d-level r-block Toeplitz ma-
trix.

Given a matrix-valued function f : [—m, 7]¢ — C"™*" belonging to L!([—n, 71]?),
the n-th Toeplitz matrix associated with f is defined as

To(f) = [fi_ )71 € My (C),

where 1
T —i(k-0 rXT d
fk—(%)d/[_ L dO)e k0 g9 c C7, ke 2,
are the Fourier coefficients of f.

The family {75, (f)} nena is called the family of (multilevel block) Toeplitz ma-
trices associated with f, which is referred to as the generating function.

3.3.3 Block diagonal sampling matrices

Givend > 1, n € N? and a function a : [0, 1]¢ — C™*", we define the multilevel
block diagonal sampling matrix Dy (a) as the block diagonal matrix

Essentially, Dy (a) is a diagonal matrix whose entries are the evaluations of
a(x) at the points of a uniform mesh over the domain [0, 1]¢, with the points
arranged in lexicographical order.

3.4 The x-algebra of d-level r-block GLT matrix-
sequences

Let r > 1 be a fixed integer. A multilevel r-block GLT sequence, or simply a
GLT sequence if r does not need to be specified, is a special multilevel r-block

41



matrix-sequence equipped with a measurable function  : [0, 1]¢ x [~m, 7]¢ —
C™" d > 1, called the symbol. It is formally expressed as

{An}n ~GLT K.

We write to denote that {A,}, is a GLT sequence with symbol k. A funda-
mental property of the GLT symbol is that it is unique: if two symbols are
associated with the same matrix-sequence, then they must coincide almost
everywhere as a direct consequence of Axiom GLT 3, second item.

Proposition 3.3. If {An}n ~crr & and {An}n ~crr &, then k =& a.e.

The symbol plays a central role in determining the singular value distribution
and, in the Hermitian setting, the eigenvalue distribution of GLT matrix-
sequences.

It can be proven that the set of multilevel block GLT sequences is the *-
algebra generated by the three classes of sequences defined in Sections 3.3.1,
3.3.2, 3.3.3: zero-distributed sequences, multilevel block Toeplitz sequences,
and block diagonal sampling matrix-sequences. The GLT class satisfies several
algebraic and topological properties, which are discussed in detail in [11,12,
38,39]. Here, we focus on the main operative properties listed below, which
provide a complete characterization of GLT sequences, equivalent to the full
constructive definition.

GLT axioms

o GLT 1. In the setting of Definition 1, with t = 2d and D = [0,1]¢ x
[—m, 74, if {An}n ~crT K, then {A,}n ~, k. Moreover, if all the matri-
ces Ay, are Hermitian, then { A, },, ~) k, again in the sense of Definition 1,
with t = 2d.

e GLT 2. We have
—A{Tn(f)}n ~crr K(x,0) = f(B)if f : [, 7] — C™"isin L} ([, 7]9);

—{Dn(a)}n ~crr K(x,0) = a(x) if a : [0,1]? — C™" is Riemann-
integrable;

—A{Zn}n ~crr K(=x,0) = O, if and only if {Z,},, ~, 0.

One of the most fundamental properties of the GLT class is that it forms
a *-algebra, meaning it is closed under the natural operations of conjugate
transposition, linear combination, and product. While the previous axiom
shows that multilevel Toeplitz, diagonal sampling, and zero-distributed se-
quences are all included in the GLT class, the set GLT of sequences is, in
fact, precisely the x-algebra generated by the union of these three types of
sequences. This means that any GLT sequence can be constructed from these
basic building blocks through the x-algebra operations. Furthermore, the map
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that associates each GLT sequence with its corresponding symbol preserves
the operations; in other words, it is an algebra homomorphism.

GLT 3. If {A,}n ~crr K and {Bp}n ~crr &, then:

— {4} }n ~aur K5
— {aA, + BBt ~cur ak + B for all a, § € C;
- {Aan}n ~GLT /ff;

— {Al},, ~qur k71, provided that x is invertible almost everywhere.

GLT 4. {A,}n ~crr ~ if and only if there exist { By j}n ~qrr K; such
that {{Bn }n}; ooty {An}n and k; — K in measure.

GLT 5. If {A,}, ~aur £ and A, = X, +Y,,, where

— every X,, is Hermitian,
— | Xnll, 1|Yn]| < C for some constant C' independent of n,
= N(n)7H[Yalh — 0,

then {Ap}, ~\ K.

GLT 6. If {A,,}, ~crr k and each A, is Hermitian, then { f(A, )}, ~crr
f (k) for every continuous function f: C — C.

Note that, by GLT 1, it is always possible to obtain the singular value dis-
tribution from the GLT symbol, while the eigenvalue distribution can only be
deduced either if the involved matrices are Hermitian or the related matrix-
sequence is quasi-Hermitian in the sense of GLT 5.
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Chapter 4

Geometric means in matrix-sequences
with hidden structures

Having established the theoretical foundations of matrix-sequences and their
asymptotic properties, this chapter presents the results published in [1]. We
investigate the spectral distribution of the geometric mean of two or more
matrix-sequences formed by HPD matrices, focusing on cases where all se-
quences belong to the same GLT x-algebra. The geometric mean of two pos-
itive numbers, a and b, is the square root of their product, vab. We extend
this concept to Hermitian positive definite (HPD) matrices by employing the
Ando-Li-Mathias (ALM) geometric mean, defined as

G(A, B) = A2 (A1 2BA12) % 4172, (4.1)

where A and B are HPD. Here, (-)'/? denotes the unique Hermitian posi-
tive definite square root of a Hermitian positive definite matrix. This ap-
proach maintains key properties such as symmetry, invariance under congru-
ence transformations, and consistency with the classical scalar mean in the
commutative case.

When analyzing the geometric mean of GLT matrix-sequences, our results
show that for the scalar unilevel case (r = d = 1), if {Ap}n and {By,}, are
sequences of Hermitian positive definite matrices with GLT symbols « and &,
then the sequence formed by their geometric mean, {G(Ay, By)}n, is itself a
scalar unilevel GLT matrix-sequence whose symbol is (k& )1/ 2 provided at least
one of the symbols is nonzero almost everywhere. We further demonstrate
that this result extends to the multilevel scalar case (r = 1, d > 1), where the
same relation holds for the GLT symbols. In the general block multilevel case
(r, d > 1), if at least one of the minimal eigenvalues of the GLT symbols x or £
is nonzero almost everywhere, then the sequence of geometric means remains
a GLT matrix-sequence, with its symbol given by the matrix geometric mean

G(k, &), defined as

Gk, €) = 12 (/1_1/25‘/{_1/2)1/2 /2

For the case of more than two matrices, the geometric mean is generalized
by the Karcher mean. Specifically, the Karcher mean of £ Hermitian positive
definite matrices Ay, ..., A is defined as the unique positive definite solution
X of the matrix equation ¥ | log(4;'X) = 0.
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In the setting of GLT matrix-sequences, suppose we have k sequences of Her-
mitian positive definite matrices, each associated with a GLT symbol x;, which
by construction are nonnegative definite almost everywhere. We conjecture
that the sequence of Karcher means {G (Ag), ey Aglk))}n forms a new GLT
matrix-sequence, with its symbol being the geometric mean of the individ-
ual symbols. Specifically, when all symbols commute, the resulting symbol
is (k1---kg)Y*, and in the noncommutative case, the symbol is the Karcher
mean G(k1, ..., k) defined through the same matrix equation at the symbol
level. In this respect, we notice that two main difficulties are present when
dealing with Karcher means: The first is the lack of an explicit formula, which
prevents the use of the GLT axioms in a direct way; The second relies on the
pointwise convergence results, which do not allow us to employ powerful tools
such as those in Theorem 3.1.

To verify these theoretical results, we present a range of numerical experi-
ments, including examples where the input matrix-sequences are of Toeplitz
type r-block, d-level GLT matrix-sequences arising from the discretizations of
differential operators by finite differences, finite elements, isogeometric anal-
ysis, and Galerkin methods. We address both one- and two-dimensional set-
tings and analyze the asymptotic behavior of minimal eigenvalues and condi-
tioning of the geometric mean sequences.

4.1 Geometric mean of GLT matrix-sequences

This section discusses the geometric mean of positive definite matrices, start-
ing with the well-established case of two matrices and then considering mul-
tiple matrices. In particular we give distribution results in the case of GLT
matrix-sequences.

4.1.1 Means of two matrices

The geometric mean of two positive numbers a and b is simply vab, a fact
well-known from basic arithmetic. However, extending this concept to HPD
matrices introduces a number of challenges, as matrix multiplication is not
commutative. The question of how to define a geometric mean for matrices in
a way that preserves key properties such as congruence invariance, consistency
with scalars, and symmetry was solved by ALM [3]. Their work presented
an axiomatic approach to defining the geometric mean of two HPD matrices
previously defined in Equation (4.1). ALM formalized the geometric mean for
matrices by establishing a set of ten essential properties, known as the ALM
axioms. These axioms ensure the geometric mean behaves appropriately in
the matrix setting. Here we report three key properties, even if the first one
is a consequence of the second and of the third via the choice of a proper

congruence.
1. Permutation invariance: G(A, B) = G(B, A) for all A, B € P,,.
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2. Congruence invariance: G(M*AM, M*BM) = M*G(A, B)M forall A, B €
P,, and all invertible matrices M € C"*™,

3. Consistency with scalars: G(A, B) = (AB)"Y? for all commuting A, B €
P, (note that AB € P, for all commuting A, B € P, because (AB)* =
B*A* = BA = AB and AB is similar to the HPD matrix AY/2BAY? =
ATY2(AB)AY?),

When considering sequences of matrices, particularly in the framework of
GLT sequences, the geometric mean operation is well-preserved under the
structure of GLT sequences. If r = d = 1 and we consider two scalar unilevel
GLT matrix-sequences, that is, {A,}, ~qrr £ and {B,}, ~qrr &, where
A,, B, € P, are HPD matrices for every n, the matrix-sequence of their geo-
metric mean {G(A,, By,)}» also forms a scalar unilevel GLT matrix-sequence.
The symbol of the resulting sequence is the geometric mean of the individual
symbols x and &.

Theorem 4.1 ([38], Theorem 10.2). Let r = d = 1. Suppose {A,}n ~crr K
and {Bn}n ~crr &, where Ay, B, € P, for every n. Assume that at least one
between k and & is nonzero almost everywhere. Then

{G<An7 Bn)}n ~GLT (/15)1/2, (4.2)

and

{G(An, By) tn ~o,\ ("35)1/2- (4.3)

The previous result is easily extended to the case of matrix-sequence result-
ing from the geometric mean of multilevel GLT matrix-sequences, thanks to
powerful x-algebra structures of considered spaces described in Section 3.4.
Indeed the following two generalizations of Theorem 4.1 hold.

Theorem 4.2. Letr =1 andd > 1. Suppose {Ap}n ~crr £ and {Bp}n ~cLr
§, where Ay, By € Py, for every multi-index nv. Assume that at least one
between k and & is nonzero almost everywhere. Then

{G(An, Ba)}n ~crr (k€)' (4.4)

and

{G(An, Bn)}n ~o (“5)1/2- (4.5)

Proof. Since both A,, and B,, are positive definite for every multi-index n,
the matrix-sequence {G(Ay, Bp)}n is well defined according to formula (4.1)
since A;;1/? is well defined for every multi-index m. According to the assump-
tion, we start with the case where x is nonzero almost everywhere. Hence the
matrix-sequence {A, '}, is a GLT matrix-sequence with GLT symbol x~1 by
Axiom GLT 3, part 3. Since the square root is continuous and well defined
over positive definite matrices also the matrix-sequence {A;'/?},, is a GLT
matrix-sequence with GLT symbol x~1/2 by virtue of Axiom GLT 6.
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Now using two times GLT 3, part 2, we infer that {A,'/2B,A.'/?}, is a
GLT matrix-sequence with GLT symbol x~'¢, where X,, = A;Y/2B, A;1/?
is positive definite because of the Sylvester inertia law. Hence, the square
root of X,, is well defined and by exploiting again Axiom GLT 6 we de-

duce that {(A;l/ 2B, AY 2>1/2} is a GLT matrix-sequence with GLT symbol

n
1/2
(/flﬁ) 2. Finally, by exploiting Axiom GLT 3, part 3, we have {AL/?},, is
a GLT matrix-sequence with GLT symbol /2, and the application of GLT
3, part 2, two times leads to the desired conclusion

{G(Ana Bn)}n ~GLT (’15)1/27

where the latter and Axiom GLT 3 imply {G(Apn, Bp)}n ~ox (5€)Y2.

Finally the other case where £ is nonzero almost everywhere has the very same
proof since G (-, ) is invariant under permutations and hence

1/2 1/2

G(A, B) — AL/ (A71/2BA71/2> Al/2 — G(B,A) — RBl/2 <B71/2ABfl/2> B1/2,

so that the the same steps can be repeated by exchanging A,, and B,,. e

Theorem 4.3. Let r,d > 1. Suppose {An}n ~crr Kk and {Bp}tn ~crr &,
where Ap, B € Py for every multi-index m. Assume that at least one be-
tween the minimal eigenvalue of k and the minimal eigenvalue of & is nonzero
almost everywhere. Then

{G(An, Bn)}n ~arr G(~, £), (4.6)

and

{G(An, Bn)}n ~ox G(K,E). (4.7)
Furthermore G(k, &) = (k€)% whenever the GLT symbols k and & commute.

Proof. The case of r = 1 is already contained in Theorem 4.2, so we assume
r > 1i.e. a true GLT block setting. The proof is in fact a repetition of that
of the previous theorem with the only attention to GLT symbol part where
the multiplication is noncommutative.
Since both A,, and B,, are positive definite for every multi-index n, the matrix-
sequence {G(Ay, By)}n is well defined according to formula (4.1) since A;;'/?
is well defined for every multi-index n. According to the assumption, we start
with the case where & is invertible almost everywhere so that {A, 1}, ~qrr
k=" by Axiom GLT 3, part 3, and {A,'/?},, ~qur £ /2 thanks to Axiom
GLT 6.
Now using two times GLT 3, part 2, we have {A 2B, A-1/?},, ~qrp kY%
k12, where

X, = A;l/anA,;l/Q

is positive definite because of the Sylvester inertia law. Hence the square
root of X, is well defined and by exploiting again Axiom GLT 6, we obtain
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{(A,_ll/?BnAZ,lﬂ) 1/2} ~QLT (/1_1/25/(1/2>1/2. Finally, by exploiting Axiom

GLT 3, part 3, on the matrix-sequence {Aiﬂ}n and using GLT 3, part 2,
two times, we conclude

{G(An, Ba) b ~arr w42 (571 2er12) 2 112

where the symbol /2 (ﬁ_l/ng_l/z V2 k12 is exactly G(k,&). Furthermore,
relation (4.6) and Axiom GLT 3 imply {G(An, Bn)}n ~ox G(k,§) where
G(k, &) = (k€)Y2, whenever k and ¢ commute.

Finally the remaining case where ¢ is invertible almost everywhere has the
very same proof since G(+,-) is invariant under permutations and hence

1/2 1/2
) )

G(A, B) — Al/2 (A_1/2BA_1/2 A2 — G(B, A) — B1/2 (B—l/QAB—l/Q Bl/27
so that the the same steps can be repeated by exchanging A,, and B,, and by

exchanging x and €. °

Remark 4.4. In Theorem 4.3, we assume that at least one between k and
& s tnvertible almost everywhere and the same is true in Theorem 4.2. The
assumption has in fact only a technical nature for allowing the possibility of
using part 4 of Aziom GLT 3, when a GLT matriz-sequence is inverted for
guaranteeing that the sequence of inverses is still of GLT nature. However,
if we assume commutativity then no inversion is required and the technical
assumption is no longer needed. The theoretical problem has been solved in
paper [49], as described in Chapter 5.

4.1.2 Mean of more than two matrices

If £ > 2 then the ALM-mean is obtained through a recursive iteration pro-
cess where at each step the geometric means of k matrices are computed by
reducing them to k& — 1 matrices. However, a significant limitation of this
method is its linear convergence leading to a high computational cost due to
the large number of iterations required at each recursive step. As a result, the
computation of the ALM-mean using this approach becomes quite expensive.
However, despite the elegance of the ALM geometric mean for two matrices,
it becomes computationally infeasible to extend this formula to more than
two matrices [21].

To overcome these limitations, the Karcher mean [19], was introduced as a
generalization of the geometric mean for more than two matrices. The Karcher
mean of HPD matrices Ay, Ao, ..., A is defined as the unique positive definite
solution to the matrix equation:

i log(A;'X) =0, (4.8)
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as established by Moakher [61, Proposition 3.4]. This equation can be equiv-
alently expressed in other forms, such as

k k

Ylog(XA;H) =0, or Y log(XY2A71X1/?) =0, (4.9)

i=1 i=1
by utilizing the formula M~!log(K)M = log(M 1K M), which holds for any
invertible matrix M and any matrix K with real positive eigenvalues. This
formulation arises from Riemannian geometry, where the space of positive
definite matrices forms a Riemannian manifold with non-positive curvature.
The Karcher mean represents the center of mass (or barycenter) on this mani-
fold [16]. In this manifold, the distance between two positive definite matrices
A and B is defined as §(A, B) = || log(A~Y2BA~'/?)||p, where || - | denotes
the Frobenius norm.
Several numerical methods have been proposed for solving the Karcher mean
equation. Initially, fixed-point iteration methods were used, but these meth-
ods suffered from slow convergence, especially in cases where the matrices
involved were poorly conditioned [61]. Later, methods based on gradient
descent in the Riemannian manifold were introduced. A common iteration
scheme for approximating the Karcher mean is

k
Xyi1 = Xy exp (—91, Zlog(Ai_lX@)) , Xo€Pyv>0, (4.10)
i=1

where X, is the approximation at the v-th step, and the exponential and
logarithmic functions are matrix operations. Although this method improves
convergence, it can exhibit slow linear convergence in certain cases. The it-
eration with Xo = Ay or Xo = [ and 60, = 1/k, as considered in [58,61],
can fail to converge for some matrices Ay, ..., Agx. Furthermore, similar iter-
ations have been proposed in [6, 71], but without specific recommendations
on choosing the initial value or step length. While an optimal 6, could the-
oretically be determined using a line search strategy, this approach is often
computationally expensive. Heuristic strategies for selecting the step size, as
discussed in [32], may result in slow convergence in many cases.

To further enhance the convergence rate, the Richardson iteration method is
employed. Indeed, the considered method improves the convergence by us-
ing a parameter 0, which controls the step size in each iteration [19]. More
precisely, given X, € P,,, the Richardson iteration is given by

k
Xpp1 =Xy — 0X, Y log(A;7'X,) =T(X,), ©v>0. (4.11)
1=1

Any solution of (4.9) is a fixed point of the map 7" in (4.11). The iterative
formula can also be rewritten as

k
X1 =X, —0X/? (Zlog (X;/QAilX,}/Q)) X2 w>o, (4.12)

i=1
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provided that all the iterates X, remain positive definite. Equation (4.12)
further demonstrates that if X, is Hermitian, then X, is also a Hermitian
matrix.

The parameter 6 plays a crucial role in controlling the step size of each it-
eration and choosing an optimal value of # can significantly influence the
convergence behavior of the iteration. If 6 is small enough, the iteration is
guaranteed to produce positive definite matrices and converge towards the

solution. In particular, when the matrices A, ..., A; commute, setting § = +

k
ensures at least quadratic convergence.
The explicit value of € used in the iteration is given by
2
0 =—, (4.13)
v+

[8,7] = Lf: 1O_g(_cjl), fjcj 1Og(cj )] , (4.14)

where ¢; = im?"((%?)) ,and M; = GY/ 2Aj_lGl/ 2 @ is the current approximation
min J

of the Karcher mean. The closer the eigenvalues of M; are to 1, the faster the
convergence is.

The Richardson-like iteration can be implemented in different equivalent forms

k
X =X-0x"? (Z log (X1/2A;1X1/2)> X1/2 (G=X) (4.15)
=1
k
X =Xx1? (1 — 03 log (X1/2A;1X1/2)) X2 (G=X) (4.16)
=1
k
Y =Y —0y'/? (Z log (Yl/QAin/Z)) Y12 (G=Y"Y (4.17)
=1
k
Yy =Y/? (I — 03 log (Yl/QAin/z)) y'l/2 (G=Y"1) (4.18)
=1

Among these equivalent formulations, the first one, Equation (4.15), is the
most practical for implementation. It avoids matrix inversions, which can in-
troduce numerical instabilities and increase computational complexity. While
formulations Equation (4.17) and Equation (4.18) aim to reduce the number
of matrix inversions, the final step requires inverting the result, which can
lead to inaccuracies, especially for poorly conditioned matrices. Additionally,
Equation (4.16) retains the simplicity of direct matrix operations without in-
troducing unnecessary complications.

A numerically more efficient approach uses Cholesky factorization to reduce
the computational cost of forming matrix square roots at every step, enhanc-
ing efficiency as forming the Cholesky factor costs less than computing a full
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matrix square root [44]. Suppose X, = RTR, is the Cholesky decomposition
of X,, where R, is an upper triangular matrix. The iteration step can be
rewritten as

k
X1 =X, +0RE (Z log (R;TAiR;1)> R,. (4.19)
=1

In this formulation, the Cholesky factor R, is updated at each iteration.
The condition number of the Cholesky factor R, in the spectral norm is the
square root of the condition number of X,, thus ensuring good numerical
accuracy. For this heuristic to be effective, it is essential that X, provides
a good approximation of G. If the initial guess X is close enough to the
solution and is positive definite, the sequence X, generated by the iteration
remains well-defined and converges to the desired solution. However, if the
initial iterate is not positive definite, adjusting the value of 6 or modifying the
iteration scheme may be necessary to ensure that all iterates remain positive.
Therefore, selecting X, as the Cheap mean is critical. An adaptive version
of this iteration has been proposed and implemented in the Matrix Means
Toolbox [18].

Of course the Richardson-like iteration is relevant for computing efficiently the
Karcher mean: we also exploit its formal expression for theoretical purposes
when dealing with sequences of matrices, particularly those involving GLT
sequences. For the theory we come back at relation (4.15) and we consider
the associated iteration

k
Xy =X, —0X1/? (Z log (X,}/QA;lX;/?)) X2 (4.20)

i=1

with X given positive definite matrix. We know that X, converges to the
geometric mean of Ay, ..., Ay as v tends to infinity for every fixed positive
definite initial guess Xj.

Fix r,d > 1. Suppose now that the block multitivel sequence of matrices
{AY ~arr ki for @ = 1,..., k are given, where AL ... A%) are positive
definite for every multi-index n. Due to the positive definiteness of the matri-
ces {ADY},, and because { AW}, ~qrr ki, from Axiom GLT 1 it follows that
each x; is nonnegative definite almost everywhere (see Remark 1.1).

In this setting, it is conjectured that the sequence of Karcher means {G/(A{,

., A, forms a new GLT matrix-sequence whose symbol is the geomet-
ric mean of the individual symbols k1, ..., Kk, specifically (kq - - - lik)l/k if all
symbols commute and G(k1, ..., k) in the general case. In order to attack
the problem the initial guess matrix-sequence {Xy, o}, must be of GLT type
with nonnegative definite GLT symbol. In this way thanks to (4.20) and us-
ing the GLT axioms in the way it is done in Theorem 4.3, we deduce easily
that { X, }n is still a GLT matrix-sequence with symbol g, converging to

G(lﬁ]l, ceey I{k).
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Finally, Theorem 1.3 and Axiom GLT 4 could be applied if we prove that
{{Xn.}n}, is an a.c.s. for the limit sequence {G(AWL ... AP}, . This could
be proven using Schatten estimates like those in the second item of Theo-
rem 3.1, but at the moment this is not easy because the known convergence
proofs for the Karcher iterations are all based on pointwise convergence, which
makes difficult to obtain O(rv(n)) bounds for the p power of the Schatten p-
norm of error matrix-sequences; see Theorem 3.1.

4.2 Numerical experiments

In this section, we present and critically analyze several selected examples, by
considering matrix-sequences of geometric means k£ HPD matrices for k£ = 2, 3.
In particular our numerics show asymptotical spectral properties of the result-
ing matrix-sequences in accordance with the theoretical results (and conjec-
tures) of the previous section. We introduce few examples in which the input
matrix-sequences are either of Toeplitz type or are general r-block d-level
GLT matrix-sequences, stemming from the approximations of differential op-
erators via local methods such finite differences, finite elements, isogeometric
analysis: in the first group we explore the geometric mean of two matrix-
sequences and in the second group we consider the Karcher mean of three
matrix-sequences, both taking into account one-dimensional (1D) and two-
dimensional (2D) settings, i.e., d = 1,2 and r = 1; in the final group we deal
with r-block GLT matrix-sequences with » = 2. We anticipate the strong
agreement of the numerical evidences with the theoretical results in Theorem
4.1, Theorem 4.2, Theorem 4.3, and with the conjecture regarding the Karcher
mean, also when the matrix-sizes are quite moderate. The latter is a non-
trivial numerical finding since all the theoretical results have an asymptotic
spectral nature.

4.2.1 Example 1 (1D)

Let A, =T, ((2 —2 COS(H))Q) according to Section 2.1 and let B,, be the finite
difference discretization of the differential operator (a(x)u”)” on the interval
(0,1), with boundary conditions u(0) = u(1) = «/(0) = «/(1) = 0, where a(x)
is positive on (0,1). For the fourth order boundary value problem

(a(@)u’) = f(z), u(0)=u(l)=u(0)=u(l) =0,
we approximate the derivative u(4)(x) by using the second-order central FD
scheme characterized by the stencﬂ —4,6,—4,1). More specifically, for o, u

(1,
smooth enough, we have (a(z)u (x ))/ __ equal to

1

h4 (aZ oUj_9 — 2(@1‘_1 + ai)ui_1 + (051‘_1 + 4o + CYZ‘_H)UZ'

—2(ig1 + )uip1 + 04i+1ui+2> + O(h?),
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foralli=2,3,.....,n+1; here, h = n%r:,) and x; = th fort=0,1,.....n+3.

o X1 T2 T3  Tp Tptl Tp42 Tp+3

By taking into account the homogeneous boundary conditions and by neglect-
ing the O(h?) approximation error, we approximate the nodal value u(z;) with
the value of u; for ¢« = 0,1,....,n 4+ 3, where uy = u; = Up1o = uyr3 = 0 and
u = (Ug, ....,uny 1) is the solution of the linear system

i oUi—2 — 2(ai—1 + ap)ui1 + (i1 + doy + air)ug

—2(avigp1 + o) uig1 + Qipuie = hf(x),

foralli =23,.....,.n+ 1.

The structure of the resulting matrix B,, = B, («a) is as reported below

(s +4das+ 1) —2(az+ ag) ag
—2((12 + (13) ((14 + 4oz + (12) —2((14 + (13) QY
a3 —2((13 + CM4) (Oé5 + 4oy + CE3) —2(045 + 044) a5
Qp—2 _2(a'rL—2 + an—l) (an—Q + 4an—1 + an) _2(an + a?L—l) Oy
Qp—1 _2(047171 + O‘n) (anfl + 4an + an+1) _2(an+1 + Oén)
Qi _2(an + an+1) (Oén +4ap1 + an+2)

(4.21)
Looking at By, in (4.21), we observe that it can be written as

B, = Bu(a) = D} K} + DK, + D, ;..

with
1 -2 1
1 -2 1
1 -2 1
K= 1 =2 = T(1 — 2¢7" + e7%7),
1 1
—2
1
4 -2
—2 4 -2
2 4 -2
K, = 24 2 = Ty (4 — 2¢77 — 2¢7),
2 4 -2
—2 4
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-2 1

1 -2 1
K~ — 1 -2 1
1
Df = diag
i=12...n
D, = diag
i=1,2...n
D, = diag
i=1,2...n

It is easy to check that grids G
G, = {%i}i=1,..n are asymptoticall

T,(1— 2¢" + e%e).

1
1 -2 1
o = diag a(xiy9),
i=1,2....n
a1 = diag a(ziiq),
i=1,2....n
a; = diag a(z;).
i=1,2..m

= {@it2}i=1...n,Gn = {Tit1}i=1,..n and
y uniform in [0, 1], according to the notion

given in [9]. In fact, for G = {x;42}i=1..n we have

7 1 ( n Q)h 7
max |; —| = max |%j42— —|= max | - —
i=1,2,.n | " =12 |2 T T isien n
i+2 ni + 2n —i(n + 3)
— max — —| = max
=1,2,..,n|n + 3 n 1=1,2,...,n n(n + 3)
—1 n
~max < — 0.
i=1.2,"n |n(n + 3) n(n + 3)
For G, = {xi41}i=1,..n we have
) 1 ( n l)h 7
max |z; —|= max |x;41 — —|= max |(¢ - —
i=1,2,.m | " =12 | i=1,2,..n n
i+1 ni+mn —i(n+3)
= max — —| = max
i=1,2,..n|n + 3 n i=1,2,....,n n(n + 3)
—2 2n
~max < — 0
i=1,2,..n|n(n + 3) n(n + 3)
For G, = {x;}i=1...n we have
max |T;,— —|= max |r; ——| = max |[th— —
1=1,2,....n ’ i=1,2,....n n i=1,2,....n n
i ni —i(n+3)
= max ——|= max |———=
121327"'771 n + 3 n 221727"'5,”/ n(n + 3)
—31 3n
~max < — 0.
i=1.2,.n |n(n + 3) n(n + 3)
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Hence, by GLT 2, part 2, and by [9], we deduce that {D;}, ~grr a(z),
{D,}n ~crr a(x) and {D,, },, ~crr a(x). In conclusion, by invoking GLT 2-
GLT 3, we infer that

{B,}n ~crr ax)(1 — 27 + 720y 4 a(x)(4 — 27 — 2e7) 4 a(z)(1 — 2% + *9)
{Bn}n ~arr az)(2 — 2cos(9))

Eigenvalue distribution

We begin by numerically verifying the eigenvalue distribution of the matrix-
sequence {G(A,, B,)}, with respect to its GLT symbol (k€)Y? according
to Theorem 4.3, with A, = T, ((2—2cos(6))?), B, = By(a) as in (4.21)
with a(z) = z, k(z,0) = (2 — 2cos(0))?, £(z,0)) = a(z)(2 — 2cos(F))?. In
Figure 4.1, we compare the eigenvalues of the geometric mean with a uniform
sampling of the symbol. It is evident that, as n increases, the symbol provides
a better and better approximation of the eigenvalues. Similar results for the
two-dimensional case are shown in Example 4.2.2, Figure 4.2.

aaaaaa
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Figure 4.1: Example 1 (1D). Comparison between eigenvalues of G(An, Bn) (red stars; n = 20, 40) versus
the symbol (m{)% (blue circles)

4.2.2 Example 2 (2D)

Let A, = T,,(F(61,02)) according to the notation in Section 2.1 with d = 2
and B, be the finite difference discretization of the differential operator

0? 0* 0? 0?
02 (a(xay)axz> + oy (b(l‘,y)ayg> :
on the open domain Q = (0, 1)?, with a(x,y), b(x,y) nonnegative on the clo-

sure of €, with homogeneous Dirichlet boundary conditions on u(z,y), and
zero normal derivatives at 0f).

Regarding A,,, the generating function F'(61,65) is given by
F(01,02) = f(61) + f(02),
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with f(0) = (2 — 2cos(#))?. Thus, we have
Ay = To(f(01)+ f(02)) = Ty (8 +4 cos®(61) 44 cos?(Ay) — 8 cos(;) — 8 cos(6y)).

As in the one-dimensional setting in Example 4.2.1, we apply the second-order
central finite difference scheme separately to the z- and y-directions, in perfect
analogy with the 1D case, and take a(z,y) = a(x), b(z,y) = a(y). Choosing
a(t) = t the related problem is semielliptic, but it is of separable nature.
This separable nature is reflected algebraically in a tensor decomposition of
the whole approximation and in fact we find that resulting global matrix is
given by the Kronecker sum

Bn = Bnyny) = B, (@) @ In, + Iy @ By (),

where [, denotes the identity matrix of size n and B,(«) is exactly the
structure displayed in (4.21). By exploiting the GLT analysis in the one-
dimensional case, the symbol for the two-dimensional matrix-sequence can be
derived similarly. More precisely, we have

{Bp}n ~arr a(2)(2 — 2cos(61))* 4+ ay) (2 — 2 cos(hs))?.

As shown in Figure 4.2, the agreement is remarkable even for the largest
eigenvalues for which the absolute discrepancy is higher.

Figure 4.2: Example 2 (2D). Comparison between eigenvalues of G(An, Bn) (red stars; n = 20, 40) versus
the symbol (nf)é (blue circles)

4.2.3 Example 3 (1D)
Let A = T,,(342cos(6)), A = D, (a),and A®) = D, (a)T,,(4—2 cos(0)) Dy (a),

n

where T;,(+) is the Toeplitz operator for d = 1 as in Section 2.1 and D,,(a) is the
diagonal matrix generated by the continuous function a(x) = 22, according

to the notation in Section 3.3.3.
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Eigenvalue distribution

First, we aim to verify the eigenvalue distribution of more than two matri-
ces using the Karcher mean. In Figure 4.3, we compare the eigenvalues of
the Karcher mean with a uniform sampling of the resulting limit GLT sym-
bol. It can be observed that the symbol provides a reliable approximation
of the eigenvalues, and in fact, as n increases, the spectral distribution holds
asymptotically. Similar results for the two-dimensional case are shown in Ex-
ample 4.2.4, Figure 4.4. Both types of result corroborate the conjecture on the
GLT nature of the limit matrix-sequence of the Karcher means, as discussed
at the end of Section 4.1.2.

Figure 4.3: Example 3 (1D). Comparison between eigenvalues of (G(AS),AS?), AS}))) (red stars;
n = 20,40) versus the symbol (k1 Kzﬁg)é (blue circles)

4.2.4 Example 4 (2D)

Consider the matrix A() = T},(F (1, 6,)), where T},(+) is the Toeplitz operator
as in Section 2.1 with d = 2, and the function F'(0y, 6,) is defined as F'(6,602) =
f(01) + f(0y), with f(0) = 34 2cos(f), resulting in AL = T,,(6 + 2cos(6;) +
2 cos(62)).

Also, consider the diagonal matrix A?) = D,,(a), where, according to the
notation in Section 3.3.3, Dy(a) is the diagonal sampling matrix generated
by a continuous function a(x,y) = x? 4+ y?, which is positive on the domain
(0,1)2.

We take the matrix A = Dy, (b)T,,(G(0y,05)) Dy (b), where b(xz,y) = 1/x +
1/y is positive and unbounded on the domain (0, 1), and where the generating
function G(61,62) = f(01) + f(6), with f(0) = 4 — 2cos(f) implies that A
is T, (8 — 2 cos(01) — 2 cos(62)).

Also in the current example the agreement between the limit GLT symbol and
the displayed eigenvalues is remarkably good, so giving ground to the conjec-
ture on the Karcher means reported in the final part of Section 4.1.2.

o7



Figure 4.4: Example 4 (2D). Comparison between eigenvalues of (G(AS, A A)) (red stars;
n = 20,40) versus the symbol (k1 Kzlig)% (blue circles)

4.2.5 Galerkin discretization of the Laplacian eigen-
value problem

The one-dimensional Laplacian eigenvalue problem is given by the differential
equation

—u;-’(:c) = \juj(z), x€(0,1), (4.22)
with Dirichlet boundary conditions:

u;(0) = uy(1) = 0.

The goal is to find the eigenvalues \; € R* and corresponding eigenfunc-
tions u; € Hy([0,1]), for j = 1,2,...00, where Hj([0,1]) is the standard
Sobolev space of L? functions with L? derivatives and vanishing at the bound-
aries.

4.2.5.1 Weak formulation

To derive the weak formulation, we multiply both sides of the differential
equation by a test function v € H}([0,1]) and integrate over the interval
0,1] ie. —J3 uj(z)v(x)dr = Jo Ajuj(x)v(x) dz. Using integration by parts
on the left-hand side and noting that the boundary terms vanish, we deduce
I uj(z)v(z) de = I wi(r)v'(x) dz, so that the weak form becomes

[ @y de =5 [ weyele) de,

for every test function v € H{([0,1]). The latter is rewritten compactly
as

a(ug, v) = Aj(uj, v), (4.23)
where the bilinear form a(u;,v) and the L? inner product (u;,v) are defined
as

a(u;,v) = /01 wi(x)v'(x) de,  (uj,v) = /01 uj(x)v(z) dz.
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4.2.5.2 Galerkin approximation

The weak formulation allows us to use the Galerkin method to approximate
the solution. Let W,, = span{¢y,...,¢n,} be a finite-dimensional subspace
of H([0,1]). The weak problem now becomes: find approximate eigenvalues
Ajin € RY and eigenfunctions w;,, € W,, for j = 1,2...., N,, such that, for
all v, € W,, we have a(u;n,v,) = A\jn(tjn,vy). By expanding u;, and
vp, in terms of the basis functions {u;}, we obtain u;, = ZZN:’H Citi, Uy =
Z,]f\r:"l d ¢y, and substituting into the bilinear forms, the generalized eigenvalue
problem
Knc; = \j,Myc;

is defined, where the stiffness matrix K, and mass matrix M, are defined
as

= [a (¢J7¢Z ij=1 = [/ (b }:il, (4.24)
= [(¢5, 00)lij1 = [/ $5 ()i )dx} jil. (4.25)

Both K, and M, are symmetric and positive definite, due to the coercive
character of the underlying bilinear forms.

4.2.6 Quadratic C° B-Spline discretization

In the quadratic C° B-spline discretization of the one-dimensional Laplacian
eigenvalue problem, the basis functions ¢, . .. ,¢Nn are chosen as B-splines of
degree 2 defined on a uniform mesh with step size *. The basis functions are
explicitly constructed on the knot sequence {0, 0, 0, S, o %, % cee ”7_11, nl, 1,1,
1}, (excluding the first and last B-splines, which do not vanish on the bound-
ary of [0,1]); see [41]. The resulting normalized stiffness and mass matrices

are given by

4 -2
-2 81 -2 -2
) 4 =2
-2 -2 8| -2 -2
1 1
-K, == . .
n 3 " .
—2 4 -2
2 2 3 2 2
-2 4 =2
-2 -2 8| =2
—2 |

(4.26)
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3
3 12 3 1
3| 4 3
1 3 12 3 1
1
nM,, = 30
| 3
1 31213 1
314 3
113 12| 3
3 4 |

(4.27)

The stiffness matrix %Kn and the mass matrix nM, contain, as principal
submatrices, the unilevel 2-block Toeplitz matrices T,,_1(f) and T,,_1(h), ac-
cording to the notation in Section 3.3.2 with d = 1 and r = 2, where the
generating functions f(#) and h(f) are given by

o= (o 2 [ 3] ),

1 4 —2 — 2¢%
F(0) = 3 [—2 —2¢710 8 —40089] ’

1 ([003] 5 4 3] [0 0] 4
h(8) .—SOQO 1]6 +[3 12]+[3 1]@ ,
_i 4 3 + 3¢
T30 13+3¢7 124 2cosh|”

and

h()

Since {T,,(9)}n ~crr g for any Lebesgue integrable generating function g
(Axiom GLT 2, part 1), the theory of GLT sequences and a basic use of the
extradimensional approach [4,90] lead to

{frlzK"}n ~arr [(0), (4.28)

{nMp}, ~crr h(0). (4.29)

By the Axiom GLT 3, the linear combination of two GLT sequences is again
a GLT sequence, with the symbol being the corresponding linear combination
of their symbols. The matrix-sequence {L,,}, with

1
Ly = —K, + nM,, (4.30)
n

is a linear combination of the sequences {%Kn}n and {nM,},. Consequently,

{Ln}n ~GLT f(e) =+ h(9> = 6(9)7
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where f(6) and h() are the symbols of the stiffness matrix 1 K, and the mass
matrix nM,, respectively.
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Figure 4.5: For Quadratic case: r = 2,d = 1 . Comparison between eigenvalues of (G(n~ 'Ky, nM,, L))
(red stars; n = 40, 80) versus the symbol G(f(0), h(0),e(0)) (blue circles)

The numerical evidence is convincing: furthermore, from the related figure,
we observe that there exist two branches of the spectrum in accordance with
Theorem 4.3 with » = 2. In fact, when a spectral symbol is r X r matrix-
valued, in according with definition 1, we observe r branches in the spectra
of the associated matrix-sequences.

4.2.7 Cubic C! B-Spline discretization

In the cubic C! B-spline discretization on a uniform mesh with step size %, the
basis functions ¢, ..., ¢y, are chosen as the B-splines; see [41]. The resulting
normalized stiffness and mass matrices are given by

48 0 -12

0f 48 0]-15 -3
=12 0 48[ -15 -15
-1 -15 | 48 0] -15 3
15 0 48 15 15

[JURE

—-15 —-15( 48 0f-15 -3
3 —15 0 48| -15 -15
15 15| 48 0 12

I : L —12 0 48 | (4_31)
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(48 44 8

44 [128 80 9 1
8| 80 128| 53 9
9 53]128 80| 9 1
1 9| 8 128[53 9

9 s3[128 &0 9 1

1 9| 8 128| 53 9

9 53128 80| 8

1 9| 80 12844
8 44 48 |

(4.32)

According to the notation in Section 3.3.2 with d = 1 and r = 2, the stiffness
matrix %Kn and the mass matrix nM,, contain, as principal submatrices, the
unilevel 2-block Toeplitz matrices 7,1 (f) and T,,_1(h), where the generating
functions f(#) and h(f) are 2 x 2 matrix-valued functions given by

#(0) = L q—15 —15] €i9+[48 0]+ jg _—135] e—”),

“ 40\l =3 =15 0 48
1 [48 —30cos(f) —15— 36_10]

=40 | =3¢ — 157 48 — 30 cos 6

1 (9 53] 4 [128 80T [9 1]
h(e)'_le 9]6 +l80 128]+[53 9]6 )

0) 1 l 128 + 18 cos(f) 80 + 53¢ + ew}

f(9)
and

~ 560 80 4 53¢ + ¢ 128 4 18 cos(6)

As discussed in Section 4.2.6, the same reasoning applies to the matrix-
sequence {L,}, with

1
L, :=—K,+nM,,
n
which results in the GLT sequence symbol e(f) = f(6) + h(#). The numerical

evidence is again strong and we can see from the related figure that there

exist two branches of the spectrum in accordance with Theorem 4.3 with
r=2.
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Figure 4.6: For Cubic case: 7 =2,d = 1 . Comparison between eigenvalues of (G(n ' K,,nM,, Ly)) (red
stars; n = 40, 80) versus the symbol G(f(0),h(0),e(0)) (blue circles)

4.2.8 Minimal eigenvalues and conditioning

In the last part of the current numerical section, we consider the problem
of understanding the extremal behavior of the spectrum related to the con-
ditioning of {G(AM, A2 ABNL in dependence of the analytical features of
the corresponding GLT symbol. The idea is borrowed from the literature,
where we find papers dealing with the extremal eigenvalues in a Toeplitz
setting [27,72,73,84], in a r-block Toeplitz setting [74, 75|, in a differential
setting [65, 98], including multilevel cases of d > 1. Here we restrict our at-
tention to the unilevel scalar setting with d = r = 1 and we consider again
the examples in Section 4.2.1 and in Section 4.2.3.

4.2.8.1 Example 1 (1D): minimal eigenvalue

We consider the example in Section 4.2.1. The generating function k(z,0) =
(2 —2cos(#))? of A, has a unique zero of order 4 at § = 0, while the matrix-
sequence {B,}, shows the GLT symbol &(z,6)) = 2(2 — 2 cos(0))? with com-
binations of zeros at x = 0 of order 1 and at & = 0 of order 4. According
to the theory, the minimal eigenvalue of A, is positive and tends to zero as
n~* (see [27,72,73,84]). On the other hand, according to [65,75], we know
that eigenvalue of B,, is positive and tends to zero as n=*. If we consider
the geometric mean of the two symbols, we deduce that it has again zeros of
order at most 4: as a consequence, heuristically we expect that the minimal
eigenvalue of X,, = G(A,, B,) is positive and tends to zero as n=* as it is
perfectly verified in the table below with «; tending to 4.

e X, =G(A,, By)
o Take nj =40 * 27, j=0,1,2,3,
« Compute 7; = Apin(Xy, ), j=0,1,2,3,
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« Compute a; = log, (T’) : j=0,1,2.

Tj+1

Table 4.1: Numerical behaviour of the minimal eigenvalue
of Example 1, Section 4.2.8.1

Tj Qg
no = 40 | 0.000 109 94 3.8698
ny = 80 | 0.000007 52 3.9398
ne = 160 | 0.000 000 49 4.0297
ns = 320 | 0.000 000 03

4.2.8.2 Example 3 (1D): minimal eigenvalue

We consider the example in Section 4.2.3. The generating function &1 of Al
is strictly positive, the generating function y(z,0) = 22 of A?) has a unique
zero of order 2 at x = 0, while the matrix-sequence {A®},, shows the GLT
symbol r3(z,0)) = 24(2 — 2cos(#))* with combinations of zeros at x = 0
of order 4 and at # = 0 of order 4. According to the theory, the minimal
eigenvalue of A% is positive and tends to 1 = min k1 as (see [27,72,73,84]).
On the other hand, according to [65,98], we know that eigenvalue of AS’) is
positive and tends to zero as n™*, while for Aq(f) it is trivial tp check that the
minimal eigenvalue tends to zero as n~2. If we consider the geometric mean
of the two symbols, we observe that it has zeros of order at most 2: hence,
heuristically we expect that the minimal eigenvalue of X,, = G(Al, A2 AB))

is positive and tends to zero as n=2 as it is perfectly verified in the table below
with a; tending to 2.

. X = G(AY, AR, AD)

. Takenj:40>k2j, 7=0,1,2,3,
« Compute 7 = Apin(Xy,), j=0,1,2,3,

« Compute o = log, ( & ) , j=0,1,2.

Tj+1

Table 4.2: Numerical behaviour of the minimal eigenvalue
of Example 3, Section 4.2.8.2

7j @
nog =40 | 0.0014 2.2223
ny = 80 | 0.000 34797 2

ng = 160 | 0.000 086993 | 2

ng = 320 | 0.000 021 748
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Chapter 5

Maximal results for geometric means of
GLT sequences

Building upon the results established in Chapter 4, this chapter presents and
discusses the main contributions of our recent work [49]. In the previous
chapter, we analyzed the spectral distribution of the geometric mean for two
HPD GLT matrix-sequences, proving that when the GLT symbols x and £ are
nonzero almost everywhere (or at least one is invertible a.e.), the geometric
mean sequence remains GLT, with symbol (k& )12 in the scalar or commuting

case, and more generally G(k,&) = k!/? (/{’1/2511’1/2)1/2 /2 in the noncom-
mutative case. In this chapter, we address the open question of whether these
assumptions can be relaxed. Motivated by the observation that invertibil-
ity is primarily required due to non-commutativity, we rigorously prove that
when the GLT symbols k£ and £ commute, the invertibility condition can be
completely removed in the case where r =1 and d > 1.

Furthermore, we investigate the limitations of this maximal result through
both theoretical analysis and extensive numerical experiments. We show that,
in the general block case (r > 1), if the GLT symbols s and ¢ are both non-
invertible and do not commute, the geometric mean sequence {G(A,, B,)}n
still forms a GLT matrix-sequence with some symbol 1); however, this sym-
bol may not coincide with the classical geometric mean G(k,§), or, in some
cases, G(k, &) may not be well defined. These findings demonstrate that our
main results are indeed maximal: relaxing either the commutativity or invert-
ibility assumptions can lead to fundamentally different or ill-posed spectral
behavior.

A significant advance in this paper is the introduction and use of momentary
GLT symbols (see [5,25,26]), which provide a finer description of the spectral
distribution, especially for finite-size matrices and cases where the product
k& is zero or the symbols are rank-deficient. Momentary symbols incorpo-
rate the effects of small-norm perturbations, allowing the observed richer
spectral structures such as secondary eigenvalue distributions in numerical
experiments to be explained within an extended GLT framework.

The work further investigates the extremal spectral behavior of the geometric
mean, with particular focus on the asymptotic rate at which the minimal
eigenvalues decay as the matrix size increases. Through detailed numerical
experiments, we observe that the decay rate of the minimal eigenvalue is
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intimately connected to the order of vanishing (i.e., the multiplicity of zeros)
of the associated GLT symbol.

5.1 Geometric mean of GLT matrix-sequences

We start by recalling Theorem 4.1 from Chapter 4, which corresponds to |1,
Theorem 4] and generalizes [38, Theorem 10.2].

Theorem 5.1 ([1], Theorem 4). Letr =1 andd > 1. Suppose {An}n ~crr K
and {Bp}n ~arr §, where Ay, By € Py for every multi-index m, with Py
denoting the set of Hermitian positive definite (HPD) matrices of multi-index

n. Assume that at least one of between k and & is nonzero almost everywhere.
Then

{G(An, Ba)}n ~crr (k€)' (5.1)
and
{G(An, Bn)tn ~o,\ (55)1/2- (5.2)

Using the topological a.c.s. notion, we now show that the thesis of the previous
theorem holds without assuming that at least one between x and £ is invertible
almost everywhere (a.e.), thus proving [38, Conjecture 10.1]. We make use of
Axioms GLT 1, GLT 2, GLT 3, GLT 4, GLT 5, GLT 6 as reported in
Section 3.4.

Theorem 5.2. Letr =1 andd > 1. Assume {An}n ~crr K and {Bp}n ~cLr
§, where Ay, By € Py(ny for every multi-index m. Then

{G(Am Bn)}n ~GLT (55)1/2,
{G<An> Bn)}n ~o,\ (Kf)l/Q.

Proof. We have
{An}tn ~crr K, (5.3)

{Bn}n ~acrr &, (5.4)

where &, ¢ : [0,1]¢ x [-7, 7]? — C and A, B,, are Hermitian positive definite
matrices Vn. Therefore k,¢ : [0,1]¢ x [, 7] — R{ almost everywhere:
furthermore, we assume that pgg(k = 0) > 0 and pge(§ = 0) > 0, so that
the hypotheses of [38, Theorem 10.2] for d = 1 and of Theorem 5.1 for d > 1
are violated. Let ¢ > 0, let k. = k + ¢ and let A, . = Ay + el,(,), where
I,(ny denotes the identity matrix of size v(n). By the first part of Axiom
GLT 2 (the identity is a special Toeplitz matrix with GLT symbol 1), we
have {el,(n) = Tn(€)}n ~arr €, Where T,(¢) denotes the Toeplitz matrix
generated by the constant function . Now, by exploiting linearity, i.e. the
second item of Axiom GLT 3, it follows that

{Anctn ~arr Key ke > € almost everywhere,
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since k,£ > 0 almost everywhere due to (5.3) and (5.4). Hence, we are again
in the framework of Theorem 5.1. Therefore, by Theorem 5.1 we conclude
that the sequence of geometric means satisfies the GLT relation

{G(Ane, Bn)tn ~arr (Ke6)2.

Furthermore, we apply the full x-algebra framework of the GLT matrix-
sequences as in [1, Section 2.9]. More precisely, by third item of Axiom GLT
3 followed by Axiom GLT 6 with the function f(z) = 27, we obtain

{<An,sB721An,6)i}n ~GLT (’1352)% = (’fsé)%»

which the very same GLT symbol of {G(Ay ¢, Bn)}n. As a result, again by
the second item of Axiom GLT 3, the difference between these sequences
satisfies the following asymptotic GLT relation

{G(ATL,E7 Bn) - (An,sBrzlAn,s)i}n ~GLT 0. (55)

L\.’)\H

The previous relation is the key step since we have found a new GLT matrix-
sequence having the same GLT symbol as the geometric mean matrix-sequence
{G(Anc, Bn) }n, but where no inversion is required. Now given the structure
of the performed operations, by virtue of Definition 2, the class

{{(An:B2An.) 1} e > 0}

is obviously an a.c.s. for {(AnB2An)i}tn. As a consequence, by invoking

(5.5), also the class {{G(Anz, Bn)}n,e > 0} is an a.c.s for {(A,BZA 2)7 b,
with 1all the1 involved sequences being GLT mautrix—slequences1 with symbols
(ke€)2, (KkE)2, € > 0. Therefore, since Flim. ,(k:£)2 = (k&)?2, by using the
powerful Theorem 1.3, we deduce that 3lim._,o (a.c.s.) {{G(Ane, Bn)}n.€} =
{(AnB2A,)i}y ~aur (k€)2 and this limit coincides with {G(Ap, Bp)}n in
the a.c.s. topology, that is, {G(An, Bn) — (AnB2A,)i}n ~qur 0. Finally
{(AnB2A,) 1} ~crr (k€)2. Hence

{G(An, Bp)}n ~air (r6)'?,
so that, by Axiom GLT 1, we infer
{G(An, Bp)}n ~op (rE)'2.
O

Remark 5.3 (Intuition on the generalization). One of the basic but key ingre-
dients of the previous proof is that scalar-valued functions commute. Hence,
it is reasonable to expect that the same proof also works in the case of d-level
r-block GLT matriz-sequences, when assuming that the symbols commute. We
collect the result in Theorem 5.5 whose proof follows verbatim that of Theo-
rem 5.2, except for minimal changes. On the other hand, when both k and
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¢ are not invertible almost everywhere (degenerate) and do not commute, the
expression G(k, ) is not well defined. In fact, we could replace the inversion
with the standard pseudoinversion, which is denoted as X+ if X is any com-
plex matriz. However, we stress that the expression k2 ([k2]"€[k2] )2k is
not the same as £2([€2]Vk[€2]T)2£2 in general and this is a serious indication
that the commutation between the GLT symbols is essential, when the symbols
are both degenrate.

We now recall the result proven in [1], concerning the general GLT setting
with d,r > 1 and when at least one of the involved GLT symbols is invertible
almost everywhere.

Theorem 5.4 ([1], Theorem 5). Let r,d > 1. Suppose {An}n ~crr £ and
{Bn}n ~arr &, where An, By € Py, for every multi-index m. Assume that
at least one of the minimal eigenvalues of k and the minimal eigenvalue of £
s nonzero almost everywhere. Then

{G(An, Bn)}n ~arr G(k, ), (5.6)

and
{G(An, Bn)}n ~ox G(K,§). (5.7)
Furthermore G(k, &) = (k€)Y? whenever the GLT symbols  and & commute.

Theorem 5.5. Let r > 1 and d > 1. Assume that {Ap}n ~cur Kk and
{Bntn ~acrr & where Ay, By, € Py for every multi-index n, with Py
denoting the set of Hermitian positive definite (HPD) matrices of size rn.
Under the assumption that k and & commute we infer

{G(An, Bn)}n ~crLr ("f§>1/2>
{G(Am Bn)}n ~o A (’f€>1/2’

Proof. Since {Ap}n ~crr K, {Bntn ~arr &, we deduce that «,& : [0,1]% x
[—7, 7|4 — C"™" are Hermitian nonnegative definite, while, by the assump-
tions, A, B, are Hermitian positive definite matrices Vn. Therefore, the min-
imal eigenvalue of £ and the minimal eigenvalues of ¢ are nonnegative almost
everywhere. Here, we assume that pog(Amin(k) = 0) > 0 and pog(Amin(§) =
0) > 0, in such a way that the hypotheses of Theorem 5.4 are violated. Let e >
0, let ke = k +¢€l;, I, being the identity of size 7, and let Ap . = Ay +lpp).
Now {elpm) = Tn(el,)}n ~crr €l by the first part of Axiom GLT 2 (the
identity I,,(p) is a special multilevel block Toeplitz matrix with GLT symbol
I,.). Consequently, by exploiting linearity i.e. the second item of Axiom GLT
3, it follows that

{An:tn ~aLr Key, ke > €l almost everywhere.

Since k, & are both nonnegative definite almost everywhere. Hence, by The-
1

orem 5.4, we have {G(Anc, Bn)}n ~crr (k:€)?2, since the commutation be-

tween x and ¢ implies the commutation between k. = kK + €I, and £. By
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exploiting the x-algebra features of the GLT matrix-sequences, and specifi-
cally the third item of Axiom GLT 3 and Axiom GLT 6 with the function
F(z) = 27, we deduce {(An B2 Anc) ity ~arr (k262)3 = (k.€)2, which is the
very same GLT symbol of {G(An, Bp)}n. As a result, again by the second
item of Axiom GLT 3, the difference between these sequences satisfies the
following asymptotic relation

{G(Ane, Bn) = (AneB2Ane) }n ~arr 0. (5.8)

In other words, we have written a new GLT matrix-sequence having the same
symbol as the geometric mean matrix-sequence {G(An c, Br) }n, but where no
inversion is required. By virtue of Definition 2, the class {{(Apn B2 Ap:)i}n, e
> 0} is an a.c.s. for {(ApB2A,)% n.

Therefore, by (5.8), also the class {{G(Anz, Bn)}tn,e > 0} is an a.c.s for
{(AanlAn)i}n, with all the involved sequences being GLT matrix-sequences,
with symbols (555)%, (/ﬁé)%, e > 0. Since 3 limgﬁo(fzgé)% = (/4:5)%, Theorem 1.3
implies im0 (a.c.8.) {{G(Ane, Bn)tn:e} = {(AnB2A) 1 1y ~arr (k)2
It is now clear that this limit coincides with {G(Ay, Bp) }r in the a.c.s. topol-
ogy, that is, {G(An, Bp)—(AnB2An) ity ~crr 0. In this manner {(An B2 An) 7}ty
~GLT (/@5)%. Consequently {G(An, Bn)}n ~cLT (k€)Y2, so that, by Axiom
GLT 1, we finally obtain {G(Ay, Bn)tn ~en (K€)2. O

5.2 Numerical experiments

As is well known, many localization, extremal, and distribution results hold
when d-level, r-block Toeplitz matrix-sequences are considered and these re-
sults are somehow summarized in specific analytic features of the generating
function of the corresponding matrix-sequence. In turn, the generating func-
tion is also the d-variate, r x r matrix-valued GLT symbol of the d-level,
r-block Toeplitz matrix-sequence.

Although the distribution results are also valid for general d-level, r-block
GLT matrix-sequences, this is no longer true in general for the extremal be-
havior and for the localization results, unless we add supplementary assump-
tions, like the request that the matrix-sequence is obtained via a matrix-valued
linear positive operator (LPO) [77,85]. We observe that the geometric mean
can be seen as a monotone operator with respect to its two variables, and the
monotonicity is implied when we consider an LPO, even if the converse is not
true. Hence, it is also interesting to verify which properties are maintained
by a geometric mean of two d-level, r-block GLT matrix-sequences in terms
of its GLT symbol when it exists.

According to the previous discussion, the remainder of the section considers
numerical experiments in the following directions:

 the validation of the distribution results in the commuting setting as in
Theorem 5.2 and Theorem 5.5. Notice that the commutation of the GLT
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symbols do not imply that the matrices commute; in general, in fact,
they do not commute.

» connections of the previous results with the notion of Toeplitz and GLT
momentary symbols and the extremal behavior compared to the GLT
symbol;

e evidence that Theorem 5.2 and Theorem 5.5 are maximal, by taking
GLT matrix-sequences with non-commuting symbols which are both not
invertible almost everywhere.

All numerical experiments are performed using MATLAB R2022b on a laptop
equipped with an 11th Gen Intel(R) Core(TM) i5-1155G7 CPU running at
2.50 GHz, with 16 GB of RAM. The operating system was Windows 11 Pro
(version 23H2, build 22631.5189).

5.2.1 Validation of the distribution results
5.2.1.1 Example 1

Let d = 1 and consider the following two matrix-sequences {4, },, {Bn}n,
with A, = D,(a) + 41, and B, = T,,(3 + 2 cos(f)), where T,,(-) denotes the
Toeplitz operator for d = 1, as introduced in Section 2.1, D,(a) represents
the diagonal matrix generated by the continuous function

_Jo, ze€]o,3),
a(x)_{l, xe[é,i]

Because of Theorem 5.2, the geometric mean of these two sequences, that is
{G(A,,, B,,)}, satisfies the GLT relation:

{G (A, Bo)}, ~arr ya(z)(3 + 2 cos(B)),

where the corresponding GLT symbols are explicitly given by x = a(x) and
€ =3+ 2cos(h).

Eigenvalue distribution

We numerically analyze the spectral behavior of the geometric mean G(A,,, B,)
from Example 1. The eigenvalues of this geometric mean are computed for
various increasing dimensions n and compared with the uniformly sampled
points from the GLT symbol \/CL(CL’)(3 +2cos(6)). In Figure 5.1, numerical
results strongly indicate that the GLT symbol accurately characterizes the
eigenvalue distribution of the geometric mean. As n grows, the eigenvalue
distribution closely matches the GLT symbol, giving evidence of the theoret-
ical findings in Theorem 5.2.
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Figure 5.1: Example 1. Comparison between eigenvalues of G(Ay, By) (red stars; n = 40,80) versus the
symbol (Ii&)% (blue circles)

5.2.2 Distribution results and momentary symbols
5.2.2.1 Example 2

Let d = 1 and define the matrix-sequences { A, }n, {Bn}n, with A, = D,,(a) +
%In, Cy, = T,(3+2cos(f)) and B,, = (Dn(l —a)+ %I,J C, (Dn(l —a)+ % n) ,
where D, (a) is the diagonal matrix generated by the piecewise continuous
function a(z) given in Example 1. Then, the geometric mean sequence ex-
plicitly satisfies the GLT relation:

(G (A, By}, ~crr ya(z)(1 — a(z))(3 + 2 cos b)
= a(z)(1 —a(z))V3+2cosf =0

where
k=a(x) &= (1-a(x))(3+2cos(h)).
The zero-valued symbol arises naturally due to the definition of the piecewise

function a(z):

« For z € [0, 1), we have a(z) = 0. Thus, the term a(z)(1 — a(x)) becomes
Z€ro.

« For z € [3,1], we have a(z) = 1. In this interval, the factor 1 — a(z)
becomes zero, making a(z)(1 — a(z)) = 0.

Eigenvalue distribution

The eigenvalue distribution of {G(A,, By)}», is numerically analyzed for in-
creasing matrix dimensions n. Since the GLT symbol for this example is
zero, by Theorem 5.2 we expect the eigenvalues to concentrate along the zero
line. Interestingly, numerical results reveal an additional spectral structure
beyond Theorem 5.2. For smaller values of n, eigenvalues align closely with
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zero, as predicted by the GLT symbol. However, some eigenvalues appear
above this level, forming a secondary symbol. This phenomenon is attributed
to momentary symbols, as discussed in the introduction (see [5,25,26]). As
n increases, these elevated eigenvalues shift upwards reaching approximately
1073 for n = 40 (shown in the Figure 5.2) and 10~* for n = 80.

W
- o
o SpnaesdOAD
.

.
o'

Figure 5.2: Example 2. Comparison between eigenvalues of G(An, By) (red stars; n = 40,80) versus the
symbol (lif)% (blue circles)

5.2.3 Minimal eigenvalues and conditioning

In this section, we analyze the extremal spectral behavior and conditioning
of the geometric mean sequence {G(A,, By,) }», focusing on its dependence on
the analytical properties of the corresponding GLT symbol. This approach
follows prior studies on extremal eigenvalues in structured matrix settings,
particularly in Toeplitz matrices [27,72,73,84] and block Toeplitz matrices [74,
75], as well as variable coefficient differential operators, including multilevel
cases with d > 1 [65,83,98]. In the case of variable coefficient differential
operators it is worth noticing that extremal spectral results do not stem from
the GLT theory but from a combination of GLT tools and properties which
are typical of linear positive operators [77,85].

Here, we restrict our attention to the unilevel scalar setting with d = r = 1,
considering Example 1 and Example 2.

5.2.3.1 Example 1: minimal eigenvalue
Take n; = 40.27, 71=0,1,2,3,
Compute 7j = Apin(Xn;), j=0,1,2,3,

Compute a; = logy (=), j=0,1,2.

Tj+1
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Table 5.1: Numerical behaviour of the minimal
eigenvalue.

n Tj ozj
40 | 6.3265 x 10~* | 2.0132
80 | 1.5673 x 10~ | 2.0064
160 | 3.9093 x 10~° | 2.0074
320 | 9.7675 x 1076

As it can be seen, the quantity «; stabilizes around 2 as n increases. This is in
perfect agreement with the fact that the minimal eigenvalue of A,, converges
to zero as n~4, while the minimal eigenvalue of B,, converges monotonically
from above to min & = 1. The key point is that the minimal eigenvalue of the
geometric mean behaves asymptotically as the geometric mean of the minimal
eigenvalues of A, and B, respectively. Similar remarks can be made in the
subsequent case with respect to Example 2.

The observed numerical evidences are not implied by the theoretical deriva-
tions and this is an interesting fact that deserves to be investigated theoret-
ically in the future. In particular, we would like to prove formally that that
a; converges to 2 for the first example, Table 4.1, and it converges to 4 in the
second example, Table 4.2, even from the preliminary numerical results the
convergence does not look monotonic.

5.2.3.2 Example 2: minimal eigenvalue
X = G(An, Bn)

Take n; = 40.27, j=0,1,2,3,
Compute 7j = Ayin(Xn;), j=0,1,2,3,

Compute o = logy (=), j=0,1,2.

Tj+1

Table 5.2: Numerical behaviour of the minimal
eigenvalue.

n Tj Ozj'
40 [3.9177 x 1077 | 4.0003
80 | 2.4480 x 108 | 4.0040
160 | 1.5259 x 1079 | 4.0009
320 | 9.5367 x 10~
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5.2.4 Numerical study: non-commuting, rank-deficient
symbols

In this section, through numerical test, we investigate the eigenvalue distri-
bution of the geometric means {G(A,, By)}, with

A,

G(An, By) = AJY(A,'?B,A'?)
where {A,}, and {B,}, are HPD GLT matrix-sequences with r x r matrix-
valued symbols k,£. The GLT matrix-sequences are specifically chosen with
GLT symbols so that:

1. they are rank-deficient on a subset of positive Lebesgue measure; and
2. they do not commute pointwise on a set of positive measure.

These hypotheses clearly set the problem outside the scope of commuting
or almost everywhere invertible cases treated in Theorems 5.2 and in Theo-
rem 9.9.

Our tests provide evidence for two phenomena:

(i) The support of the asymptotic eigenvalue distribution of {G(A,, By)}n
coincides with the intersection set ess Ran(x) N ess Ran(&) see Section 5.2.4.2.

(ii) The eigenvalues appear to converge in distribution to a candidate sym-
bol which is rank-deficient and, in general, distinct from the classical
geometric mean G(k,§).

Clearly, the relation G(A,, B,) ~crr G(k, &) cannot hold under hypotheses
(1.)-(2.), and the experiments show the substantial differences in this case
compared to the commuting or invertible scenarios. If this case can be stud-
ied within the GLT framework, it requires a more technical application of
GLT and a.c.s. theory, along with a deeper functional calculus of matrix
means.

5.2.4.1 Setup of the numerical experiments

Below, we provide the setup of the numerical tets.

We construct four pairs of unilevel GLT matrix-sequences { A, },, { By }n, whose
symbols simultaneously satisfy the hypothesis stated at the beginning of Sec-
tion 5.2.4 (rank deficiency and non-commutation). These examples are orga-
nized according to the property of rank loss:

e Case 1 - each symbol is full rank on a set of positive measure;

o Case 2 - each symbol is rank-deficient almost everywhere.

Case 1, Example 1.
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Define
0, 0¢€[—m0],
0, 0¢€ (0,7,

and set PO — 10 E ;l GO) = g(f) ® E ﬂ

With the 2n x 2n Toeplitz matrices T,,(F") and T,,(G), define

1 1

Ay =To(F) + 5l Bu=Tu(G) + 5l (5.9)

Case 1, Example 2.

Let X[_q,q) be the characteristic function of [~a,a], 0 < a < 7, and set

f(0) = X[71/2,1/2](9)7 g9(0) = X[71/4,1/4}(9)7

S ]
F0) = f(0)® A, G(0) = g(0) ® B.

Define

Ap = To(F) + — = o, (5.10)

Case 2, Example 1.
With f(f) =2 — cosf, g(f) = 3+ cosf and rank one blocks

a=f) om=h
let F(0) = f(0)® A and G(0) = g(6) ® B. Set

1 1
A, =T,(F)+ ﬁlgn, B, =T,(G) + ﬁDn(b), b(x) = (1+ x)1s.

Here, both symbols are rank 1 almost everywhere.

Case 2, Example 2.

Define piecewise-linear scalar functions in [0, 1]:

) 0, Oﬁxgéorggxg
I=2z, 0<zx<3, L1 )
Cl(ﬂf) = b(l’) = T — 3, s <x <3
1 30 3 2
0, 3 <z =1, 2 1 2
370 3 <T<3,
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and let D, (a), D,(b) be the corresponding sampling matrices. With f(0) =
2+ cosf, g(f) = 3 + cosf and

2 01
1 11

S =N

1
1
1

N = O

define F'(0) = f(0) ® Aand G(#) = ¢g(d) ® B, and set
1

Ay = (DY?(a) ® L) To(F) (D)?(a) ® Is) + = Iz, (5.11)
B, = (D)*(b) ® Is) T,(G) (Dy*(b) ® Is) + E)lnfgn. (5.12)

In every example we denote by x and & the GLT symbols of {A,, },, and {B,, },,
respectively.

5.2.4.2 A candidate symbol for the geometric mean

Let {A,}, and {B,}, be GLT matrix-sequences whose matrix-valued sym-
bols
K, €:00,1)¢ x [-m, 7T — C™7,

are positive-semidefinite.

For any € > 0, define the strictly positive symbols k. = k +¢€l,., & = & +<l,.
Since the matrix geometric mean is monotone continuous in each argument,
the limit below exists point-wise and it is unique ( [3, p. 3]):

Definition 3 (Candidate symbol). For almost every (x, ) set

G(k, &) (x,0) = limy G (ke(,0), &(2,0)). (5.13)

The matrix-valued symbol G(x, £) is essentially positive semidefinite (see [3])
and satisfies the essential support identity

ess Ran G(k, &) = essRan[(x,Q) — ran k(z,0) N rané(z, 9)}

Here ran M denotes the column space of an individual matrix M, whereas
ess Ran(.) is the essential range of a Grassmannian valued measurable map.
The essential formulation of the subspace condition can also be formulated as
the pre-image of the essential numerical range in the style of [ [31], Definition
1].

Taking into account the Definition 3 of the candidate symbol, we propose the
following conjecture:
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Conjecture 5.2.1 (GLT closure under geometric mean). Let {A,}, and
{By}n be Hermitian positive definite GLT matriz-sequences with

{An}n ~GLT K, {Bn}n ~GLT 5

Then the geometric mean matriz-sequence is again GLT and

{ G(Ana Bn) }n ~GLT 5("{7 5)7
where G(k,€) is the candidate symbol defined in (5.13).

The heuristic justification of the conjecture is the following. For each fixed
e > 0 the shifted sequences { A, +¢cI},, and { B,+¢!}, are GLT sequences sym-
bols k. and & and their geometric mean sequences satisfy { G(A,, +¢l, B,, +
el) }n ~arr G(ke, &:). Properties of monotone functions and the matrix ge-
ometric mean axioms described in [3], combined with closeness of the GLT
x-algebra (Axiom GLT 4) under a.c.s convergence, suggest that letting ¢ — 0
the limit of { G(A, + eI, B, + €I) }, is well defined in the a.c.s topology and
this limit is { G(A,, Bn) }n, up to zero-distributed perturbations , leading to
the GLT algebraic part of Conjecture 5.2.1, a full proof when x and ¢ do
not commute point-wise remains open. Meanwhile, all numerical evidence
below supports the conjecture on the spectral distribution part of our hy-
pothesis.

Candidate symbols predicted by Conjecture 5.2.1

For the four test pairs introduced in Section 5.2.4.1, Conjecture 5.2.1 predicts
the following GLT symbols for {G(A,, By)}n. Throughout 1 = (1,1,1)*, J =
11 € C¥3.

Case 1, Example 1. N
G(lﬁ,g)(l‘, 9) = 02><2'

Case 1, Example 2.

G5, €)(,0) = x_1.4/(0) ®C,

I

2V2+3vV3 V2+3
V24+V3 V243

=
=

1

61/4*/2—{—\/6

Case 2, Example 1.

C:

Gk, &) (x,0) = 0gxa.

Case 2, Example 2.

Gk, €)(.0) = (2 + cos0) (3 + cos0) h(x) k(x) © J
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5.2.4.3 Numerical verification of the Conjecture

Let
Gn = G(A,, B,) € Ct>d — q, =size(G,).

We test whether the empirical eigenvalue distribution of {G,}, converges
to the distribution induced by the candidate symbol G(k, €)(x,6) defined in
Section 5.2.4.2. The comparison follows the standard rearrangement strat-
egy.
1. Sampling the symbol. Evaluate G(k,&) on a tensor grid {J:J}jwjl C
[0,1], {0;}}% C [—n, 7] with a total number of M, x My ~ 2000 samples.
For each point (z;,6;) compute the r eigenvalues of the function; then
merge and sort in non-decreasing order all the computed values. This
yields the empirical quantile function of the eigenvalues.

2. Eigenvalue computation. Matrices A,, B, are generated for n €
{40, 80,160,320}, and eigenvalues are ordered in non-decreasing order,
to obtain the quantile spectral distribution function of {G,, },.

We also record A\pin(Gr), Amax(Gr) and the condition number conds(G,,)
for later stability analysis.

3. Quantile plot matching. For each n we plot the sorted eigenvalues
()\i(Gn)) against the corresponding rearranged sample values of G. A
superposition of the two plots for growing values of n gives an experi-
mental indication of the asymptotic convergence of the empirical spectral
distribution of {G,},, to that of the symbol.

4. Support analysis. To estimate the measure of the zero set {(x,0) :
G = 0}, we count the fraction of eigenvalues below the threshold 0.1
compared to the matrix size; the value is an estimate of the complement
of the predicted measure of the support as n grows.

All tests for this section are run on an Intel Core Ultra 7 155H CPU (22
threads, 30.9 GiB RAM) under Ubuntu 24.10, Linux 6.11.0-29, with Python 3.12.7,
NumPy 1.26.4 and SciPy 1.13.1 linked against OpenBLAS.

Remark 5.6 (Measure-theoretic meaning of the rearrangement test). As an-
ticipated implicitly, the comparison of sorted eigenvalue versus sorted symbol
has a precise measure-theoretic foundation based on the quantile approrima-
tion theory [22]. For completeness, we report the construction in [22] for the
unilevel setting d = 1; the multilevel case is analogous.

Let v denote the size of the matriz G(k,€)(z,0) and put D = [0,1] x [—, 7]
(so u(D) =27 ). Define the probability space defined by the triple

(Q,F,P), Q=Dx{l,....m}, F=B(D)g2mm
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Here, B(D) denotes the Borel o-algebra on D, and 2™} denotes the power
wA) |B|

set of {1,...,m}, with product measure P(A x B) = 5
T

Introduce the random wvariable
X(x,0,1) = A\(G(k, &)(x,9)), (,0,i) € Q,

where the eigenvalues are ordered non-decreasingly. The quantile function of
X 1is precisely the non-decreasing rearrangement Gf of the matriz-valued sym-
bol.

Because spectral distributions are defined only up to measure-preserving rear-
rangements, we deduce that

{Gn}n ~X 5 - {Gn}n ~X éﬂrv

so verifying convergence to the quantile Gt s equivalent and numerically sim-
pler than verifying convergence to the symbol a(m, €) itself.

Furthermore, whenever G' is continuous at t € (0,1), the sorted eigenvalues
satisfy Ara,1(Gn) — aT(t) as n — oo, and the empirical proportion of eigen-
values below a small threshold ty (we take tg = 0.1) converges to P[X < to,
therefore it can be used as an estimate of the measure of the rank-deficient

subset {(z,0) : G(k,€)(x,0) = 0}.

5.2.4.4 Numerical results

In this section, we compare the sorted eigenvalues of each geometric mean
matrix G(A,, B,) with the rearranged eigenvalue distribution predicted by
the candidate symbol G(k, ). Plots are provided for each block size.

Case 1. Figures 5.3-5.4 display the ordered eigenvalues of G(A,, B,) (col-
ored markers) together with the ordered samples of G(k, £) (solid red line).

FExample 1. Because the supports of k and £ are essentially disjoint, é(m, ) =
0. Most of the eigenvalues match the zero line, showing convergence to the
zero-distribution. Only a small number of positive outliers remain above the
line. For small values of n, the eigenvalue plot appears to be governed by
a GLT momentary symbol that, when rearranged, follows a power law that
rapidly collapses to the zero function as n — oo.

Example 2. Here, the supports of k and & intersect on 6 € [—0.25,0.25]. As
a result, 5(/{,5) takes two values: zero outside the overlap and a positive
constant matrix inside it. The eigenvalues reflect exactly this behavior: they
form a long plateau at zero, followed by two shorter clusters at the positive
eigenvalues determined by 5(/1,5). As we will see, the length of this zero
plateau matches the respective Lebesgue measure of the complement of the
support of G.
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Figure 5.3: Case 1 - Example 1. Sorted eigenvalues of G(Ay, By ) (colored markers; n = 40, 80, 160, 320)
versus the rearranged distribution of the symbol G(k, &) (solid red line)
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Figure 5.4: Case 1 - Example 2. Comparison of the ordered eigenvalues of G(A,, By) (colored markers)
with the rearranged values of G(k, &) (solid red line) for n = 40, 80, 160, 320.

Case 2. Figures 5.5-5.6 repeat the experiment for symbols that are rank-
deficient on sets of full measure.

Erample 1. Because the supports are disjoint, we have é’(n, ¢) = 0. The
eigenvalues converge to the zero symbol. Despite the momentary symbol
may seem to cause a rougher perturbation, we remark that, unlike in Case
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1 - Example 1, this perturbation does not result in proper outliers since
all perturbed eigenvalues converge to zero. In practice, we observe a better
convergence.

FExample 2. Here, the intersection set has rank one, leading to exactly one
positive eigenvalue in G (k,€). The plot shows convergence despite the rank
deficiency of the support. Because the norm of the diagonal perturbation
introduced in (5.11) decays slowly, a momentary GLT perturbation [5,26] is
still observed, even in this non-zero case.
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Figure 5.5: Case 2, Example 1. Sorted eigenvalues of G(Ay, By) (colored markers) versus the rearranged
eigenvalue distribution predicted by G(k, &) (solid red line), for n = 40, 80, 160, 320.
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Figure 5.6: Case 2, Example 2. Sorted eigenvalues of G(Ar, By) (colored markers) versus the rearranged
eigenvalue distribution from G(k, &) (solid red line), for n = 40, 80, 160, 320.
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Extremal eigenvalues. For each block size n we report

)\max (Gn )
)\min (Gn) ,

together with the essential infimum and supremum of the conjectured symbol,
Gmm and Gmax In this way, we can observe how rapidly the minimum eigen-
value decays and, in most cases, how the maximum eigenvalues converge to
the essential supremum of the spectral symbol. This provides a clear measure
of the conditioning behaviour as n grows.

)\min(Gn)a )\max(Gn>7 COHdQ(Gn) =

Table 5.3: Extremal eigenvalues and condition numbers for Case 1 - Example 1 (symbol zero almost

everywhere).
n G ruin émax Min. eig. Max. eig. conds(Gh,)
40 0 0 8.714 x 1073 3.912 4.490 x 102
80 0 0 3.684 x 1073 4.036 1.095 x 103
160 0 0 1.492 x 1073 4.133 2.769 x 103
320 0 0 5.833 x 10~* 4.211 7.220 x 103

Case 1 - Example 2. Here Gmax = 2.9939 is strictly positive. In this
example, we observe a fast convergence of A\p.x(G,) and an exponential decay
of Amin(Gy), which clearly causes the condition number condy(G),) to escalate,
reaching O(10%) at n = 320.

Table 5.4: Extremal eigenvalues and condition numbers for Case 1 - Example 2 (symbol positive on an
overlap set).

n G ouin émax Min. eig. Max. eig. conds(Gy,)
40 0 2.993 1.562 x 107° 2.992 1.915 x 10°
80 0 2.993 1.953 x 1076 2.993 1.533 x 10°
160 0 2.993 2.441 x 1077 2.993 1.226 x 107
320 0 2.993 3.051 x 1078 2.993 9.811 x 107

Case 2 - Example 1. The minimum eigenvalue appear to decay to 0 at
a quadratic rate, while the largest eigenvalue converges to zero linearly, as
determined by the momentary symbol. As a consequence, the growth of
condy(Gy,) is moderate.
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Table 5.5: Extremal eigenvalues and condition numbers for Case 2 - Example 1 (candidate symbol G= 0).

n G min G max Min. eig. Max. eig. | conds(Gy,)
40 0 0 1.261 x 1073 0.511 4.053 x 102
80 0 0 3.210 x 1074 0.256 8.002 x 102
160 0 0 8.099 x 1073 0.128 1.589 x 103
320 0 0 2.034 x 107° 0.064 3.169 x 10°

Case 2 - Example 2. Here G ~ 1.22. Amax(Gr) converges to this value
and is included in the range of 5, whereas Apin(Gy,) decays linearly. This
better conditioning compared to Example 2 of the first case is reasonable,
since the positive perturbations we introduced to the Toeplitz matrices of this
example (Equation 5.11 decay in norm more slowly than the ones in Case 1
- Example 1).

Table 5.6: Extremal eigenvalues and condition numbers for Case 2 - Example 2 (symbol positive on an
overlap set).

n Gmin G max Min. eig. Max. eig. | conds(Gy,)
40 0 1.224 3.24 x 1073 1.136 3.50 x 102
80 0 1.224 1.46 x 1073 1.179 8.10 x 102
160 0 1.224 5.65 x 1074 1.201 2.13 x 103
320 0 1.224 8.19 x 107 1.213 1.48 x 10*

Zero-related statistics. For each block size n, we report the fraction of
eigenvalues whose modulus does not exceed the fixed cutoff 0.1; see Tables 5.7-
5.10. Each table lists the empirical proportion (Prop.< 0.1), the theoretical
measure of the zero set of the rearranged symbol (Target), and the absolute
difference (Error).

Case 1 - Example 1. The conjectured symbol is the zero function, so
the target measure is 1. The empirical value increases monotonically with n,
remaining within a small error. Because the number of outliers is at most
o(n), we expect that the proportion will converge to 1 as n — 0.

Case 1 - Example 2. Here, the zero set of the rearranged spectral symbol
has a measure

1
1 —— =~ 0.9204.
4

m

The measured proportions appear to approach this value with an O(n~1!) rate
of decay, with the error falling below 10~3 by n = 160.
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Case 2 - Example 1. Here the expected spectral symbol is zero, but the
momentary symbol perturbation, as observed in Figure 5.5, produces an ap-
parent plateau 0.5 up to n = 320, where the proportion jumps to 1 and the
measured error vanishes. Since the momentary perturbation does not create
proper outliers, as observed in Case 1 - Example 2, a faster convergence
can reasonably be expected in this case.

Case 2 - Example 2. In this case, the complement of the support of the
rearranged distribution has measure

17
— =~ (0.9444.
18

The empirical measure of the zero cluster converges to this value, with the
error appearing to follow the same power law observed in Case 2 - Example
1.

Table 5.7: Case 1, Example 1: proportion of eigenvalues below 0.1;

target 0.

n | Prop.< 0.1 | Target Error
40 0.6375 1.0000 0.3625
80 0.8938 1.0000 0.1062
160 0.9438 1.0000 0.0562
320 0.9688 1.0000 0.0312

Table 5.8: Case 1, Example 2: proportion of eigenvalues below 0.1;
target 1 — 4= ~ 0.92042.

n | Prop.< 0.1 | Target Error

40 0.8750 0.9204 0.0454
80 0.8938 0.9204 0.0266
160 0.9031 0.9204 0.0173
320 0.9109 0.9204 0.0095

Table 5.9: Case 2, Example 1: proportion of eigenvalues below 0.1;

target 0.

n | Prop.<0.1 | Target Error
40 0.5000 1.0000 0.5000
80 0.5000 1.0000 0.5000
160 0.5156 1.0000 0.4844
320 1.0000 1.0000 0.0000
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Table 5.10: Case 2, Example 2: proportion of eigenvalues below 0.1;
target % =~ 0.9444.

n | Prop.<0.1 | Target Error
40 0.7667 0.9444 0.1777
80 0.8833 0.9444 0.0611

160 0.9438 0.9444 0.0006
320 0.9448 0.9444 0.0004
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Chapter 6

Hidden GLT structures in quantum spin
models

This chapter presents important results about the connection between mathe-
matical models and physical systems, as published in [97]. The authors thor-
oughly investigate structured matrix-sequences originating from mean-field
quantum spin systems, employing the GLT algebra framework to deepen the
theoretical understanding of these systems. Specifically, the study delves into
the quantum Curie-Weiss (CW) model, an important paradigm for mean-field
interactions, recognized in quantum statistical mechanics due to its ability to
illustrate phenomena such as spontaneous symmetry breaking and critical
phase transitions.

The research systematically addresses two variants of the Curie-Weiss model:
the unrestricted and restricted versions. For the general model, the paper
identifies the normalized Curie-Weiss Hamiltonian as a zero-distributed GLT
sequence. This finding indicates that the sequence exhibits trivial asymptotic
spectral and singular value distributions, effectively characterized by a zero
symbol within GLT theory.

In contrast, the restricted version of the Curie-Weiss model presents a signif-
icantly richer structure. The corresponding normalized matrix-sequences are
demonstrated to form GLT sequences with a nontrivial symbol. This GLT
symbol, explicitly derived in the paper, describes the intricate asymptotic
behavior of eigenvalues and singular values for these matrix-sequences.

Numerical experiments are rigorously conducted to validate theoretical asser-
tions, including precise visualizations of spectral distributions. These numer-
ical analyses underscore a remarkable consistency between theoretical predic-
tions and observed numerical results, further confirming the robustness of the
GLT approach.

6.1 Curie-Weiss model

We consider the Hamiltonian for the quantum Curie-Weiss model for ferro-
magnetism, which takes the form

HEY =~ X a@n) - B X oa) (6.1)

T, yEAN TEAN
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where Ay is an arbitrary finite subset of Z¢, I' > 0 scales the spin-spin cou-
pling, and B is an external magnetic field. This model describes a chain of
N immobile spin-1/2 particles with ferromagnetic coupling in a transverse
magnetic field. The Hamiltonian acts on the Hilbert space Hy, = Quzeay Ha,
where H, = C2 The operator o;(x),...(i = 1,2,3) acts as the Pauli matrix
o; on H, and acts as the unit matrix ¥ elsewhere. The single Pauli matrices
are explcitly given by

R (e N AT

In contrast to locally interacting quantum spin models, the spatial dimension
of this model does not influence the behaviour. This follows from the fact
that for the averages

S;'AN = TA Z 0’1(1’), (Z = 17273)7 (63)
we can write the Hamiltonian (6.1) (see e.g. [96]) as
r
H{W = —|Ay| (2(S§N)2 + BSlAN)) = [An] (hOCW(SAN)>, (6.4)

for SMv = (S, 53 S4V) and the choice

r
B3 (0.2 o W (,0,2) = ~ (5 + B ). (6.5)

with B® = {(z,y, 2) | 22 +9? + 2% < 1} the unit three-dimensional sphere in
R3.

Using spherical coordinates e(€2) = (sin ) cos ¢, sin 9 sin p, cos ), with ¥ €
[0, 7] and ¢ € [0,27); for radius u € [0, 1], we may now rewrite

AW (u - e(Q)) = — (g(u cos¥)? + Busind cos w), (6.6)

as being a polynomial function on [0, 1] x S%.
As a result, we may as well consider the quantum Curie-Weiss Hamiltonian
(6.1) in ¢ = 1, so that we may simply write [Ay| = N and HW := H{W.

6.1.1 The CW model as GLT-sequence

— CW
Here we show that the real symmetric matrix-sequence {H y }n, dy = 2%,

= C
where H NW = HY{W/N, is a basic GLT matrix-sequence with GLT symbol
0, i.e., a zero-distributed matrix-sequence (Axiom GLT 2, third item).
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Theorem 6.1. The normalized CW Hamiltonian fIf[W = H{W/N defines
{HﬁW}N as a zero-distributed GLT sequence.

Proof. The Curie-Weiss Hamiltonian is self-adjoint and in fact all the consid-
ered matrices are real symmetric. Thus in view of Definition 1 (with dy = 2%V,
D = [0,1] x $?), it suffices to prove that for all real-valued F € C.(R)

— CW

i e [F(HS)] = F(0), (6.7)

where Trynv denotes the trace on Hy = ®Y, C2. The convergence in (6.7)

— C
for all possible test functions F' implies that the sequence (H )y is a zero-
distributed GLT sequence.

Since the spectrum of the normalized Curie-Weiss Hamiltonian H ZW is uni-
formly bounded in N and contained in a connected compact subset C' C R
(see also [93,95] for further details), it suffices to consider functions F' sup-
ported on C. By the Stone-Weierstrass theorem, any continuous function
F on C can be uniformly approximated by polynomials restricted to C: in
fact this argument is standard and was used e.g. in [42] in the context of
the zero distribution of orthogonal polynomials, when the Jacobi operator
is perturbed by a non self-adjoint compact operator. Moreover, since the
(normalized) trace operation is linear and continuous with respect to uniform
convergence of continuous functions on the spectrum, it suffices to prove (6.7)
for all polynomials P restricted to C. Thus, we will establish (6.7) for all such
polynomials P, which by approximation will imply the result for any general
F € C.(R) supported on C.

To do so, we stress that the Hamiltonian is homogeneously decomposable [30,
Section 2], implying that the model is block diagonal with the following tracial
decomposition

— CW 1

— CW
Tryv[H y ]:Tv > C(J,N)Trap[Hy (J)],
JeIN

where, by [59], the quantities

2 1 N+1
C(J,N) = ‘”( " )

N+1\5+J+1

are the multiplicities of the (2J 4 1)-dimensional irreducible unitary repre-
sentations arising in the decomposition of the N-fold tensor product repre-
sentation of SU(2) onto C? with itself. Here, Jy = {0,1,..., N/2} if N/2
is an integer, and equals {1/2,3/2,..., N/2} if N/2 is a half-integer. The
(2J 4+ 1) x (2J 4 1)-dimensional matrix ff%w((]) is defined as

' (1) = h§™ (S™) a1 (6.8)
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Define the function
- CW
Py(J):=P(Hy (J)) = P(hg" (S™)|2541) = P(hG" (8™))l2s41,  (6.9)
so that

L P [PV (SM)] = = 3 C(J N Ty (Py(D).  (6.10)
2 2 Jeln

This allows us to introduce a sequence of probability measures vy, defined
for Borel measurable sets £ C [0, 1], by

w(E) =~ Y NI +1). (6.11)

IN
(Jelx | 2J/NEE)}
Note that indeed 2V = 22{J | 2J/Ne0,1]} C(J,N)(2J+1), so that VN([O, 1]) = 1.
We recall the well-known resolution of the identity [93], that is,
2J+1
47
where dug: is the uniform measure on the 2-sphere, and Pr(J,€2) is the one-

dimensional projection onto the linear span of the (2J + 1)-dimensional spin-
coherent state vector labeled by the point Q € S%. Let

HAQJ+1 = 2 d,ugz(Q)Pr(J, Q), (612)

pNG\{ Q) — Tryy 1 [Pu(J) Pr(J.Q)).

By inserting the identity (6.12), we can write

2J+1
Troj1(Pn(J)) = =

20 + 1 2.J
== /S2d,ugz(ﬂ)p <N Q) (6.13)

2 d,uSQ(Q)TTQJ+1 [PN(J)PT(J, Q)]

If we set Ky (du,d) = vy(du) x ;-ps2(dS?), equations (6.10), (6.11) and
(6.13) imply that

T PSS = [ Kod, dp(u.2),

where the integral over [0, 1] should be interpreted as the discrete integral
with respect to vy. It is clear that K is a probability meausure for each N.
Using the previous preparatory statements, we are now in a position to prove
the following facts.

(i) For all N € Ny, it holds
sup sup

2J 2J C
= Q)-P hCW<eQ>>‘<, 6.14
JEly Qes? pN<N ) ( © AN @) )] = N (6.14)

the constant C' being independent of J, €2 and N.
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ii) The sequence of probability measures (Ky)ny converges setwise to the
y g
probability measure dy X ﬁ ts2, with 0y the Dirac measure concentrated
at 0 € [0, 1].

For (i), we first rely on the following fact obtained in [53]. For any non-
commuting self-adjoint polynomial H(.J) := Py(S™)|as41 on C*/* it holds

2
sup sup |Tray1[Pr(J,Q)H(J)] — Py (Je(ﬂ)>| < g, (6.15)
Jeln Qes? N N

where the constant C' > 0 only depends on the chosen Fj, not on J, 2 and
N.

To prove (6.14), we stress that for any given polynomial P, the operator
Poh§W(SY) is again a polynomial in three non coummuting self-adjoint spin
operators. As a matter of fact, the statement (6.14) follows from (6.15) for
the choice Py = P o h§"W.

In order to see that (ii) holds, we rewrite

1 (2J +1)? N+1
w(E)=— Y ( ) (6.16)
o sovery N+1 \N/2+J+1

Define Xy ~ Bin(N +1,1/2) and write J = Xy — § — 1. Use the binomial
probability mass function (pmf) BinProb,

N+1 1
BinProb(Xy = k) = ( ]:_ )2N+1;

so that (6.16) becomes

2(Xy -5 —-1)+1)?
N+1

VN(E) =2 Z
Xy | 2N F Uy

BinProb(Xy).

Consider € > 0 arbitrary and let £ C [0,1] be a measurable set such that
EN|0,¢] = 0. We deduce that

2 N 1 2
7'] e E — XN e w7]\f +1 .
N 2
As a result,
20Xy - -1
Bz’nProb( (X N2 ) € E) < BinProb(XN > N(€+21)+2>
_(Ne+1)2N+1
<exp< N+1/ 2 )
- 3
(Ne+1)2
_ N 6.17
eXp( 6(N+1)) (6.17)
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where, in the second inequality, we have exploited Chernoft’s inequality for
the binomial distribution [60, Theorem 4.4]. To derive this, consider y = &
and p = 1/2, so that on account of the standard Chernoff inequality with
0<d<1, we find

2

BinProb(Xy > (14 6)u) < e T

If Xy ~ Bin(N +1,1/2), then o = & s0 that for the choice § = (a — p)/p
with a = (N(e + 1) 4+ 2)/2 one indeed obtains (6.17), as certainly 0 < 6 < 1.
The inequality (6.17) implies that the pmf BinProb concentrates around zero,

as N — 00, as long as F is bounded away from zero.

It follows that for all E with £ N[0, €] = 0,
vy (E) < 2(N + 1)%e~ (NetD)?/6(N+1), (6.18)

As a result, (vy)y converges setwise to the Dirac mass concentrated at zero.
Since the measure ugz does not depend on N, the same statement holds true
for Ky = vy X ﬁ/,bg% i.e. (Ky)n converges setwise to &y X ﬁugz. This shows
the validity of (7).

We are finally in a position to prove (6.7). To this avail, we notice that Poh§"
is uniformly continuous. Hence, given € > 0 there is § > 0 such that for all

u, v’ € [0,1] and e(2),e(Q) € S?, for which ||ue(Q2) — uv'e()|| < 4, it holds
IP(RSY (u - e()) — P(RSW (v’ - ()] < €. (6.19)

We now estimate

1
- _ <
i o K 0y (,2) = P(O) <
S K(dud)lpy (w,Q) ~ PO+ = [ Kn(du,dlpa (e, Q) ~ PO)
— u u — —_— U u —
Ar [0,6) xS?2 N ) PN U, Ar [6,1] xS2 N ) PN (U,
2J 2J
< s sup o (57.0) < PO+ sup sup pw(5.2) - PO (1)
JEIN QeS? N JEIy QeS? N
0<% <5 §<2 <

M (11)
To estimate term (II), we notice that following bound holds, i.e.
sup sup

Jeln QeSs?
§<2<1

2J
p(5:2) - PO <20Pl

since for all J, N and (2, one has

2J
o (502) < 1Pl
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On account of (6.18), it holds vy ([5,1]) < 2(N +1)e~NFHD*/6(NFD) Tt follows
that there exists IV sufficiently large, such that (/1) can be made smaller than
€.

For (I), we first exploit the triangle inequality: for all N € N, J € Jy and
Q) € S?, it holds

(579) = 0] < (7-92) P [7 (e0) )
+‘P<h€w (3\#(9))) - P(o)‘. (6.20)

If we now apply the supremum over J € Jy, for which 0 < % < 0 and the
supremum over 2 € S, then, for N large enough, the first summand in (6.20)
is bounded by € on account of (6.14). The second summand is bounded by ¢
due to uniform continuity of P o h§" cf. (6.19), which is applied at the zero
vector, i.e., at the point 0 - e(Q2)) = 0, for which it holds A" (0 - e()) = 0.

This shows the validity of (6.7), thereby concluding the proof of the theorem.
]

Remark 6.2. We note that the previous result readily generalizes to any (nor-
malized) mean-field quantum spin model expressed as a polynomial in the to-
tal spin operator. This follows from [69, Proposition I1.2], which states that
the continuous functional calculus of a (normalized) mean-field model, rep-
resenting a so-called quasi-symmetric sequence, remains quasi-symmetric. A
detailed exploration of this generalization is left for future work. |

6.2 Restricted Curie-Weiss model

Through direct inspection, the Curie-Weiss model H{W preserves the sym-
metric subspace SymN((CZ), which has dimension N + 1. Consequently, the
model can be restricted this subspace. With a slight abuse of notation, we
denote this restricted (N + 1) x (N + 1) matrix by Hj;, and, as before, nor-
malize it by the factor 1/N, yielding H ?\,- This restricted matrix represents
a single quantum spin system with spin quantum number J = N/2, a setting
commonly analyzed in the classical limit J — oo [63,93]. Specifically, the
matrix aligns with the choice J = N/2in (6.8). As demonstrated in the proof
of Theorem 6.1, the resulting family of matrices {H jv} ~ a Berezin-Toeplitz
operator with symbol th € O(S?), corresponding to the case u = 1 in

(6.6).
Remark 6.3. By making the following change of variables
cos — 2x — 1;
o= 0:=p—m,
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it follows that the symbol (for u = 1) reads

W (z, ) = —1;(2:1: —1)2=2B\(1 —x)xcosl, x€]0,1], 0¢€[-x, 7]
(6.21)
|

In the sequel, we step-by-step prove that the Berezin-Topelitz operator H jv is
indeed a GLT sequence. For achieving this, we recall that there exists a basis
in which H jv is represented by the following matrix

p T (2k 2 [ (k=1) [k

Hy = di — (= tridiag( — By/1 — =

N 1<kl<az§+1< 2 (N ) ) i 1ag< N N
\/1_\/“1) (6.22)

as proven in [94].

Theorem 6.4. With reference to the setting in (6.21) and (6.22), we have

{H?\r}N ~GLT,o,\ hgw(% 90(‘9)>-

Proof. By considering d = r = 1 it is immediate to see that the matrix H jv can
be written as the sum of diagonal sampling matrices as in Section 3.3.3 and
two products of sampling matrices and very basic unilevel Toeplitz matrices
as in Section 2.1. In fact we have

r

H?V = — 2DN+1(<2:1: — 1)2) — BDN+1(\/E\/§)TN+1(€L0)

—BTN+1<€_L9)DN+1(\/ 1— :E\/E)

Now by Axiom GLT 2, part 1, we have {Tny 1(e*)}n ~qrr e and by
Axiom GLT 2, part 2, we deduce

{DN+1 ((256‘ — 1)2)}]\, ~arr (22— 1)?, {Dy (VI = 2v2) by ~crr /(1 — o),
simply because both functions (22 — 1)*, /T — z\/Z are continuous on [0, 1]

and a fortiori Riemann integrable.

Hence, using the *-algebra structure of the GLT sequences and more pre-
cisely Axiom GLT 3, part 2, Axiom GLT 3, part 3, we infer {Hf\,}N ~GLT

—+ (22— 1)> = 2B cos(0),/(1 — )z, which is compatible with the symbol
hSW (z, () indicated in Remark 6.3. Finally GLT 1 implies

{H\YN ~o —L (22— 1)> — 2B cos(h)/(1 — )z

— Furthermore, since H j\, is real and symmetric for any NN, again by
GLT 1, we deduce
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o {Hy}n ~y =12z —1)> = 2Bcos(9),/(1 — z)z.

Notice that {Hy + Ux}n ~arr —+ (2z — 1) — 2B cos(#)\/(1 — x)x for any
{U,}n such that {U,} y ~qrr 0 by Axiom GLT 3, part 2, and Axiom GLT 2,

part 3, so that {Hy+Ux}x ~o —L (22— 1)> —2Bcos(#)/(1 — z)z. Finally,
as it happens for compact non-Hermitian perturbations of Jacobi matrix-

sequences [42], {Hy + Un}n ~a —L (22— 1)> — 2B cos(#) /(1 — )z either
if all Uy are Hermitian or if the assumption in Axiom GLT 5 is satisfied by
the non-Hermitian matrix-sequence perturbation {Uy} n. ]

Remark 6.5. [t is interesting to comment the relations between a standard
second order centered finite difference (FD) discretization of the Schrédinger

operator and Theorem 6.4. Let us define a(z) := 2By/(1 — x)x and c(z) =
—+(2z — 1)> = 2B,/(1 — z)z, i.e. we have set cos = 1 in the definition of
the symbol. For N € N, consider the Schrédinger operator on L*(0,1):

1
H(N)u(z) = —ma(@u”(@ + c(x)u(z),
with w(0) = w(l). If we discretize the domain in uniform steps of width

h=1/(N+1), it follows that the resulting FD discretization matriz is a GLT
sequence with symbol a(x)(2 —2cos @)+ c(x). The factor 1/N simultaneously
plays the role of the discretization step-size as well as the semi-classical pa-
rameter. It is clear that the ensuing GLT matriz-sequence is equivalent to the
restricted Curie- Weiss model. Hence, the restricted Curie- Weiss model defines
a Schrodinger operator with potential c. In the parameter regime I' = 1 and
B =1, ¢ has the shape of a single well, cf. Section 6.3.1, whilst for the choices
['=1and B € (0,1), ¢ has the shape of a double wel, cf. Section 6.3.2. How-
ever, the fact that the parameter factor 1/N plays simultaneously the role of
the discretization step-size and of the semi-classical parameter is non-standard
from the numerical analysis viewpoint and the whole potential of a related the-
oretical study has still to be explored further.

6.3 Numerical results

In the present section, we give various visualizations of the spectral features of
the matrices Hy, confirming the derivations in Theorem 6.4. We fix the value
of I' and B and, for these fixed values, we consider the matrix-size parameter
N =40, 80, 160, 320. We recall that Theorem 6.4 is an asymptotic one, as all
the GLT results, but the really impressive fact is that the spectrum of H jv
adheres to the spectral symbol already for N = 40.
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6.3.1 Asymptotic spectral behavior of ﬁ; with ['= B =

1
As already mentioned, we consider the matrix
7S I 2 ",
Hy=— 2DN+1(<2:1: - 1) )—BDNH(\/l VD) T ()

~BTn41(e™) Dy (VI — av/x),

whose associated matrix-sequence has proven to have a GLT nature in Section
6.2 in Theorem 6.4.

We show the comparison between symbol h§"W (for u = 1), cf. (6.6), and
the eigenvalues of H i\, This comparison is carried out using the concept of
monotone rearrangement, which enables the interpretation of the symbol as
a single-variable function [8, Definition 2.1].

We notice that the agreement is very good, even for moderate matrix-sizes,
which is nontrivial given the asymptotic nature of the GLT distributional re-
sults. A further remarkable fact is that the range of the spectral symbol AS"W
contains all the spectra, i.e., no outliers are observed. Again, this is a highly
nontrivial matter and cannot be deduced directly from distributional results.
In fact, the interplay between spectral localization and distributional prop-
erties is characteristic of linear positive operators (LPOs), such as Toeplitz
operators and various classes of variable-coefficient coercive differential op-
erators (see [38, Corollary 6.2] for the Toeplitz case and [77] for a broader
discussion).

N =40 N =380

Figure 6.1: Comparison between the symbol hOCW (blue circle; N = 40, 80), and the eigenvalues of HYy (red
stars).
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Fl

N =160 N = 320

Figure 6.2: Comparison between the symbol h§'" (blue circle; N = 160, 320), and the eigenvalues of H7 (red
stars).

6.3.2 Asymptotic spectral behavior of H ; with [' =
2B =1

ForI'=1and B = % we show again the comparison between symbol and the
eigenvalues. The comments already provided in the case I' = B = 1 can be
repeated verbatim also in this setting.

N =40 N =80

Figure 6.3: Comparison between the symbol h§" (blue circle; N = 40, 80), and the eigenvalues of Hy (red
stars).
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N =160 N = 320

Figure 6.4: Comparison between the symbol h§'™ (blue circle; N = 160, 320), and the eigenvalues of H7 (red
stars).

The figures provide clear evidence that the lowest eigenvalues become nearly
doubly degenerate, a characteristic feature of a Schrodinger operator with a
double-well potential. For a more detailed discussion on the approximation
of this Schrodinger operator by the Curie-Weiss model, we refer the reader
to [94].

6.3.3 Extremal spectral behavior of H

The figures reported in the previous section inform of localization results,
beyond the proven distributional results. Here we show that in the two con-
sidered setting of parameters (' = B = 1 and I' = 2B = 1), not only the
spectrum of H jv is contained in the interior of the range of the GLT symbol,
but the behavior of the extreme eigenvalues is very regular. In fact, both the
minimal and the maximal eigenvalues converge monotonically to the mini-
mum and to maximum of the symbol, respectively: again this phenomenon is
typical of matrix-valued LPOs [77].

For the minimum/maximum eigenvalue analysis, for I' = B = 1 and we
proceed as follows.

« The GLT symbol is x(z,0) = —5(2z — 1)? — 2B cos(0),/(1 — z)z.

We consider m = min  k(z,0), M = max  k(x,0).
(x,0)€[0,1]x[0,m] (x,0)€[0,1]x[0,7]

Take N; +1=40%2,  j=0,1,2,3,

Compute 7; = )\mm(ﬁj\,,) —m, j=0,1,2,3,

J

Compute a; = log (”) : j=0,1,2.

Tj+1
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Table 6.1: Numerical behavior of the minimal eigenvalue for I' = 1,
B=1,and m = —1.

Amin(HjVj) 7j Q@
N; +1=40 -0.9936 | 0.0064 | 0.4082
N;+1=80 -0.9975 | 0.0025 | 0.3979

N;+1=160 | -0.9990 0.001 | 0.3979
N;+1=2320| -0.9996 | 0.0004

e Take N;+1=40%2,  j=0,1,2,3,
« Compute 7, = M — )\maX(Fvaj), j=0,1,2,3,

. Compute Bj:10g< i, ) i=01,2.

741

Table 6.2: Numerical behavior of the maximal eigenvalue for I' = 1,
B=1,and M = —1.

Amax (B jvj) 7 6]‘

N; +1=40 0.9654 0.0346 | 0.2960
N;+1=280 0.9825 0.0175 | 0.2985
N; +1=160 0.9912 0.0088 | 0.3010
N;+1 =320 0.9956 0.0044

The interpretation of the above tables is very informative. In fact, if we con-
sider ¢ the nondecreasing rearrangement of the GLT symbol x(z,6) defined
on the standard interval [0, 1], then the numerical tests suggest that

1 1

- s - S
iy, ) =m o~ Sz M= A H) ~ J
It remains to investigate analytically if the corresponding analytic behavior
holds that is

V() —m ~t% M —(t) ~ (1 —1)3.

We now continue, along the previous reasoning, with the computation of the
minimum/maximum eigenvalues analysis, we proceed as follows in the case
where I' = 2B = 1.

e The GLT symbol is x(z,0) = —5(2z — 1)> — 2B cos(0),/(1 — 2)x

We consider m = min  k(x,0); M = max  k(z,0)
(z,0)€[0,1]x[0,7] (z,0)€[0,1]x[0,7]

Take N;+1=40%2,  j=0,1,23,

=S

Compute 7; = )\mm(HNj) —m, j=0,1,2,3,

Tj+1

Compute a; = log (”) , j=0,1,2.
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Table 6.3: Numerical behavior of the minimal eigenvalue for I' = 1,
B =1, and m = —0.6241.

Amin(HjVj) 7j Q@

N; +1=40 -0.6007 | 0.0234 | 0.3521
N;+1=80 -0.6137 | 0.0104 | 0.3542
N; +1=160| -0.6195 | 0.0046 | 0.4074
N; +1=320| -0.6223 | 0.0018

e Take N; +1 =402,  j=0,1,2,3,
« Compute 7; = M — )\max(flfvj), j=0,1,2,3,

« Compute szlog( le), j=0,1,2.

Tji+

Table 6.4: Numerical behavior of the maximal eigenvalue for I' = 1,
B =%, and M = 0.4982.

)‘maX(HjVj) 7 Bj
N;+1=40 0.4789 0.0193 | 0.3361
N;+1=280 0.4893 0.0089 | 0.3930
N; +1 =160 0.4946 0.0036 | 0.4010
N;+1 =320 0.4973 0.0009

The interpretation of the numerical results is of interest. Again, as observed
for the previous case, both the minimal and the minimal eigenvalues converge
monotonically to the minimum and to maximum of the symbol, respectively,
in line with results which are usually observed for matrix-valued LPOs.
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Conclusion

In the present thesis, we analyzed several classes of structured matrix-sequences
that arise from various contexts, including also the discretization of differen-

tial operators. In Chapter 2, we introduced the fundamental concepts of

structured matrices, including Toeplitz, circulant, w-circulant, 7-algebra, and

Hankel matrices, focusing on their spectral properties and efficient computa-

tional techniques.

In Chapter 3, we presented the framework of GLT sequences, which extends
the classical theory of structured matrices and matrix-sequences with hidden
structure. We studied the fundamental properties of GLT sequences, includ-
ing their symbol representation, spectral distribution, and algebraic closure
under addition, multiplication and inversion. In particular, we discussed the
role of zero-distributed sequences and their connection to negligible spectral
components, as well as the characterization of diagonalizable approximations
within the GLT setting. These results form the theoretical foundation for the
subsequent chapters, where GLT tools are exploited to analyze the spectral
distribution of matrix functions, the geometric means of HPD GLT sequences,
and the hidden GLT structures arising in quantum spin models.

Chapter 4 has studied the spectral distribution of the geometric mean of two or
more matrix-sequences constituted by HPD matrices, under the assumption
that k input matrix-sequences belong to the same d-level, r-block GLT x*-
algebra, where k > 2, d,r > 1. For k = 2 an explicit formula exists and this
has allowed to prove that the new matrix-sequence is of GLT type for any
fixed d,r, with GLT symbol being the corresponding geometric mean of the
k = 2 input symbols, according to Theorems 4.2 and 4.3. As a consequence
the spectral distribution of the geometric mean of k£ = 2 matrix-sequences is
formally demonstrated. For k > 2, an explicit formula is not available and
we have considered the Karcher mean, for which efficient iterative procedures
available in the literature can be used for computational purposes. Using the
same tools as in the proof of Theorems 4.2 and 4.3, we think that it is possible
to prove that all the matrix-sequences made by the Karcher mean iterates are
still GLT matrix-sequences with symbols converging the geometric mean of
the k symbols, provided that the matrix-sequence of the initial input matrices
is a GLT matrix-sequence made by HPD matrices. The conjecture has been
confirmed through various numerical experiments, where we compared the
eigenvalues of the geometric mean with a uniform sampling of the geometric
mean of the symbols. A very good agreement has been observed in all the
numerical tests and aven for very moderate matrix-sizes. In fact, as the
matrix-size increases, the symbol provides a better and better approximation
of the eigenvalues, both in one-dimensional and two-dimensional cases, and
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both with scalar and block matrices, i.e. using GLT matrix-sequences taken
from the differential world with & = 2,3, d,r = 1,2 and including finite
difference, finite element, isogeometric analysis approximations of constant
and variable differential operators.

Chapter 5 have studied the spectral distribution of the geometric mean matrix-
sequence of two d-level r-block GLT matrix-sequences {G(A,, B,,)}, formed
by HPD matrices, where {4, },, {Bn}, have GLT symbols k, £, respectively.
In Theorem 5.2 and in Theorem 5.5, we have shown that the assumption that
at least one of the input GLT symbols is invertible almost everywhere is not
necessary when the symbols commute so that

{G(An, Bu)}n ~arr Glr, €) = (k€)'
In this way, we have positively solved Conjecture 10.1 in [38].

On the other hand, the statement is generally false or even not well posed
when the symbols are not invertible almost everywhere and do not commute,
as shown in detail in several numerical experiments. This shows that Theorem
5.5 is maximal, so answering this time in the negative to the second item in
the conclusion of [1] and to [ [1], Remark 2], when both symbols are degenerate
and do not commute. Further numerical experiments are presented and criti-
cally commented in connection with extremal spectral features, linear positive
operators, and in connection with the notion of Toeplitz and GLT momentary
symbols. The numerical evidences open the door to further theoretical stud-
ies, which we will consider in the near future. Finally, the study of the spectral
distribution when we consider the geometric mean of more than two matrix-
sequences is completely open. In this chapter we have proven [38, Conjecture
10.1]: however, when dealing with several matrix-sequences, [38, Conjecture
10.2] is still open and for that we need normwise error estimates for using the
tools in [85], while till now the convergence results in the literature have a
entrywise nature (see [20] and references therein).

Chapter 6 has studied the theory of GLT x-algebras for dealing with struc-
tured matrix-sequences arising from the modelling of mean-field quantum spin
systems. In this chapter, we expressed the related matrix-sequences within
the GLT formalism and analyzed two specific cases in detail. For both cases,
we determined the spectral distributions in the context of GLT theory, and
the theoretical results were confirmed through visualizations and numerical
experiments. Despite these findings, several open problems remain. One
important direction is the study of extremal eigenvalues and the expansion
of the considered matrix-sequences using momentary GLT symbols [5, 25],
which would provide a finer description of the spectrum compared to The-
orem 6.4. In particular, in the non-reduced case, the GLT symbol equal to
zero in Theorem 6.1 may hide a richer structure: there may exist a numer-
ical sequence ap converging to zero such that the scaled sequence, obtained
by dividing by ay, is still a GLT sequence with a nonzero GLT symbol. In
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such a scenario, the emerging GLT structure could be multilevel (due to the
geometry on the sphere as in (6.5), block-structured (due to the basic blocks
n (6.2)) [11,12,38,39], or even reduced, since the terms in the general model
have varying sizes C(J, N); see [81, pp. 398-399], [82, Section 3.1.4], and [7] for
a complete treatment of reduced GLT matrix-sequences. Finally, it would be
desirable to explore GLT theory in connection with locally interacting quan-
tum spin models, such as the quantum Ising or quantum Heisenberg models,
which are widely studied in condensed matter physics. Progress in this direc-
tion would significantly improve our understanding of the spectral properties
and the fundamental structure of these realistic interacting systems.

Despite these advances, several fundamental open problems and future direc-
tions remain:

o A formal proof is still lacking for the GLT nature of the Karcher mean
matrix-sequence when applied to k > 2 HPD GLT matrix-sequences, even
under the assumption that the initial guess is itself a HPD GLT matrix-
sequence. From a computational viewpoint, initializing the iteration with
a GLT sequence whose symbol is the geometric mean of the input symbols
may accelerate convergence, but a comprehensive theoretical justification
is needed.

o The previous item is related to the convergence estimates in terms of the
Schatten p-norms, so that the results in Theorem 3.1 could be used to
show that the error term matrix-sequences are zero-distributed, i.e., they
are GLT with zero GLT symbol. This type of results is still lacking and
it will be the subject of future investigations.

o A completely open problem concerns the study of the extremal eigen-
values of the geometric means of GLT matrix-sequences as a function of
the analytic features of the geometric means of the GLT symbols: in this
direction it should be recalled that a rich literature exists regarding the
extremal eigenvalues in a Toeplitz setting [27,72,73,84], in an r-block
Toeplitz setting [74,75], in a differential setting [65, 98], so involving all
the types of examples considered in the numerical experiments. Prelim-
inary numerical experiments in the unilevel scalar setting with k£ = 2,3
have been performed in Section 4.2.8, and the results are quite promis-
ing. Interestingly enough, and substantially mimicking the cases already
studied in the literature, it seems that the order of the zeros of the GLT
symbol decides the asymptotic behavior of the minimal eigenvalues and
hence of the conditioning of G(AY,..., A}), at least for d = r = 1,
k=2,3.

o The GLT algebraic Conjecture 5.2.1 for non-commuting symbols remains
unresolved. While numerical experiments support the spectral distri-
bution aspect of the conjecture, a rigorous proof in the general non-
commuting case is still an open challenge.
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