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Abstract. The first focus of this paper is the characterization of the spectrum and the singular values of the
coefficient matrix stemming from the discretization of a parabolic diffusion problem using a space-time grid and
secondly from the approximation of distributed-order fractional equations. For this purpose we use the classical
GLT theory and the new concept of GLT momentary symbols. The first permits us to describe the singular value
or eigenvalue asymptotic distribution of the sequence of the coefficient matrices. The latter permits us to derive a
function that describes the singular value or eigenvalue distribution of the matrix of the sequence, even for small
matrix sizes, but under given assumptions. The paper is concluded with a list of open problems, including the use of
our machinery in the study of iteration matrices, especially those concerning multigrid-type techniques.
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1. Introduction and notation. As itis well known, many practical applications require to
numerically solve linear systems of Toeplitz kind and of large dimensions. As a consequence,
a number of iterative techniques such as preconditioned Krylov methods, multigrid procedures,
and sophisticated combinations of them have been designed (see [10, 27] and the references
therein). Linear systems with Toeplitz coefficient matrices of large dimension arise when
dealing with the numerical solution of (integro-)differential equations and of problems with
Markov chains. More recently, new examples of such applications to real-world problems have
emerged. The first focus of this paper is the characterization of the spectrum and the singular
values of the coefficient matrix stemming from the discretization of a parabolic diffusion
problem using a space-time grid. More specifically, we consider the diffusion equation in one
space dimension,

Up = Uy, x € (a,b), t € 0,7,

and we approximate our parabolic model problem on a rectangular space-time grid consisting
of IV, time intervals and N, space intervals.

The second focus concerns the matrix sequences involved with the discretization of
distributed-order fractional differential equations (FDEs), which have gained a lot of attention.
Owing to the nonlocal nature of fractional operators, independently of the locality of the
approximation methods, the matrix structures are dense, and, under assumptions of uniform
step-sizing and of constant coefficients in the involved operators, the matrices are again of
Toeplitz type (unilevel, or multilevel according to the dimensionality of the considered spatial
domains).
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When the fractional order is fixed, the spectral analysis of such matrices (conditioning,
extremal eigenvalues, ...) can be performed by exploiting the well-established analysis of
the spectral features of Toeplitz matrix sequences generated by Lebesgue-integrable functions
and the more recent Generalized Locally Toeplitz (GLT) theory [23]; see for instance [17, 18].
However, in the case of the numerical approximation of distributed-order fractional operators,
also the spectral analysis of the resulting matrices is more involved. We recall that distributed-
order FDEs can be interpreted as a parallel distribution of derivatives of fractional orders,
whose most immediate application consists of the physical modeling of systems characterized
by a superposition of different processes operating in parallel. As an example, we mention the
application of fractional distributed-order operators as a tool for accounting memory effects
in composite materials [13] or multi-scale effects [11]. For a detailed review on the topic we
refer the reader to [16].

In order to study the involved structured linear systems of both integral and differential
equations, we will use the classical theory of GLT matrix sequences [23, 24] and the new
concept of GLT momentary symbols. The first permits us to describe the singular value or
eigenvalue asymptotic distribution of a sequence of coefficient matrices; the latter permits us
to derive a function which describes the singular value or eigenvalue distribution of a fixed
matrix of the sequence, even for small matrix sizes, under given assumptions.

This paper is organized as follows. The remaining part of this section is devoted to
definitions, notation, and the necessary background for our analysis: in particular we provide a
formal definition of GLT momentary symbols. Section 2 is devoted to setting up the problem
and to derive the relevant matrix structures. The distributional analysis both for the eigenvalues
and singular values is the main focus of Section 2.3, while Section 3 contains similar results
for specific matrix structures with generating function depending on the matrix size and which
arise in the context of fractional differential equations with distributed orders. Section 4
contains conclusions and a list of open problems, including the use of our machinery in the
study of iteration matrices, especially those concerning multigrid-type techniques.

1.1. Background and definitions. Throughout this paper we use the following notations.
Letting f : G — C be a function belonging to L* (G), with G C R¢, ¢ > 1, a measurable set,
we denote by {4, },, the matrix sequence whose elements are given by the matrices A,, of
dimension n x n. Letting s,d € N, n = (n1,na,...,n4) be a multi-index, we indicate by
{An}n, the d-level s x s block matrix sequence whose elements are the matrices A, of size
d=d(n,s) = sniny - ng.

1.2. Toeplitz and circulant matrix sequences. In the following we report the main
background concerning the concepts of Toeplitz and circulant matrices, for simplicity in the
scalar unilevel setting. We only provide the generalization in the block multilevel case of the
results that will be exploited for the purpose of the paper.

DEFINITION 1.1. An n X n Toeplitz matrix A,, is a matrix that has equal entries along
each diagonal and can be written as

apg a—1 QG_g -+ - al—n
ay
A =laig]; ) = “ o , ar€C, k=1—-n,...,n—1
L T e,
a_1
_anfl o a2 a1 ap i
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In the following we focus on the two important subclasses given by the Toeplitz matrices
T,.(f) € C™ ™ and the circulant matrices C),(f) € C"*™ associated with a function f, called
the generating function.

DEFINITION 1.2. Given f belonging to L*(|—m, r]) and periodically extended to the
whole real line, the matrix T,,(f) is defined as
n

T.(f) = [fifa}

)
i,j=1

where

(L1) fom L (o) m%0,  kez =1,

2 J_ .

are the Fourier coefficients of f and

is the Fourier series of f.
DEFINITION 1.3. Let the Fourier coefficients of a given function f € L'([—=,7]) be
defined as in formula (1.1). Then we define the n. x n circulant matrix C,(f) associated with

fas
n—1 ‘
(1.2) Culf) = Y 4;2} = Fu Dy (f)F;,,
j=—(n-1)

where * denotes the transpose conjugate and Z,, is the n X n matrix defined by

(Z), = 1, ifi—j=1modn,
e 0, otherwise.

Moreover,
Dy (f) = diag (sn(f(05,))), d=1,...,n,
where
(j—1)2n .
Hj,n:T’ j=1,...,n,

and s, (f(0)) is the nth Fourier sum of f given by
n—1
salF0) = 3 fuekt.
k=1-n
The matrix T, is the so-called Fourier matrix of order n, given by
L ganes,
(Fn)z,] = e 7 i,j=1,...,n.

\/ﬁ )

In the case of the Fourier matrix, we have F,F} =1, that is, F,, is complex-symmetric and
unitary with I,, being the identity matrix of size n.
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TABLE 1.1
Different types of generating function and the associated Toeplitz matrix.

Type of generating function ‘ Associated Toeplitz matrix
univariate scalar ) :[-m7]—=>C unilevel scalar Ty, (f) € C™*"
d-variate scalar f® [-m7t—=C d-level scalar ~ Tn(f) € Cdm1)xd(n,1)
univariate matrix-valued ~ £(0)  : [—m, 7] — CS*S unilevel block Ty (f) € Cn:8)xd(n,5)
d-variate matrix-valued ~ f(8) :[—m, @] — C5*5 | d-levelblock — Tn(f) € CHms)xd(n.s)

The proof of the second equality in (1.2), which implies that the columns of the Fourier
matrix F,, are the eigenvectors of C,,(f), can be found in [23, Theorem 6.4]. Note that from
the definition it follows that, if f is a trigonometric polynomial of fixed degree less than n,
then the entries of D,,(f) are the eigenvalues of C,,(f), explicitly given by sampling the
generating function f using the grid 67 ,.:

N (Culf) = £ (65.,) i=1..m,
Do(f) = diag ( (6,)),  j=1,....n.

The type of domain (either one-dimensional [, 7] or d-dimensional [—7, r]%) and codomain
(either the complex field or the space of s x s complex matrices) of f gives rise to different
kinds of Toeplitz matrices; see Table 1.1 for a complete overview.

In particular, we provide the definition of a d-level s x s block Toeplitz matrices Ty, (f)
starting from d-variate matrix-valued function f : [, 7] — C**¢ with f € L!([—7, 7]%).

DEFINITION 1.4. Given a function f : [—m,7|? — C***, its Fourier coefficients are
given by
o 1 .
= f(0)e ' 0dg e C***, k= (ki,...,kq) € Z°
k (271_)(1 /[7‘—’71—]!1 ( )e ) ( 1, ) d) )

where @ = (01,...,0q), (k,0) = Z?:I k;0;, and the integrals of matrices are computed
elementwise. The associated generating function can be defined via its Fourier series as

£(6) = ) fie!™?.

kezd

The d-level s x s block Toeplitz matrix associated with f is the matrix of dimension d(n, s),
withn = (nq,...,ngq), given by

Ta(f)= Y T (") e e, (™) ok,

e—n<k<n-—e

where e is the vector of all ones and where s < t means that s; < t; foranyj =1,...,d.

DEFINITION 1.5. Ifn € N? and a : [0,1]¢ — C5**, we define the nth d-level and s x s
block diagonal sampling matrix as the following multilevel block diagonal matrix of dimension
d(n,s):

. J
D,(a) = diag,<j<, a (n) ,

where we recall that e < j < n means that j varies from e to n, that is, 1 < ji < ny for all
k =1,...,d. Furthermore, in assembling the matrix D, (a), the lexicographic ordering is
used. More precisely, like the digits of a d-digit number smaller than 1 in a given basis, the
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quantity j5 moves fastest, j,_1 second fastest, and so on till j1, which moves slowest. If d = 2
and ny = 2, ng = 4, then the ordering is the following: (1,1), (1,2), (1,3), (1,4), (2,1),
(2,2), (2,3), (2,4).

The following result provides an important relation between tensor products and multilevel
Toeplitz matrices.

LEMMA 1.6 ([24]). Let fi,..., fa € L*([-7,7]), n = (n1,n9,...,nq) € N% Then,

Ty (f1) @ @ Ty, (fa) = Tu(fr @ @ fa),

where the Fourier coefficients of f1 ® - -- ® fq are given by

(fi® @ f)x=f)ry - (fd)kas k €z

1.3. Asymptotic distributions. In this section we introduce the definition of asymptotic
distribution in the sense of the eigenvalues and of the singular values, first for a generic matrix
sequence { A, },, and then we report specific results concerning the distributions of Toeplitz
and circulant matrix sequences. Finally, we recall the notion of the GLT algebra, and we
introduce a general notion of GLT momentary symbols. We remind that, in a more specific
and limited setting, the notion of momentary symbols is given in [7]: here we generalize the
definition in [7].

DEFINITION 1.7 ([23, 24, 25, 33]). Let f,f : G — C be measurable functions, defined on
a measurable set G C R, with € > 1,0 < py(G) < oo. Let Co(KK) be the set of continuous
functions with compact support over K € {C,R{ }, and let { Ap}n be a sequence of matrices
with eigenvalues \j(Ayn), j = 1,...,dn, and singular values 0j(An), j = 1,...,dyn. Then:

o The matrix sequence { Ay }n is distributed as f in the sense of the singular values
and we write

{An}n ~o fa
if the following limit relation holds for all F € Co(R{):

= 1

1 -
(13) ti, =Y F(o;(4n) = T@(G)/GF(U(G)DdH.

The function f is called the singular value symbol, which asymptotically describes
the singular value distribution of the matrix sequence { Ay tn.

o The matrix sequence { Ay }n is distributed as § in the sense of the eigenvalues and
we write

{An}n ~x s

if the following limit relation holds for all F € Cy(C):

1 1
(1.4) fim >0 POy (An) = s /G F(§(6))d6.

The function § is called the eigenvalue symbol, which asymptotically describes the
eigenvalue distribution of the matrix sequence { Ap }n.

REMARK 1.8. Note that, if A,, is normal for any n or at least definitely, then { Ay }n ~o f
and {Ap}n ~ fimply that f = §. Of course this is true for Hermitian Toeplitz matrix
sequences as emphasized in Theorem 1.9 and Theorem 1.10.
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Moreover, considering the case d = 1, if f (or f) is smooth enough, then the informal
interpretation of the limit relation (1.3) (or (1.4)) is that, for n sufficiently large, the n singular
values (or eigenvalues) of A,, can be approximated by a sampling of | f(6)| (or (#)) on an
equispaced grid of the interval G, up to the presence of possibly o(n) outliers. It is worthwhile
to notice that in most of the Toeplitz and PDE/FDE applications, the number of actual outliers
is often limited to O(1) with often a small number of outliers (see [4, 3, 23, 24] and the
references therein).

The generalization of Definition 1.7 and Remark 1.8 to the block setting and multilevel
block setting can be found in [4, 3] and in the references therein. In the case where the matrix
sequence is a Toeplitz matrix sequence generated by a function, the singular value distribution
and the spectral distribution have been well studied in the past few decades. In this respect, the
seminal work is that of Szeg reported in the book [25], where it is shown that the eigenvalues
of the Toeplitz matrices T, (f) generated by a real-valued f € L°°([—m, 7]) are asymptotically
distributed as f. Moreover, under the same assumption on f, Avram and Parter [2, 28] proved
that the singular values of T}, (f) are distributed as | f|. This result has been undergone many
generalizations and extensions over the years (see [4, 3, 23, 24] and the references therein).

The generalized Szeg6 theorem that describes the singular value and spectral distribution
of Toeplitz sequences generated by a scalar f € L!([—n, 7)) is given as follows [34]:

THEOREM 1.9. Suppose that f € L'([—n,n]). Let T, (f) be the Toeplitz matrix
generated by f. Then we have

{Tn(f)}n ~o f

Moreover, if f is real-valued almost everywhere (a.e.), then

{Ta(F)}n ~a 1

Tilli [32] generalized the proof to the block-Toeplitz setting, and we report the extension of
the eigenvalue result to the case of multivariate Hermitian matrix-valued generating functions.

THEOREM 1.10. Suppose that f : [—m, 7|4 — C***, f € LY([—n,7|%), with positive
integers d, s. Let Ty (f) be the Toeplitz matrix generated by . Then we have

{Ta(f)}n ~o f.

Moreover, if £ is a Hermitian matrix-valued function a.e., then

{Tn(f)}n ~y f.

Concerning the circulant matrix sequences, though the eigenvalues of a circulant matrix
Ch(f) are explicitly known, a result like Theorem 1.9 and Theorem 1.10 does not hold for
sequences {Cn(f)},, in general. Indeed, the Fourier sum of f converges to f under quite
restrictive assumptions (see [35]). In particular, if f belongs to the Dini-Lipschitz class, then
{Cn(f)},, ~x f, (see [22] for more relationships between circulant sequences and spectral
distribution results).

1.4. Matrix algebras. Apart from the circulant algebra introduced in Section 1.2, we
recall that other particular matrix algebras have interesting properties and can be exploited for
our purpose. In particular, we mention the well-known 7-algebras; see [8] and the references
therein. Here, we restrict the analysis to the case of the matrix algebras 7. , introduced in [8],
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where an element of the algebra is a matrix

a+eb b
b a b

Tn,e,w(g) . ..
b «a b
b a+ b

We can associate to this matrix a function g of the form g(6) = a + 2b cos 6. For some values

of € and ¢, the exact eigenvalues of T}, . ,,(g) are given by a sampling with specific grids; for
detailed examples see [7] and [21] for asymptotic results.

In Table 1.2 we provide the proper grids 0(5 #) and @ y “D to give the exact eigenvalues
and eigenvectors, respectively, for e, p € {—1, O 1}.

TABLE 1.2
Grids for Tc p-algebras, €, € {—1,0,1}; 9(5 ©) and @(g ?) are the grids used to compute the eigenvalues
and eigenvectors, respectively. For the standard nammg conventlon (dst—#and dct - %) between parentheses, see,
e.g., [14, Appendix 1].

9(5,</’) (e:¢)
Jm 4,,M
P 1 0 I 1,0,1
(dst-2) (dst-6) (dst-4) . (e,9)
1 in gr g || (- 1/2)05,
n n+1/2 n
(dst-5) (dst-1) (dst-7) -nl€&,
0 i i G=Y2)m i057
n+1/2 n+1 n+1/2
(det-1) (det-8) (det-2) . (e,) T
1 Gor2e  G=y2n Goue || (E=1/2)057 + 5
n n+1/2 n

Since all grids 9(5 *#) associated with 7. ,-algebras, where ¢, ¢ € {—1,0, 1}, are uni-
formly spaced grids, we know that
(1,1 (0,1) _ 5(1,0)
Oim” <Ojn =050
< 05;171) _ 9(17—1)
< 9 1 0) _ 9 © 71)

<9 1’71), Vi=1,...,n.
Forj=1,...

,[n/2],

P — D) < 00)
with equality only for j = [n/2] and n odd
Forj = [n/2] +1,...,

(0,0) (-1,1) _ 5(1,-1)
0,0 <0;, =0, "

In addition, we observe the further relationship 95»}7;0) < 05‘?71 ) for any 7, which will be used in
equation (2.7).
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1.5. Theory of Generalized Locally Toeplitz (GLT) sequences. In this section we
introduce the main properties from the theory of Generalized Locally Toeplitz (GLT) sequences
and the practical features that are sufficient for our purposes; see [4, 3, 23, 24].

In particular, we consider the multilevel and block setting with d being the number of
levels.

GLT1 Each GLT sequence has a singular value symbol f(8, «), which is measurable accord-
ing to the Lebesgue measure and according to the second item in Definition 1.7 with
¢ = 2d. In addition, if the sequence is Hermitian, then the distribution also holds in
the eigenvalue sense.

We specify that a GLT sequence { Ay} has GLT symbol f(8, x) by the notation
{An}n ~ar £(0,2), (0, 2) € [, W]d x [0, 1]d‘

GLT2 The set of GLT sequences forms a x-algebra, i.e., it is closed under linear combina-
tions, products, inversion (whenever the symbol is singular on, at most, a set of zero
Lebesgue measure), and conjugation. Hence, we obtain the GLT symbol of alge-
braic operations of a finite set of GLT sequences by performing the same algebraic
manipulations of the symbols of the considered GLT sequences.

GLT3 Every Toeplitz sequence {1y (f)},, generated by a function f(8) belonging to the space
L' ([—m,7]%) is a GLT sequence and with GLT symbol given by f. Every diagonal
sampling sequence {Dy,(a)}, generated by a Riemann integrable function a(x),
x € [0,1]? is a GLT sequence and with GLT symbol given by a.

GLT4 Every sequence which is distributed as the constant zero in the singular value sense is
a GLT sequence with symbol 0. In particular this applies to

e every sequence in which the rank divided by the size tends to zero as the matrix
size tends to infinity;

e cvery sequence in which the trace-norm (i.e., the sum of the singular values)
divided by the size tends to zero as the matrix size tends to infinity.

From a practical viewpoint, on the one hand, for a sequence belonging to the GLT class,
one of the main advantages is that under certain assumptions, crucial spectral and singular
value information can be derived using the concept of the GLT symbol. On the other hand, the
above properties imply the following important features of the GLT symbol. Given a sequence
{An }n obtained by algebraic operations of a finite set of GLT sequences, the small-norm and
low-rank terms of which the sequence is composed should be neglected in the computation of
the GLT symbol. Consequently, it happens that for small matrix sizes n, the approximations
may not be as accurate as desired.

For this reason, in [7], it has been introduced and exploited the concept of (singular value
and spectral) “momentary symbols”, starting from the special case of Toeplitz structures.
Here we generalize the notion to that of “GLT momentary symbols”: the construction stems
from that of the symbol in the GLT sense, but in practice the information of the small-norm
contributions is kept in the symbol, and this may lead to higher accuracy, at least in some
emblematic cases, when approximating the singular values and eigenvalues of Toeplitz-like
matrices, even for small dimensions.

1.6. The GLT momentary symbol sequence. For clarity, in this section we consider
the matrix sequences in detail only in the unilevel and scalar setting. We want to avoid a
cumbersome notation, but the ideas are extensible in a straightforward manner to the case
where the involved GLT symbols are also matrix-valued and multivariate, as briefly sketched.
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As an example, we take the following second-order differential equation with Dirichlet
boundary conditions:

—(a(@)u'(x))" + b(z)u'(z) + c(x)u(z) = f(z), € (0,1),
u(0) = «a, u(l) = pS.

The well-posedness of the previous diffusion-convection-advection problem holds in the case
where a(z) € C1(0,1). Furthermore, uniqueness and existence of the solution are guaranteed
in the case where a(z) > 0, ¢(z) > 0, and with continuous functions b(z), c(x) on [0, 1]
with f(x) € L*([0,1]) (see [9]). For a more exhaustive discussion regarding the conditions
of existence and uniqueness, even in the multidimensional case, we refer to [29, 31] and the
references therein.
From a GLT viewpoint, we only require the following much weaker assumptions:
e a(x), c(x) are real-valued functions, continuous almost everywhere, defined in [0, 1],
e b(z) is a real-valued function on [0, 1] such that |b(x)z®| is bounded for some
a < 3/2,
while f(z) is a general function.
We employ central second-order finite differences for approximating the given equation.

(1.5)

We define the stepsize h = n%_l and the points x; = kh for k belonging to the interval
[0,n 4+ 1]. Let a := a(x%) for any k € [0,2n + 2|, and set b; = b(z;), ¢; = c(z;),
fj = f(x;) forevery j =0,...,n+ 1. We compute approximations u; of the values u(z;),
for j =1,...,n, by solving the following linear system
(751 (751 (751 fl + %ala + ﬁbla
Ug U U f2
(1.6) A, | : |+Bn| : |+Cu| | =0 ; :
Un—1 Upn—1 Un—1 fnfl
Un Un Un fn+ %a2n+1ﬁ - ﬁbnﬁ
where
a1 + as —as
—a3 az+as  —as
An = ;
—Q2p-3 G2p-3 + A2p—1 —Q2n—1
—Q2n-1 A2n—1 + A2n41
0 h
N —by 0 bo
B”ZE . C, =h?diag(ci,...,cp).

In the case where a(xz) = 1 and b(x) = 1, we find the basic Toeplitz structures

K, =T,(2—2cosf) = ,
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H, =T,(isinf) = ,

which are of importance since A,, = D,,(a)K,+FE,, and B,, = hD,,(b)H, with {E,, },, ~, 0,
as an immediate check in [5] can show. Therefore, by using the GLT axioms (as done in detail
in [5]), we obtain

1 1
{An}n ~air a(x)(2 — 2 cosb), {th} ~qur ib(2) sin 6, {}ﬂC’n} ~grr ¢(T).

As a conclusion { B}, ~air 0, {Cp},, ~cir 0, and hence, setting X,, = A,, + B,, + C,, the
actual coefficient matrix of the linear system in (1.6)), again by the *-algebra structure of the
GLT matrix sequences, we deduce

{Xn}n ~GLT G(QT)(Q — 2cos 9).

Now, following [7], the idea is to consider not only the asymptotic setting but also the case of
moderate sizes. As a consequence, for increasing the precision of the evaluation of eigenvalues
and singular values, we can associate to

the specific symbol f,,(z,6) = a(z)(2 — 2 cos ) + hib(x) sin § + h2c(x).
We are now in position to give a formal definition of GLT momentary symbols.
DEFINITION 1.11 (GLT momentary symbols). Let {X,, },, be a matrix sequence, and

assume that there exist matrix sequences {A(J tno { R }n, scalar sequences D=0,
and measurable functions f; defined over [—m, m| x [0, 1], and with t a nonnegative mteger
independent of n, such that { Ry, },, is zero-distributed (as in item GLT4 in Section 1.5),

A7
{(j) } ~GLT fj7
Cry "

0 =1, 9 =o(), t2s>r,
t
(1.7) {Xutn = {AD} 0 + R + ) _{A7 )0
j=1

Then, with a slight abuse of notation,

t
(1.8) fo="Tfo+ ) P

j=1

is defined as the GLT momentary symbol for X, and { f,,} is the sequence of GLT momentary
symbols for the matrix sequence { X, } .

Of course, in line with Section 1.5, the momentary symbol could be matrix-valued with a
number of variables equal to 2d and domain [—7, 71]% x [0, 1]? if the basic matrix sequences
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appearing in Definition 1.11 are, up to proper scaling, matrix-valued and multilevel GLT
matrix sequences. For example in the scalar d-variate setting, relation (1.8) takes the form

t
fn = ZC,({])f:i,
j=0

which is a plain multivariate (possibly block) version of (1.8).

Clearly there is a link with GLT theory stated in the next result.

THEOREM 1.12. Assume that the matrix sequence { X, },, satisfies the requirements in
Definition 1.11. Then, { X, },, is a GLT matrix sequence, and the GLT symbol fy of the main

term A%O) is the GLT symbol of { X, }n, that is, { X }n ~cir fo and lim,_, fr, = fo a.e. on
the definition domain.

Proof. Since f,, is a linear combination of measurable functions, f,, is still a measurable
function. Furthermore, because cﬁf ) — 0asn — oo, forall j =1,...,t, we deduce that for
alle >0

h_)m m{.ﬁUED:|fn_fO|>€}:O7

and therefore f,, converges a.e. to fj as n tends to infinity.
From the point of view of the considered matrix sequences, the relation

AY p
CE'L]) . GLT J 2>

with ¢/ infinitesimal for all j = 1, ..., ¢, implies {Aﬁf)} ~oirg Oforall j = 1,....t,

while we know that {R,,},, ~cir,» 0 by the assumption and item GLT4. From the *-algebra
structure of the GLT matrix sequences, we infer that

{Xn}n ~GLT fO)

and hence the proof is concluded. a

The given definition of momentary symbols is inspired, as it is clear from the initial
example of a diffusion-convection-advection equation, by the example of approximated
differential equations, where the presence of differential operators of different orders induces,
after a possible proper scaling, a structure like that reported in (1.7).

The idea is that the momentary symbol can be used for giving a more precise evaluation
either of the spectrum or of the eigenvalues for moderate sizes of the matrices and not only
asymptotically. However, we should be aware that, intrinsically, there is no general recipe
especially for the eigenvalues. In fact, as already proven in [30], a rank-one perturbation of
infinitesimal spectral norm actually can change the spectra of matrix sequences, sharing the
same GLT symbol and even sharing the same sequence of momentary symbols.

EXAMPLE 1. Take the matrices T, (e'?), and let X,, = T, (e?) + erelclt) with

n
c%l) =n~"% and o > 0 any positive number independent of the matrix size n. By direct
inspection {e; efcﬁ,l)}n ~, 0, and hence it is a GLT matrix sequence with zero symbol,
independently of the parameter .. If we look at the GLT momentary symbols, then they
coincide with the GLT symbol for both {T},(¢')},, and {X,, },,. However, while in the first
case the eigenvalues are all equal to zero, in the second case they distribute asymptotically as

the GLT symbol ¢! (which is also the GLT momentary symbol for any n).
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EXAMPLE 2. Take a positive function a defined on [0, 1], the matrices D, (a)T},(e!),
and X,, = Dy (a)Tn(e) + erelcl?) with ¢ = n= and o > 0 any positive number
independent of the matrix size n. Since {e1 e,TLcS)}” is a GLT matrix sequence with zero
symbol independent of the parameter o, we deduce that both {D,, (a)T},(¢?)},, and {X,.},,
share the same GLT symbol a(z)e!? (which is also the momentary symbol for any n). Again
there is a dramatic change: while in the first case the eigenvalues are all equal to zero, in
the second case they distribute asymptotically as the function Ge', where @ is the limit (if it
exists) of the geometric mean of sampling values present in D,, (a) as n tends to infinity. Since
n~%/™ converges to 1 independently of the parameter o as n tends to infinity, & will depend
only on the diagonal values of D,,(a). As a conclusion, the eigenvalue distributions do not
coincide with the GLT momentary symbols, and this is a message that the present tool could
be ineffective and even misleading, when very non-normal matrices are considered.

In this setting it must be emphasized that the asymptotic eigenvalue distribution is dis-
continuous with respect to the standard norms or metrics widely considered in the context of
matrix sequences.

As a conclusion of the present section, we report preliminary numerical evidence of the
use of GLT momentary symbols for having a more precise estimate of the spectrum when
compared with the standard GLT symbol, at least for moderate matrix orders. Consider the
coefficient matrices in (1.6) approximating the linear differential operator in (1.5). For the sake
of simplicity we consider b(x) = 0 so that the related matrices are real symmetric positive
definite. As first case we take a(z) = 1+ 22 and ¢(z) = 6 + sin(z*). We compute E; and
FE,.s, which are the averaged sum of the absolute errors, using as reference functions the GLT
symbol

fs(x,0) = a(x)(2 —2cosb)
and the associated GLT momentary symbols
fms(z,0) = a(z)(2 — 2cos ) + hc(x),
respectively. In both cases, we pick n = 12, and we sample with
i =i/(v+1),i=1,...,v, 0 =jm/(v+1),j=1,...,v

by rearranging in non-decreasing order in order to compare with the true eigenvalues.

As already mentioned, s is the averaged sum of the absolute errors when comparing
sorted eigenvalues with sorted symbol approximations with the grid given above. FE,,; is
analogously defined but for the related GLT momentary symbols.

We observe that the estimates provided by the GLT momentary symbols are always better
with this metric, and in addition we have E; — E,,,s > 0, which is not theoretically expected.
Indeed Table 1.3 shows the advantage for moderate matrix sizes, while the advantage becomes
less evident when the matrix sizes grow.

We tested several other examples, and we observed an advantage for moderate sizes, while
this is not necessarily true for matrices of large order and it depends on the sampling grid.

2. All-at-once solution of parabolic problems. The aim of this section is that of
describing as accurately as possible the spectra and singular values of the structured linear
system sequence stemming from the space-time discretization of a parabolic diffusion problem.
Thus, we consider the diffusion equation in one space dimension,

Ut = Ugy, z € (a,b), t €[0,T],


http://etna.ricam.oeaw.ac.at
http://www.kent.edu
http://www.ricam.oeaw.ac.at

ETNA

Kent State University and
Johann Radon Institute (RICAM)

148 M. BOLTEN, S.-E. EKSTROM, I. FURCI, AND S. SERRA-CAPIZZANO
TABLE 1.3
Comparison between the averaged sum of the errors with a(z) = 1 + 22 and c(z) = 6 + sin(z3).
n ES Ems Es - Ems
T YN = @ 0) | T N = s (=, 0))

9 0.31659454914897317 0.29510847614861735 2.148607300035582 - 102
16 0.22558459755745924 0.2198017354258519 5.782862131607336 - 103
25 0.18608391764879742 0.18492972171356425 1.1541959352331654 - 103
36 0.16554176225430134 0.1655179810161299 2.378123817142752 - 107°
49 0.14997522607499242 0.14991040173853432 6.482433645810248 - 10°
64 0.1316103011775121 0.13148627818739497 1.2402299011712858 - 104
81 0.11825980438015823 0.11822102653019283 3.877784996540734 - 10~°
100 | 0.10762803505912259 0.1076237122985601 4.322760562489036 - 1076
400 | 0.057367307847965725 | 0.05736596577310507 1.3420748606537969 - 10~°
900 | 0.03901486832603214 0.03901462915216716 2.391738649770714 - 1077
1600 | 0.029525883049866225 | 0.029525795496153927 | 8.75537122975445 - 108

where we prescribe u at t = 0 and impose a periodicity condition u(z + (b — a),t) = u(z, ).
We approximate our parabolic model problem on a rectangular space-time grid consisting

of N, time intervals and IV, space intervals. We obtain a sequence of linear systems in which

each component is of the form

z,beRY,

@2.1) Apz =b, An=Jy,®Qn, = Jn, @y, +1y,®Qn, € RV,

where N = N;N,, n = (N¢, N,,), I, is the identity matrix of size m, and the matrices Jy,
and ), come from the discretizations in time and space, respectively. In the following,
we describe the time and space discretization and, in particular, how this leads to structured
components of the matrix A,,.

2.1. Time discretization. The principal ingredients of the time discretization are:
e Choosing N; equispaced points in [0, T'] with stepsize hy = T'/Ny, that is, t; = jhy,
forj=1,..., N;.
e A discretization in time by a standard backwards Euler scheme.
Regarding notations, for the sake of simplicity, since we are considering a 2D problem, the
symbols will have as Fourier variable (0, £) instead of the standard choice (61, 62) indicated
in the notations of Section 1.2 (see Definition 1.4).
The resulting matrix is J,, which has the following unilevel scalar Toeplitz structure:

1 Lo 1
— 7
I Iy hAVEE

-1 1

(2.2)

where f is the generating function of the matrix sequence {7,,(f )}, with
f1(0) =1—¢".

2.2. Space discretization. The principal elements of the space discretization are:

e Choosing N, equispaced points in [a, b]. Since we are considering periodic bound-
ary conditions, we have as step size h, = (a — b)/N, and x; = h,(j — 1), for
j=1,...,N,.

e A discretization in space using second-order finite differences.
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Consequently, the space discretization matrix will be the circulant matrix @), of the
form:

where

fo(€) =2 —2cos¢

is the generating function of the matrix.

Of course a choice of Dirichlet boundary conditions would lead to the standard discrete
Laplacian TN, (fg): the analysis is equivalent since also this matrix admits a well-known
diagonalization matrix that is the sine transform matrix of type I, which is real, orthogonal,
and symmetric.

2.3. Analysis of the coefficient matrix A,,. We have seen that discretizing the problem
of interest for a sequence of discretization parameters h, and h; leads to a sequence of linear
systems whose approximation error tends to zero as the coefficient matrix size grows to infinity.
The nth coefficient matrix component is of the form

(2.3) An = hitTNt (f) ©ly, +1In, ® hiQCNm(fQ)'

In order to design efficient solvers for the considered linear systems, it is of crucial
importance to know the spectral properties of the matrix sequence { A, }n. Hence, this section
is devoted to the analysis of the structure of the matrix sequence { A, }y in (2.1). In particular,
we provide the singular values and spectral analysis using algebraic tricks, GLT theory, and
the concept of GLT momentary symbols.

2.4. GLT analysis of the coefficient sequence { A, },,. The asymptotic spectral and
singular value distributions for the matrix size d(n) sufficiently large of the matrix sequence
{An}n depend on how h,. and h; approach zero. Letting c;, == h2/h;, we have three different
cases to consider.

CASE 1. [¢j, = o] : If hy — O faster than Clhi, where C; is a constant, then we can
consider the matrix

h
hiAn = TN, (f7) ® 1IN, + 1N, ® h% Cn, (fq)-
-

-1
¢, —0

Then, the sequence satisfies {h:An}tn = {Tn,(f7) ® In, + Nyp}n, where N, is a
small-norm matrix in the sense of item 2 of property GLT4 with ||[N,|| < Cs, Co
constant. Consequently, from GLT4, {N,,}, is a matrix sequence distributed in
the singular value sense as 0, which implies that {Ny, }, is zero-distributed in the
GLT sense as described in GLT4. Moreover, since f; is a trigonometric polynomial,
Theorem 1.10, properties GLT1-GLT4, and Lemma 1.6 imply that

{hiAn}n ~ar f1(0) @1+100 = £7(8,¢).
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The 1 present in f;(#) ® 1 should be interpreted as 1e*¢, and 1 ® 0 should be
interpreted as 1e%? @ 0e”'¢. Hence, the GLT symbol of the sequence {h; Ay, }n is the
bivariate function

00,6) = f(6) =1 €,

and it should be interpreted as the function f;(6) ® 1, which is constant in the second
component.

From the property GLT1, the function f1(41) (0, &) describes the singular value distri-
bution in the sense of relation (1.3). In more detail,

{htAn}n ~GLT,o 1- eiO.

However, the matrix sequence {h; Ay, }n is not symmetric, hence the distribution
may not hold in the eigenvalue sense (see also Example 1 and Example 2 at the end
of Section 1.6), and in this specific case actually it does not hold with the function
1 — €'?: in fact, if a real symmetric (or Hermitian) matrix sequence has an eigenvalue
distribution function, then this function is necessarily real-valued almost everywhere;
conversely, a non-Hermitian matrix sequence can have a real-valued eigenvalue
distribution function (there are indeed many possible concrete examples). Because of
the structure of Jy, = hitTNt (f) in equation (2.2), it is straightforward to see that
the asymptotic spectral distribution is given by §(0, £) = 1, according to relation (1.4),
that is,

{htAn}n ~x 1.

CASE 2. [c;, — 0] : If 2 — 0 faster than C1 h;, where C] is a constant, then we have

2

h
h2An = ff Tn,(f7) @Iy, +1n, ® Cn, (fq)-
C}L—)O

Then, the sequence satisfies {h2An}n = {Np + Iy, @ Cn, (fQ)}n, where Ny, is a
small-norm matrix in the sense of item 2 of property GLT4 with ||[N,|| < Cs, Cs
constant. Hence, {Ny, },, is a matrix sequence distributed in the singular value sense,
and consequently in the GLT sense, as 0. Moreover, fq belongs to the Dini-Lipschitz
class, consequently, properties GLT2-GLT4 and Lemma 1.6 imply that

(B2 Antn ~ar 00 1+ 1@ fo(&) = 1@ fo(€) = £(6,9),
where the GLT symbol is given by
2(0,€) = fo(¢) =2 —2cost.

In this case the function ff) (0,€) is a singular value symbol for the sequence
{h2 Ay }n and also an eigenvalue symbol since the matrices C'y, (f¢) are Hermitian
for each N,. Hence we have

{h2An}n ~eir,on 2 — 2c0sE.

CASE 3. [c;, = ¢ = constant] : The last case is when h2 and h; are proportional and related

2
by the constant ¢;, = ¢ = };L—”: independent of the various step-sizes. In this setting we
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have

h2
hiAn = hl In,(fs) ® Iy, +1In, ® Cn,(fQ)-
-
Ch
Consequently, from GLT2, GLT3, and Lemma 1.6, the following relationship holds
when ¢y, is a constant

{2 Autn ~ar cfs(0) © 1+ 1® fo(6) = £(0,6).
From considerations analogous to the case 1 and 2, we have
{h2An}n ~airo c(1 —€l%) 4 (2 — 2cos §).

Since the matrix h2 A,, is not Hermitian, the eigenvalue symbol (6, £) cannot be
directly derived by ff') (0, &) (see again the discussion in the examples after Defini-
tion 1.11).

In this setting the situation is simple because the involved two-level structure can be
simply block-diagonalized, while the use of the GLT momentary symbol becomes
useful in approximating the singular values of the sequence {h2 Ap }n.

2.5. Analysis of the coefficient matrix sequence { A, },, by algebraic manipulations
and GLT momentary symbols. The first observation is that the matrix in (2.3) admits a
decomposition which shows in evidence a lower-triangular matrix, which is similar to the
original one, and hence all the eigenvalues are known exactly. In fact, by looking carefully
at (2.3), we obtain that

1 1
h*TNf,(fJ) ® Iy, = Ly, {hTNf, (f,])] In, ® Fn, In, F*N,
t t

and
1

%k
72 Dn,F'n,,
xr

1
In, ® ﬁC’NI(fQ) =InIn,In, ®Fpn
x
where F_ is the unitary Fourier matrix of size N, F*y_ is its transpose conjugate and hence
its inverse, and Dy, is the diagonal matrix containing the eigenvalues of Cy_ ( fQ), that is,
fo(2mj/N;) =2 —2cos(2mj/Ng), j=0,1,..., Ny — 1.
Since T, (f.s) is a lower bidiagonal matrix with 1 on the main diagonal, it can be easily
seen that the eigenvalues of A,, in (2.3) are exactly
1+1(22 (27§ /Ny)) i =0,1 N, 1
— 4+ —=(2 —2cos(27wj/Ny,)), =0,1,..., Ny — 1
he " R2 J J
each of them with multiplicity V;. As a consequence, by taking a proper normalization, the
spectral radius p(h2 A,,) will coincide simply with 4 + ;.
It is clear that in this context, due to the high non-normality of the term T, (f.y), after
proper scalings depending on h; and h,, the eigenvalues are a uniform sampling of the function

which is not the GLT symbol and is not the associated GLT momentary symbol. The latter
statement is not surprising given the discussion regarding the asymptotic behaviour of the
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matrix sequences reported in Example 1 and in Example 2, when discussing the potential and
the limitations of the notion of GLT momentary symbols. Also in this setting, by imposing
(quite artificial) periodic boundary conditions in time, the term T, (f;) will change into
Cn,(f7), and magically a one-rank correction repeated NV, times to the matrix A, will
produce a new matrix with the same GLT and momentary symbols as before: however, in
this case the eigenvalues will be exactly the sampling of such functions. This is a further
confirmation of the delicacy of the eigenvalues, which can have dramatic changes due to
minimal corrections, when we are in a context of highly non-normal matrices.

2.5.1. Singular values of hchn (exact). The singular values o(h2A,),...,
Oa(n)(h2Ay) of the matrix h2 A, are given by the positive square roots of the eigenvalues of

the Hermitian matrix k2 A, AT . Hence, in order to provide exactly o;(h2Ap),i = 1...,d(n),
we are interested in the spectrum of the matrix
[ QR ~—n@Qn, . 1
—cnQn, QX +ciln, —ch@N,
A or 2
4 —ch@N, Q3. +ciln,
hy AnAj = N, TG ’
: _—cn@n,
L —cn@Qn, QF, +c;ln, ]

where Qn, = Cy, + cnly,. Note that h: A, AT is not a pure block-tridiagonal Toeplitz
matrix because of the missing constant c¢; in the block in the top left corner. However,
for each fixed N; and IV,, the matrix Q N, 1s a circulant matrix with generating function
fQNI (&) =2 — 2cos& + ¢p, which is also its GLT momentary symbol. Thus we infer that
hi A, AT is similar to a matrix X, d(n) Whose explicit expression is reported below:

- 2 ~ -
Do e
—ChDQ DQ + Ch]INz —ChDQ
hiAn AL ~ Xy = —cnDg Dg + cilp, :
. —ChDQ
L —ChDQ DC% + C%L]INI_

with Dy = diag,_;  n, (fQNm (&N, )) Consequently we study the spectrum of Xy to
attain formulas for the exact singular values of h2 A,,. Let us consider a permutation matrix P

that transforms Xd(n) into an Ny x Ny block diagonal matrix PXd(n)PT, which has on the
main diagonal, for k = 1,..., N,, blocks of the form

2.4)
C,? —Cth

—cpC O,? + C% —cpCh

kNt

(PXd(n)PT)i,j:(kfl)Nle =

—cp,Ch, C/f +c%

—cth
—c;,Cy, Cg + Ci

where C), = DQ(/f, k) = fQNz (&k.N,)-
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Hence, the union of the eigenvalues of all blocks of PX ;)P is equivalent to the
full spectrum of h2 A, AT. These local eigenvalue problems can be solved analytically (or
numerically) independently of each other. For example for N; = 2, we have for every
k =1,..., N, the characteristic equation

(f@Nm (fk,Nx))2 - A —cn(foy, Er.n.))
2

=0.
—cn(foy, (Ekn.)) (fQNI (fk,Nz)) = A
Thus, we have as singular values the union, for £ = 1, ..., N,, of the quantities
2(fay, Cen))?+e ¢
o (k, en) = \/ e G AT
2fay. Een))?+e e
oM (k, cn) = \/ L 5 + Eh\/‘l(fQNI (6N, ))? + ¢t
Clearly, solving the characteristic equation for £ = 1,..., N, becomes more and more

complex as N; grows. Hence, in the next section we provide two possible approximations
given by GLT theory and by the GLT momentary formulations.

2.5.2. Singular values of hi A, (approximation) via GLT momentary symbols. For
the case 2 in Section 2.4 and in Section 2.5, we have already shown that

{hiAn}n ~o éz) (975) =2 ZCOSf,
and the subsequent sequence { fr(lz)}n with
F20,6) = cn(1— ) + (2 — 2cos€)

is the sequence of GLT momentary functions.

Remark 1.8 suggests to exploit these relations in order to obtain a better approximation of
the singular values of h?cAn with respect to the information obtained by the pure GLT symbol.
In the following, we compute the quantities | f,(42) (0,€)| and | £ (0, €)| using the specific grid
Vs

2w(€—1)
N, +1

2.5) 0N, = N

, J=1,..., N &N, = , £=1,...,N,.

We can observe in Figure 2.1 that the singular values of h2 A,, (blue circles) are well approx-
imated by sampling | f,(f) (0,€)| on the grid (2.5) (red stars). The approximation by using
|f1(42) (0, €)| instead is good when ¢y, is small (see the top panel of Figure 2.1 for N; = 2 and
N, = 10), but it tends to become a substantially less accurate approximation otherwise; see
the bottom panel of Figure 2.1 and Figure 2.2, where Ny = 10 and N, = 10.

2.5.3. The 2-norm of hiAn (approximation). In the following we are interested in
providing a bound for the 2-norm of the matrix h2 A,,. When referring to the singular values
of hi Ay, we will not assume the standard ordering

o1(h2An) > 02(h2An) > -+ > ogm)(h2An)

since it is more natural to associate the ordering to the equispaced grid of the domain of
the related GLT symbol. By definition we have ||[h2An2 = max;_1__am)0;(h2An).


http://etna.ricam.oeaw.ac.at
http://www.kent.edu
http://www.ricam.oeaw.ac.at

ETNA

Kent State University and
Johann Radon Institute (RICAM)

154 M. BOLTEN, S.-E. EKSTROM, I. FURCL, AND S. SERRA-CAPIZZANO
4.5
4+ ® ¢
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FIG. 2.1. Singular values of h2 An and samplings 0f|f£12> (6,8)| and |f,22) (6,8)| on the grid (2.5) for Ny = 2
and N = 10 (top) and Ny = 10 and Ny = 10 (bottom).

From the previous section we know that it can be computed by taking the square root of
the maximal eigenvalue of the block in (2.4), corresponding to {y, /241,n, = 7. Since

maxy, ( fQNz (&N, )) = 4 + ¢y, we are interested in estimating the maximal eigenvalue of

(4+en)? —cn(d+cpn)
—cp(d+cn) (@A+en)?+ci —cn(d+cn)

(2.6) —Ch(4 + Ch) (4 + Ch)2 + 6,21

. 7Ch(4+ch)
—cn(d+cn) (A+ca)’+c

For this purpose we exploit the concept of 7. ,-algebras of Section 1.4.
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FIG. 2.2. Singular values and samplings 0f|f1(42>(0, &)| and |f,(12)(9, &)| for Ny = 10 and N = 10 on the
grid in (2.5).

In our case
a=(4+ch)2+cfb, b= —cn(d+cpn),

and the matrix belongs to the T o-algebra since the element with indices 4,5 = 1 is
cp’

a + (cn/(4 + ¢p))b. Hence, we have g(0) = (44 c5)? + ¢z — 2c,(4 + ¢5) cos 0, which
coincides with the momentary symbol g,, of the matrix (2.6). Due to the interlacing theorem
(see [6, Cor II1,1.5]), the irreducible tridiagonal character of hi Ay, and the specific relation
between algebras [7], the following relationships can be derived

’]T(Nt — 1/2) 2 2
2.7 n\ "7 | 1/ hiAn
max(A; (Tny,1,0(9)))

< 9n< Rl ) < g ()

Ny +1 ——
max(A; (TN, ,—1,— —max(gn
O (Tr 00(0)) A (Tny . —1,-1(f))) (gn)

max(A; (TN, cp, /(a4+cp,),0(9)))

As a consequence, good upper and lower bounds for the 2-norm of h2 A,, are reported in the
following set of inequalities:

m(Ny —1/2) 9 Ny
n T - T~ < h An < n .
\/g (Bl < In2aull < fan (5755
In Table 2.1 we present approximations of the 2-norm of h2 A,, using the grid sampling from
71,0 (lower bound), 7 o (upper bound), and 7_; _;. Note that the sampling on the latter

grid is equivalent to a sampling of the singular value momentary symbols f,(f) (0, ) at their
maximum point. The two-norm ||h2 Ay, ||2 is computed numerically. We see that the 2-norm
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is well described by the two bounds given above, as IV; increases. Hence, for this type of
example, the GLT momentary symbols provide, at least for moderate sizes, a more precise
alternative to the pure GLT symbol.

TABLE 2.1
Approximations of the 2-norm for different Nt and cy,. The upper and lower bounds have as their maximum

vmaxgn = 4 + 2cp,.

N en yfom (02 IR24nlls yfon (725)  4+20
118 406394205 412500000  4.12689350  4.25
10 1/8 4.24460651 4.24505679 4.24508270 4.25
100 1/8 4.24994073 4.24994128 4.24994131 4.25
1000 1/8 424999940 424999940 424999940  4.25
1 458257569  5.00000000  5.09901951  6.00
10 1 596286240 596511172 596614865  6.00
100 1 5.99959287 5.99959555 5.99959689 6.00
1000 1 599999589  5.99999589 599999590  6.00
18 10.58300524  12.00000000  14.42220510  20.00
10 8 19.78560029 19.78964627  19.80461186  20.00
100 8 19.99765486  19.99765952 19.99767802 20.00
1000 8 19.99997634  19.99997634 19.99997636 20.00

3. The case of approximations of distributed-order differential operators via asymp-
totic expansion and GLT momentary symbols. In this last section we focus on the matrix
sequences arising from the numerical approximation of a partial differential fractional operator.
We recall that fractional-order differential equations have received tremendous attention in the
last years for their ability to model anomalous diffusion phenomena (see [12, 13, 15, 16] and
the references therein). Among them a new direction is represented by distributed-order equa-
tions (see, e.g., [1] and references therein). More specifically, the following model equation is
considered, in which the fractional order is distributed via a definite integral:

2 a(p
8u(gm,t)_/l (Q)WdaJrf(x,t), (z,t) € Q= [a,b] x [0,T],
(31) u(aj’O) = UO(J:), x € (a’b)7
u(a,t) = ’U,(b7 t) = 0, t e (071'1]7

where p(«) is the kernel function that satisfies

1

>0
2cos(%)> ’

2
pla) >0,  0< / pla)e(a) <o, cfa) =

0%u(z,t)

while f(z,t) is the source term and REE is the Riesz fractional derivative of order

1 < a < 2 with respect to x defined as

0%u(x,t)

dlx|* = c(a) (o Dyu(z,t) +5 Dyu(z,t)).
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The left-sided and right-sided Riemann-Liouville fractional derivatives , D3u(x, t), , Dyu(x, t)
are in turn defined as

a 1 d2 ‘ j e
oDgu(z,t) = 1“(2—a)da:2/a (x —y) “uly, t)dy,
1 a2 .
«Dyu(z,t) = qu:g/gc (y —z) “u(y, t)dy,

where I'(+) is the gamma function. As done in [1], we adopt a second-order finite difference
method to discretize (3.1). Let n, m, [ be positive integers, h = zjr‘i

At = % be the time step size, Aa = % be the fractional step size, and consider the partition
ri=a+th, 1=0,1,...,n+1, t; =jAt, j=0,1,...,m

Furthermore, we divide the interval (1, 2) into [ uniform subintervals and denote by A« the
length of such subintervals. The midpoint of each subinterval is given by ap, = 1 + (k — %)Am
k=1,2,...,L

In particular, the matrices under consideration take the form

(87

(3.2) Ao

7;1 = CZTn(gaz) + Cr—1 hAaTn(gocz,l) +---+c hAa(Zil)Tn (gcn )7

where £ is a positive integer, all the coefficients c; are positive, independent of n, and contained
in a specific positive range [c., ¢*| (see [26, Proposition 3.8, Corollary 3.11] for the details
concerning the matrices and the related generating functions). More importantly, all the
functions g, are globally continuous, monotonically increasing in the interval [0, 7], and even
in the whole definition domain [—, 7).

The goal is to exploit the notion of GLT momentary symbols and use it in combination
with the asymptotic expansions derived in a quite new research line (see [19] and the references
therein) in order to have a very precise description of the spectrum of such matrices.

Indeed, under specific assumptions on the generating function f and fixing an integer
v > 0, it is possible to give an accurate description of the eigenvalues of T),(f) via the
following asymptotic expansion:

M(To(f)) = wo(B,n) + hwi(05.0) + h*w2(05,0) + - .. + h"wy (05,0) + Ejn v,

where the eigenvalues of T, ( f) are arranged in ascending order, h = %, and 0;,, = J— = jmh,
forj =1,...,n,and Ej,, = O(h*™) is the error. Moreover, {wy }x=1,2,... is a sequence
of functions from [0, 7] to R. The idea of such procedure is that a numerical approximation of
the value wy(6;,,) can be obtained by fast interpolation-extrapolation algorithms (see [20]
and references therein). In particular, choosing v proper grids 0; ,,, 0 n,, ... 055, With
n>n, > --- > ny, an approximation of the quantities W (0; ) ~ wx(6; ) can be obtained.
In the Hermitian case, we find that w0, coincides with the generating function.

Concerning the example in (3.2), the idea is to link the functions u?:ig“" k=1,...,v,
associated with each c;g,, with the GLT momentary symbols of — h : —~ Tn. More prec1se1y, for
j=1,...,n, fora fixed v, we approximate the eigenvalues of hAa 7; by

(3.3)

1
hee ~ —Aa(l—1
>\j <Aa7;L>NC€gag(jn _|_§ :ht< Oczz ]n 4 E ]n —(1-Aa(e ))>’
i=0—1

t=1


http://etna.ricam.oeaw.ac.at
http://www.kent.edu
http://www.ricam.oeaw.ac.at

ETNA

Kent State University and
Johann Radon Institute (RICAM)

158 M. BOLTEN, S.-E. EKSTROM, 1. FURCI, AND S. SERRA-CAPIZZANO

where, for the sake of notation, we denoted by w;"* the approximation of the ¢th asymptotic
expansion coefficient associated with ¢; g, and the term @ coincides with the evaluations of
CiGo; -

We highlight that the terms in brackets on the right-hand side of the equality act as possible
asymptotic expansion coefficients associated with the GLT momentary symbols g,, of %7}

Note that formula (3.3) can be rewritten in compact form as

h&e v . 1 » s
& (mﬁ) ~ DN (wtf<6j,n>+zwt:1<em)h (1-Aa(e >>>.
t=1 i=t

Hence, it is easy to see that the GLT momentary symbols correspond to taking v of the
asymptotic expansion equal to 1.

In the following we consider the cases where ¢ = 2, ¢ = 5, and ¢ = n as in [26, Section 4]
and confirm at least numerically the conjecture in (3.3) for a fixed v = 4.

3.1. Examples. For ¢/ = 2, A« is %, and the matrix in (3.2) becomes

202 Ty = coTn(Gan) + Clh%Tn(.‘]al)a

where oy = % and oy = %. Exploiting the procedure based on formula (3.3) with v = 4, we
. . . 1
compute an approximation of the eigenvalues of c2T},(ga, ) + 122 T (ga, ) by

a0t O[5 (0,) 4 D Eerga, (0,,0)] + D20 [152(05) + hHa, 03,

t=2

for j = 1,...,n. We consider the cases where n = 100, 500, 1000 using an initial grid with
n; = 10 points, and we compare the aforementioned approximations with those obtained
by the evaluations of the GLT and GLT momentary symbols associated with the sequence
described by the matrices in (3.2).

In Figure 3.1 we can observe that the approximation of the spectrum obtained by com-
puting the evaluations of the GLT momentary symbols is better than that provided by the
evaluations c¢ga, (6;,). Moreover, by combining the notions of GLT momentary symbols
with the asymptotic expansion described before (see Figure 3.2), the approximation errors
are significantly reduced for almost all the eigenvalues. Note that the particular shape of the
asymptotic expansion error depends on the fact that in correspondence with the grid points
0jn,,t=1,...,v, the quantities w;" are calculated exactly by the extrapolation-interpolation
procedure. Moreover, note that the accuracy of the approximation via the combination of
GLT momentary symbols and spectral asymptotic expansion seems to decrease correspond-
ing to the maximum eigenvalue. Actually, this behavior is expected from the theory of the
asymptotic expansion. Indeed, it is a consequence of the fact that the involved symbols are
not trigonometric polynomials, and in particular they become non-smooth when periodically
extended on the real line.

Following the analogous procedure, we consider the case where ¢ = 5 and ¢ = n, which
are associated with Aa = % and Aa = %, respectively. In Figures 3.3 and 3.5 we plot
the approximations of the eigenvalues given by the three presented strategies for ¢ = 5 and
{ = n. Again, we obtain numerical confirmation that the combination of the notions of GLT
momentary symbols and asymptotic expansion provides accurate results even for moderate
sizes, as confirmed by the error plots in Figures 3.4 and 3.6, for n = 100, 500, 1000.
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F1G. 3.1. Approximation of the eigenvalues of %7}, ¢ = 2, by sampling the GLT and GLT momentary
symbols and making use of the momentary asymptotic expansion (MAE) with v = 4, for n = 100, 500, 1000, with

an initial grid of n1 = 10 points.

logy, [Exrors|
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1000

FI1G. 3.2. Absolute errors of the approximation of the eigenvalues of %7} ¢ = 2, by sampling the GLT
and GLT momentary symbols and making use of the momentary asymptotic expansion (MAE) with v = 4, for

n = 100, 500, 1000, with an initial grid of n1 = 10 points.
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FI1G. 3.3. Approximation of the eigenvalues of %Tn, ¢ = 5, by sampling the GLT and GLT momentary
symbols and making use of the momentary asymptotic expansion (MAE) with v = 4, for n = 100, 500, 1000, with
an initial grid of n1 = 10 points.

The good outcome of the presented numerical tests gives ground to a finer analysis of
the spectral features of the matrices considered in the case left open in [26]: indeed the
analysis in [26] concerns the case where the integral partition width is given by a fixed value
¢, independent of the space discretization step h = er‘i, while in the present setting we
consider the more difficult case in which the integral partition width is asymptotic to the
adopted discretization step, that is, when in formula (3.2) we take o = 1 + (k — %)Aa,
k=1,2,...,L

Moreover, efficient and fast algorithms which exploit the concept of momentary symbols
can be studied for computing the singular values and eigenvalues of T,,(f) with its possible
block and variable coefficients generalizations, and this will be investigated in the future.

4. Concluding remarks. The main focus of this paper has been the characterization of
the spectrum and the singular values of the coefficient matrix stemming from the approximation
with space-time grids for a parabolic diffusion problem and from the approximation of
distributed-order fractional equations. For this purpose we employed the classical GLT theory
and the new concept of GLT momentary symbols. The first has permitted us to describe
the singular value or eigenvalue asymptotic distribution of the sequence of the coefficient
matrices. The latter has permitted us to derive a function able to describe the singular value or
eigenvalue distribution of the matrix of the sequence, even for small matrix sizes, but under
given assumptions. In particular, we exploited the notion of GLT momentary symbols, and we
used it in combination with the interpolation-extrapolation algorithms based on the spectral
asymptotic expansion of the involved matrices.
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FI1G. 3.4. Absolute errors of the approximation of the eigenvalues of %7} ¢ = 5, by sampling the GLT
and GLT momentary symbols and making use of the momentary asymptotic expansion (MAE) with v = 4, for

n = 100, 500, 1000, with an initial grid of n1 = 10 points.
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FIG. 3.5. Approximation of the eigenvalues of %7’”, { = n, by sampling the GLT and GLT momentary

symbols and making use of the momentary asymptotic expansion (MAE) with v = 4, for n = 100, 500, 1000, with
an initial grid of n1 = 10 points.
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FIG. 3.6. Absolute errors of the approximation of the eigenvalues of %7}, ¢ = n, by sampling the GLT
and GLT momentary symbols and making use of the momentary asymptotic expansion (MAE) with v = 4, for
n = 100, 500, 1000, with an initial grid of n1 = 10 points.

Many questions remain, and below we list some open problems to be considered in future
research.

e More examples of the use of GLT momentary symbols in non-Toeplitz settings.

e The application of GLT momentary symbol in a pure Toeplitz setting but of very
involved nature, like that expressed in relation (3.2). The use of GLT momentary
symbol for the analysis of efficient iterative solvers, also of multigrid type, of linear
systems, as those appearing in (2.1) also with the inclusion of variable coefficients.
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