Bounds for the decay in matrix
functions and its exploitation in
matrix computations

2 =%

N
I\
N

Dissertation

Bergische Universitat Wuppertal
Fakultat fur Mathematik und Naturwissenschaften

eingereicht von
Claudia Schimmel, M. Ed.
zur Erlangung des Grades eines Doktors der Naturwissenschaften

Betreut durch Prof. Dr. Andreas Frommer

Wuppertal, 01.10.2019



The PhD thesis can be quoted as follows:

urn:nbn:de:hbz:468-20200121-115408-5
[http://nbn-resolving.de/urn/resolver.pl?urn=urn%3Anbn%3Ade%3Ahbz%3A468-20200121-115408-5]

DOI: 10.25926/sygx-rm09
[https://doi.org/10.25926/sygx-rm09]



Abstract

It is known that in many functions of large and sparse matrices the entries exhibit
a rapid decay such that most of them are very small in magnitude. It is possible
to give upper bounds for the magnitude of the entries which capture this decay
without actually computing the matrix function, called decay bounds. In this thesis
we derive new decay bounds for special types of matrices and functions, including
the inverse as an important special case. In addition, based on the results for
the inverse, we formulate decay bounds for Cauchy—Stieltjes functions of certain
classes of matrices. The superiority of the new bounds compared to bounds from
the literature is shown and illustrated in numerical experiments.

Furthermore, we discuss the practical relevance of this decay property. In particu-
lar, the decay in matrix functions reveals the existence of a sparse approximation.
We exploit the decay property in order to compute sparse approximations and the
trace of matrix functions, where decay bounds can be used for an error analysis.
The resulting methods are compared to previous approaches from the literature
and numerical examples show the effectiveness of the proposed methods.
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Chapter

Introduction

For a given scalar function f and a square matrix A it is possible to define a
matrix f(A) such that it provides a useful generalization of the scalar function
f(z) with argument z € C. Those matrices f(A) are called matriz functions
or functions of matrices. One of the most important and popular special case
is given by the matrix inverse A~ generated by the scalar function f(z) = 27!
which arises in many areas of numerical linear algebra, e.g., in the solution of
systems of linear equations. Furthermore, lots of other matrix functions play an
important role in plenty of applications. The matrix function f(A) = exp(A) is
frequently used for the numerical solution of time-dependent differential equations
or the analysis of dynamical systems [40]. In addition, it is an important tool for
the analysis of networks, as well as the resolvent, generated by the scalar function
f(z) = (o — 2)7! with a € C [29, 30, 31]. The matrix sign function f(A) =
sign(A) has important applications in control theory [40, 82] and lattice quantum
chromodynamics [14, 74, 103]. Inverse fractional powers f(A) = A™* with « €
(0,1) are strongly related to the matrix sign function and arise in generalized
eigenvalue problems [75, Section 15.10] and fractional differential equations [16].
An abundance of further applications of matrix functions can be found in [53,
Chapter 2].

In this thesis we assume that the considered matrices A are large and sparse. Since
we only deal with square matrices, we denote with an n-dimensional matrix (or
a matrix of dimension n) a matrix of size n x n. While matrices of dimension n
in general have up to n? nonzero entries, we say that an n-dimensional matrix
is sparse if it only contains O(n) nonzero entries. In a less stricter definition,
a matrix A is sparse if it is gainful to use a special storage format which only
considers the nonzero entries of A and if it is profitable to make use of the sparsity
of A in matrix computations like the computation of Av for a given vector v. If
a matrix is not sparse, we call it dense. Sparse matrices naturally arise in plenty



1 Introduction

of applications like in the discretization of continuous problems. For example,
a D-dimensional partial differential equation of second order can be discretized
by using a (2D + 1)-point stencil on a uniform lattice, where every central point
couples with its two nearest neighbors in each dimension of the lattice. This results
in a discretized problem including a matrix with only 2D + 1 nonzero entries per
row. Furthermore, lots of important types of graphs or networks result in sparse
adjacency matrices, e.g., if the graph is planar or if the maximal degree of the
graph is bounded. The consideration of large and sparse matrices leads to two
crucial problems in the computation of matrix functions:

1. The computation of f(A) has in general a cost of O(n?) for an n-dimensional
matrix A. Thus, the computation of f(A) is very expensive for large matrices.

2. The matrix f(A) is dense (apart from certain special cases) such that it is
not possible to store f(A) for large dimensional problems, while this was
possible for the sparse matrix A.

For large and sparse matrices A most of the past and current research deals
with the problem of computing f(A)v for a given vector v without computing
f(A) explicitly, see, e.g, [36, 40, 53, 54]. This is motivated by the fact that the
computation of f(A) is way to costly and that in many applications only a vector
f(A)v is needed instead of of the whole matrix f(A). For example, the solution
of a system of linear equations Ax = b is given by the vector A='b and we do
not explicitly require the matrix A=!. On the other hand, even if we concede
the high computational cost of computing f(A), the storage problem still remains
which makes the computation of f(A) impossible. The goal of this thesis is
to fix the occurring two problems for some types of large, sparse matrices by
exploiting a phenomenon which is called decay in matriz functions. A possible
consequence of such a decay in matrix functions is that most of the entries of f(A)
are very small in magnitude (and therefore negligible) and that the remaining
important parts in f(A) are only given by O(n) entries. Hence, this phenomenon
reveals the possibility for the computation of a precise but sparse approximation
of the dense matrix f(A). In this thesis we will provide the theoretical basis for
this phenomenon, given by decay bounds of matrix functions, which solves the
illustrated storage problem in some cases. In addition we propose efficient ways
for the computation of f(A) (or more precisely a sparse approximation of f(A))
for large, sparse matrices A.

This thesis is organized as follows: In order to make our work as self-contained
as possible we first present some basic material in Chapter 2. This especially
includes the formal definition of matrix functions and some computational aspects
associated with large and sparse matrices A. The results of this thesis are then
given in Chapter 3 and Chapter 4. In Chapter 3 we introduce decay bounds for
matrix functions which are the theoretical basis for the results in Chapter 4. In



particular, in Chapter 3 we introduce some known results from the literature,
as well as new results for special types of functions and matrices. Some of our
results in Chapter 3 have already been published in [38] and [39]. In Chapter 4 we
then exploit the decay in f(A) for certain matrix computations associated with
matrix functions as the computation of a sparse approximation of f(A) with low
computational cost. Furthermore, an important part of this chapter is devoted
to the use of the results of Chapter 3 for the computation of the trace of matrix
functions without computing f(A) explicitly. In Chapter 5 we summarize the
results of this thesis and give concluding remarks on possible future research
topics.






Chapter

Review of basic material

This chapter gives an overview of basic definitions and properties required for the
development of the results in this thesis. We start with fundamental definitions
and properties of general matrix functions, and we subsequently discuss important
aspects and problems arising in the computation of functions of large and sparse
matrices in particular. In Section 2.2 we review the classical terminology of graph
theory and present the intimate relation between graphs and matrices which will
be useful throughout this thesis. In addition, this relation yields an important
application of functions of matrices in network analysis. Concluding this chapter,
we introduce certain types of minimal polynomials which are fundamental for the
development of the results in Chapter 3.

2.1 Functions of matrices

In this section we define the matrix function f(A) € C"*" for a given scalar
function f and a matrix A € C"*" such that f(A) represents a meaningful gen-
eralization of the scalar variable f(z) for z € C. For example, for f(z) = 27!
and the corresponding matrix function f(A) = A~! we want the matrix products
AA™! and A7 A to be the identity element I in C™*", i.e, f(A) should result in
the classical matrix inverse of A. Similarly, for a square root AY? of a matrix A
we expect the relation (A'/2)2 = A. In addition, if f is a polynomial or in general
if f has a power series expansion f(z) = Y. ax(z — )* for |z — a| < r, then it

k=0
seems to be natural to define
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under some conditions on A with respect to the set of convergence. There are
several equivalent definitions for functions of matrices fulfilling these requests and
which give a meaningful definition for general scalar functions f. We present
three of those definitions in Section 2.1.1. They directly provide ways for the
computation of the matrix f(A) which are especially not feasible for large and
sparse matrices A. Hence, we discuss some computational aspects in particular
for functions of large and sparse matrices in Section 2.1.2.

2.1.1 Basic definitions

The following definitions and results mainly follow the presentation in [53, Chapter
1]. An overview of functions of matrices can also be found in [40, 48, 55].

A matrix A € C™" can be expressed in Jordan canonical form A = WJW !, with

a nonsingular matrix W € C™*™ and a block diagonal matrix J = diag(.Ji, ..., J,),
with Jordan blocks J;, of the form
Aip, 1
Jk: _ )\zk - c ka ka’
SO
iy
where );, is an eigenvalue of A and m; +mo+---+m, =n. Let A\j,...,A;, s <p

be the distinct eigenvalues of A, then n; denotes the size of the largest Jordan
block corresponding to the eigenvalue )\; and we call n; the index of ;. Now, a
function f is said to be defined on the spectrum of A if the values

f(])(Az), j:O,...,ni—l, Z':17.._,8

exist. With these notations we give the following definition of matrix functions.

Definition 2.1. Let A € C™" be given in Jordan canonical form A =
WJW =1 and let f be defined on the spectrum of A. Then we define

f(A) = WHNW =W diag(f(), ... [(J)W T, (2.1)
with .
FO0) FOw) o S
f(Ji) = Fa) : € CmExm,
f'(A)

where )y is the eigenvalue corresponding to the Jordan block Jj.




2.1 Functions of matrices

Definition 2.1 reveals an important spectral property of matrix functions: The
eigenvalues of f(A) are given by f(\;) since f(A) is similar to the triangular
matrix f(J) with diagonal entries f()\;). In addition, for a diagonalizable matrix
A the Jordan canonical form reduces to the eigendecomposition A = WAW !,
where A = diag(\y,..., A,), thus

f(A) = WFAW = W diag(f(M), ..., f(A)) W,

so the eigenvectors of A coincide with those of f(A) for diagonalizable matrices A.
For general matrices, every eigenvector of A is also an eigenvector of f(A) which
can be easily seen due to the following equivalent definition of matrix functions.

Definition 2.2. Let f be defined on the spectrum of A € C"*" and let the
minimal polynomial of A be of degree m. Then we define f(A) := p(A), where
p is the unique polynomial of degree less than m that satisfies the interpolation
conditions

PPN =fO0N), j=1...m—1 i=1..s,

and p is called the Hermite interpolating polynomial.

With Definition 2.2 we directly see a further important property: Every matrix
function is a polynomial in A and only depends on the values of f (and derivatives
of f) on the spectrum of A. If f has a power series of the form

f(z) = Z ar(z — a)”

for |z — a| <, then f(A) can be expressed as

F(A) = ar(A—al)

if 0(A) C {z € C: |z —«a| < r} (see, e.g., [53, Section 4.7]). However, an
interesting consequence of Definition 2.2 is that f(A) is also expressible as a
polynomial of degree at most n — 1.

Our last definition of matrix functions is based on the Cauchy integral formula for
analytic functions f. In this definition we have stricter conditions on the function
f compared to Definitions 2.1 and 2.2 but in contrast to these definitions it can
be directly generalized to operators on infinite-dimensional spaces.
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Definition 2.3. Let A € C"*" be a complex matrix and let f be analytic on
a region © C C containing o(A). Let I" be a closed contour in €2 that encloses
o(A), then we define

1
27

f(A): /Ff(t)(tl — A)7lat.

This definition based on an integral expression of f is not restricted to the Cauchy
integral formula. If f has another integral expression, e.g., a Stieltjes integral
expression, then f(A) can be defined in the same manner as in Definition 2.3.
This will be an important fact at some points throughout this thesis.

The following result reveals the equivalence of the introduces definitions.

Theorem 2.4. Let A € C™" be a complex matriz and let f be defined on o(A).
Then the Definitions 2.1 and 2.2 are equivalent. If f fulfills the conditions of
Definition 2.3, then Definition 2.3 is equivalent to Definitions 2.1 and 2.2.

Proof. See, e.g., [53, Theorem 1.12] and [55, Theorem 6.2.28]. O

2.1.2 Computational aspects

An obvious way to compute the matrix f(A) directly follows from Definition 2.1
of Section 2.1.1. If A can be expressed as A = WBW ™!, such that f(B) is easily
computable, we use the relation

fA) =W f(B)W.

For diagonalizable matrices we can use the eigendecomposition A = WAW ™!
where f(A) is just given by f(A) = diag(f(A\1),..., f(A.)). If the matrix W is
ill-conditioned or for general matrices, the Schur decomposition A = WTW# can
be used instead and the problem of computing f(A) reduces to the problem of
computing f(7") for an upper triangular matrix 7" where the entries [f(T)];; can be
computed recursively [53, Theorem 4.11]. This method is in general not feasible
for large matrices, due to the high computational cost for determining a suitable
decomposition of A. The high computational cost for large matrices A is also
apparent for other direct techniques for computing f(A). Further direct methods
for the computation of f(A) for small matrices A can be found in [53, Section 4]
and [40].



2.1 Functions of matrices

Another well known problem in the computation of matrix functions for large
and sparse matrices A is the (in general) full structure of f(A). This results in
the problem that we are not able to store the matrix f(A) while this is possible
for the sparse matrix A. However, in many applications only the vector f(A)v
or the bilinear form vff(A)v for a given vector v € C" is needed instead of the
whole matrix f(A). A familiar application is, e.g., the solution of systems of linear
equations Az = b, where z = f(A)b, with f(z) = 27!, Similar to iterative solvers
for systems of linear equations, there exist iterative methods for the computation
of f(A)v and viIf(A)v for general functions f. The most important iterative
methods for computing those quantities belong to the class of Krylov subspace
methods. We now consider the so-called Arnoldi/Lanczos approximations of f(A)v
and vfIf(A)v, based on the Arnoldi/Laczos process.

The Arnoldi process provides a matrix V,, € C"™ and an upper Hessenberg
matrix H,, € C"™™ with H,, = VW?AVm, m < n, where the columns of V,,, form
an orthonormal basis of the Krylov subspace K,,(A, v) := span{v, Av, ..., A" v}
The Arnoldi algorithm is presented in Algorithm 2.1. In line 8 of Algorithm 2.1
the case hji1; = 0 is considered and it can be shown that this condition is
fulfilled if and only if the Krylov subspace K;(A,v) is invariant under A, i.e., if
Kir(A,v) = K;(A,v) for k > j; see [85, Proposition 6.6].

Algorithm 2.1: Arnoldi’s method.
Input: Matrix A, vector v and number of iterations m.

— 1
U= oY
for j=1,...,mdo
’UJj = AUj
for:=1,...,5do
hij = vfhw;
U)j = ’LU]' — hiJ'Ui
end
R = [Jw;ll2
if hj—l—l,j = (0 then
‘ stop
end

© 00 N O Tk W N R

P
= O

1
Vig] = ——W;
THL T Ry, I

end

[y
N

[
w

If A is Hermitian, the Arnoldi algorithm simplifies to the Lanczos process and
only the last two computed basis vectors v; and v;_; are required for computing
the current vector vji;, i.e., there is a three-term recurrence relation for the
basis vectors. This can be easily seen by the fact that the Hessenberg matrix
H,, = VHAV,, is Hermitian if A is Hermitian, hence, H,, is tridiagonal and
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therefore h; ; = 0 for i < j — 1. Because of the tridiagonal structure of H,, in the
Lanczos process this matrix is sometimes denoted as T;, in the literature. In the
following we maintain the notation H,, for ease of presentation. Algorithm 2.2
presents the Lanczos process for Hermitian matrices A.

Algorithm 2.2: Lanczos method.
Input: Hermitian matrix A, vector v and number of iterations m.

_ 1
101 = R
2 h170 =0
3 forj=1,....,mdo
4 U)j = AUJ‘ — th,lUj,l
5 th‘ = Uf[wj'
6 | wj=wj— ;v
7| Ry = llwl
8 if hj—l—l,j = (0 then
9 stop
10 end
_ 1 ‘
11 Vj41 = ey W
12 end

With the resulting matrices V,,, € C**™ and H,, € C™™ and by denoting with
ey the first canonical vector of evident size, the Arnoldi/Lanczos approximations
of f(A)v and vf(A)v are given by

F(A)0 = Vi f (Hu) Vo = [[0ll2Vin f (Hin)ex (2.2)

and
v (A)v = o™V f(H) Vi = Jo]l3el f(Hm e, (2.3)

provided that f is defined on o(H,,). These approximations are exact if the Krylov
subspace KC,,,(A, v) is invariant under A. Such an m can be very large in general
(indeed at most n which immediately follows from the Cayley-Hamilton theorem),
so we hope to obtain a good approximation of these quantities for a small number
of iterations m. Then the large problem of size n is reduced to a problem of size
m and f(H,,) can be computed by a direct method.

For the inverse, the proposed approximation of f(A)v leads to the Full Orthog-
onalization Method (FOM) for linear systems Ax = b. This choice for an m-th
iterate realizes the condition that the m-th residual r,, := b — Az, is orthogonal
to the Krylov subspace K,,(A, o). If A is in addition Hermitian positive definite,
we have the additional property that the m-th iterate minimizes the error in the
A-norm over the subspace IC,,,(A, rp), i.e., we obtain the conjugate gradients (CG)
method. All these properties and further Krylov subspace methods for solving
linear systems can be found in [85].

10



2.1 Functions of matrices

Before we discuss some interesting properties of these approximations for general
functions f, we give some remarks on the choice of the number of iterations m.

Remark 2.5. The simplest way to abort the process is to stop, when two iterates
differ less than a given threshold. In this case we need to compute the matrices
f(Hy) for k =1,...,m in every iteration step. Of course, this is not desirable but
this can be done without further restrictions. For Hermitian matrices, an iterative
algorithm for determining |e! f(Hy)e; — el f(Hy_1)es| in step k of the Lanczos
process is described in [18] without computing f(Hy) or f(Hg_1) explicitly.  ©

Remark 2.6. Another and computationally better possibility is to choose the
number of iterations based on error bounds for the m-th iterate of the Arnoldi/Lanc-
zos process. There exist numerous a priori and a posteriori bounds for the error
| f(A)v —||v||2Vinf (Hp)er||2 for certain classes of functions and matrices (see, e.g.,
[37, 40] for rational functions, [54, 84] for the exponential or [88] for Stieltjes
functions). Of course, these bounds can be used for the bilinear forms vf(A)v
as well and we obtain error bounds for the m-th iterate based on error bounds for
the Arnoldi/Lanczos approximation of f(A)v since

[0 f (Ao — [[v]lze’ f(Hm)er| = [ f (A)v — [0]l2v™Vin f (Himer]
< lollz [1F (Ao = ([vll2Vinf (Hm)eall2. (24)

However, in some cases more accurate error bounds can be derived for the approx-
imation of bilinear forms by using the relation to Gauss quadrature, which will be
discussed in the following. Error bounds based on this relation are for example
given in [18] for the Lanczos approximation of vff(A)v for Hermitian matrices A.
o

Now, we review some interesting properties of the approximations (2.2) and (2.3).

Theorem 2.7. Let A € C"™" be a complexr matriz and let V,, and H,, be the
matrices obtained by m steps of the Arnoldi process. Then the approzimation (2.2)
is exact for polynomials of degree at most m — 1, i.e.,

pk(A)v = ||v]|2Vipe(Hm)er, k=1,...,m— 1.

In addition,
[v][2Vin f (Hm)er = pm-1(A)v,
where p,,_1 1s the unique polynomial of degree at most m — 1 that interpolates f

on the spectrum of H,,.

Proof. See [53, Lemma 13.4 and Theorem 13.5]. O

11
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With Theorem 2.7 the exactness for polynomials of degree m —1 for m steps of the
Arnoldi/Lanczos process directly transfers to the Arnoldi/Lanczos approximation
of vHf(A)v. However, we can establish better exactness results in this case,
especially for Hermitian matrices based on the relation between bilinear forms
vHf(A)v and Riemann-Stieltjes integrals which we will discuss in the following.
For a detailed overview of the computation of bilinear forms and the connection
to Riemann-Stieltjes integrals and Gauss quadrature see [47] and the references
therein.

For a Hermitian matrix A € C"*", we have an eigendecomposition
A=UAU",

where U € C"*" is a unitary matrix whose columns are the normalized eigenvectors
of A and A € R™" a diagonal matrix with the eigenvalues of A ordered as
A1 < Ay < ... <\, on the diagonal. We have

WﬂﬂvzﬁWﬂMU%ZUWMWZEZNMWW (2.5)

with v = UMv. Now, the last expression can be interpreted as the Riemann-

Stieltjes integral
An

fA)da(X) (2.6)

A1

where the function « is given as

0 it A<\
a(N) = ¢35 P A <A< Ay
STl A A <A

Hence, (2.5) can be approximated by applying Gauss quadrature to the integral
(2.6), i.e.,

An

V(A = f@ﬁaﬂ)%ijJ@0+§:%f@07 (2.7)

A1

where the weights [w;][}, [v;]}Z, and the nodes [t;]Y, are unknowns, and the nodes
[2;]}L, are prescribed. For M = 0 we just have the Gauss rule with no prescribed
nodes. The choice M =1 and z; = A\ or z; = \, leads to the Gauss-Radau rule,
and for M = 2 with z; = A\ and 2z, = \,, we obtain the Gauss-Lobatto rule. Since
the eigenvalues of A and therefore o are not explicitly known, we use the following
relation between Gauss quadrature and the Lanczos process.

12



2.1 Functions of matrices

Theorem 2.8. Let A be Hermitian and H,, be the matriz obtained by m steps
of the Lanczos process with respect to A and v, where ||v]|a = 1. Then the Gauss
quadrature approzimation of (2.6) with N =m and M =0 is given by

N
S wif(t) = e f(Hpe
i=1

Proof. See [47, Theorem 6.6]. O

The same statement holds for the Gauss-Radau and Gauss-Lobatto rule with
modified matrices H,,1 (see [47, Section 6]). For example, for the Gauss-Radau
rule we have to extend the matrix H,, in such a way that it has an additional
prescribed eigenvalue A\; or \,. For having an additional eigenvalue A\, we need
to solve the system (H,, — Az = [(%e,, where 3, is the norm of the last
orthogonalized vector in the Lanczos process before normalization. Then the
matrix H,,., is given by

7 o Hm ﬁmem
Hmir = ( Bmel XN+, ) '

For the Gauss-Lobatto rule we need to prescribe the two additional eigenvalues
A1 and A,.

Under certain conditions, the approximation (2.7) is an upper or a lower bound
for the bilinear form vff(A)v: If f@V(£) > 0 for all n and ¢ € (A, \,,) then the
approximation (2.7) provides a lower bound if the Gauss rule is used and an upper
bound in the case of the Gauss-Lobatto rule. For the Gauss-Radau rule an upper
bound can be obtained with z; = A, if f@"*1(¢£) < 0 for all n and € € (Mg, \,).
With z; = A, we compute a lower bound. For example, when f is completely
monotonic, i.e., when f satisfies

(=1)Ff®(2) >0 for all k € Ny and z € RT,

then all these conditions are fulfilled if A is Hermitian positive definite. Examples
of completely monotonic functions are obviously given by f(z) = 271 or by f(2) =
exp(—az) with a > 0. In Section 3.3 we introduce the important class of Cauchy—
Stieltjes and Laplace-Stieltjes functions. It can be shown that every Cauchy-
Stieltjes function f : Rt — R is completely monotonic and that a function
f : RT™ — R is completely monotonic if and only if it can be expressed as a
Laplace—Stieltjes integral [13]. Hence, it is possible to compute upper and lower
bounds for the Lanczos approximation of v#f(A)v for a large class of functions.

Since the Gauss quadrature rule (2.7) is exact for polynomials of degree 2N —1 (see
[47, Section 6.2]) the approximation (2.3) is exact for v f(A)v if f is a polynomial

13
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of degree at most 2m — 1. Because of the additional prescribed quadrature nodes
in the Gauss-Radau and Gauss-Lobatto rule, these quadrature rules are exact
for polynomials of degree 2N and 2N + 1, respectively, which directly lead to
exact approximations for polynomials of degree at most 2m and 2m + 1. These
exactness results establish an approximately twice as fast convergence of the
Lanczos approximation of vf(A)v compared to the approximation of f(A)v. In
addition, we do not need to store the whole (dense) matrix of basis vectors V,,
since the basis vectors can be normalized with only two previous basis vectors and
the matrix V;, does not appear in the Lanczos approximation of vff(A)v. For
non-Hermitian matrices, an exact result can be obtained for polynomials of degree
at most 2m — 1 by using the nonsymmetric Lanczos process with m iterations (see
[47, Section 8.1]) but in return two matrix-vector products with respect to A and
A are required in every iteration step, which overall leads to the same number of
matrix-vector products as for the Arnoldi process with 2m steps. For the Arnoldi
approximation (2.3) we obtain an exact result for polynomials of degree at most
m, which directly follows from the equality

vg(A)Tf(A)o = ef g(Hu)"f (Hpn)er for all (g, f) € Wiy,

from [17, Theorem 2.2] where W,, = (P,,,_1 @ P,,) U (P, ® Pr,—1). By setting
g(z) = 1, we have the claimed exactness.

The computation of bilinear forms v*f(A)v will be an important part in Section 4.4
and is therefore summarized in Algorithm 2.3.

Algorithm 2.3: Arnoldi/Lanczos approximation of v#f(A)v.
Input: Matrix A, vector v and number of iterations m.
Set ¥ = ——v
[[v]]2
if A is Hermitian then
3 Run m iterations of the Lanczos process with respect to A and v and
compute the tridiagonal matrix H,, for the Gauss rule or a tridiagonal

matrix H,,,, for the Gauss-Radau or Gauss-Lobatto rule.
4 else

Run m iterations of the Arnoldi process with respect to A and v and

compute the Hessenberg matrix H,,.
end

N =

(=]

Compute ||v||2ef f(H,,)er (or ||v||3eT f(H,py1)er, respectively).

~

2.2 Graph theory

Throughout this thesis we will often use connections between properties of a matrix
A and the corresponding graph G(A) or vice versa. Therefore, in this section

14



2.2 Graph theory

we introduce central definitions and results from graph theory. For an elaborate
introduction into graph theory and graph algorithms see, e.g., [28, 32, 60, 100, 105].
Classical and well-known definitions for graphs are embedded in the running text
while new or modified definitions are emphasized.

A graph is defined as an ordered pair G = (V, E') where V is a set of nodes and
is a set of edges. We distinguish between directed and undirected graphs. In an
undirected graph, the edges have no orientation and are therefore defined by an
unordered pair of nodes {v, w} where v,w € V. For an edge {v,w} € E, the nodes
v and w are said to be adjacent and v and w are incident to the edge {v, w} and
vice versa. Similarly, two edges are called adjacent if they share a common vertex.
The degree deg(v) of a node v is defined as the number of adjacent nodes and
A(G) := max{deg(v) : v € V'} defines the maximum degree over all nodes v in G.
In a directed graph (or digraph), the edges are defined by an ordered pair of nodes
(v, w) so that now an edge between two nodes has a direction. Every undirected
graph can be considered as an directed graph by replacing every (undirected)
edge {v, w} by two (directed) edges (v, w) and (w,v). In the undirected graph |G|
corresponding to a directed graph G, every edge (v, w) is replaced by an undirected
edge {v,w}. For an undirected graph G we set |G| = G. The indegree deg;, (v) of
a node v in a digraph G = (V, E) is defined as the number of edges ending in v,
i.e., the number of edges (w,v) € E. Similarly, the outdegree deg,,.(v) is defined
as the number of edges beginning in v, i.e., the number of edges (v, w) € E.

We define a walk of length &k from node v; to vgy; in a graph (digraph) G as
a sequence of nodes (vy,...,vg41), where {v;,v;11} € E ((vi,v41) € F) for i =
1,..., k. A walk is closed, if v; = vg1. A path of length £ from vy to vgyq in G is
a walk (v1,...,Uk41), where v; #vj for 4,5 =1,...,k+ 1. The geodesic distance
d(v, w) of two nodes v, w € V is the length of the shortest path from v to w in G.
We set d(v, w) =0 for v = w and d(v, w) = oo if v # w and there is no path from
node v to node w. Of course, for undirected graphs we have d(v, w) = d(w,v) for
all v,w € V which in general is not true for directed graphs.

Definition 2.9. The undirected distance d(v,w) of two nodes v,w € V in
the graph G = (V, E) is the length of the shortest path connecting nodes v
and w in |G|.

For the defined distances the relation

d(v,w) < min{d(v,w), d(w,v)} (2.8)

holds, where equality always holds for undirected graphs since d(v, w) = d(v, w) =
d(w,v), while a strict inequality is possible for undirected graphs as demonstrated
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2 Review of basic material

in a simple example in Figure 2.1. The diameter of a graph G = (V, E) is defined
as

diam(G) = maxd(i, j).

i,jev

For a graph G we define the corresponding adjacency matrix A(G) as follows.

Definition 2.10. Let G be a graph with nodes V' = {1,...,n} and edges E.
The adjacency matrix of G is a matrix A(G) € {0,1}"*" with entries

1if (i,5) € Eori = j

0 else .

[A(G)]i; = {

This definition slightly differs from most classical definitions of adjacency matrices
of graphs. In Definition 2.10 the whole diagonal of A(G) is nonzero while in
classical definitions a diagonal entry is nonzero if and only if the corresponding
node has a self loop. Of course, in most applications it is important to store this
self loop information. In this thesis it will be more important to have the following
relation between the powers of the matrix A(G) and the distances of the nodes in
G which requires an adjacency matrix as defined above.

Let A := A(G) be the adjacency matrix of a graph G. Of course, an entry a; ;, i # j
of A indicates whether the nodes ¢ and j are adjacent, i.e., whether there is a walk

of length one between these nodes. Similarly, an entry [A%];; = > a;pay; of A?
k=1

gives us the information whether there is a walk from 7 to j with l_ength two. In
general, we have

[Ad]ij = Z Z Ce Z Qi) Ay kg + + + Qg1 5 7é 0

ki=1ko=1  kg_1=1

if and only if there is a walk from i to j with length d. If the adjacency matrix
A is defined in the classical way, the entry [A%);; is in addition the number of
walks between ¢ and j with exactly length d. On the other hand, if we define
the adjacency matrix A as in Definition 2.10 the entry [A%);; not only gives the
information whether there is a walk between ¢ and j with ezactly length d, it
indicates if there is a walk between ¢ and j with length at most d, due to the
nonzero diagonal entries which represent artificial self loops. Now, since a walk
with length at most d between ¢ and j also implies a path between ¢ and j with
length at most d, we have the following relations between the powers of the
adjacency matrix A(G) and the distances of the nodes in the graph G.

16



2.2 Graph theory

(D—0—=()

Figure 2.1:  Directed Graph with Figure 2.2: Undirected Graph from Ex-
d(v,w) = d(w,v) = oo and d(v, w) = 2. ample 2.12.

Lemma 2.11. Let G be a graph and A := A(G) the corresponding adjacency
matriz as defined in Definition 2.10. Then for d > 1 the following equivalent
statements hold:

(i) [A%:; = 0 if and only if d(i,7) > d.
(ii) [A%;; # 0 if and only if d(i,j) < d

These statements do not hold if the adjacency matrix A is defined in the classical
way which is illustrated in the following example.

Example 2.12. Let G = (V, E) be an undirected graph with V' = {1,2,3,4} and
E = {{1,2},{2,3},{3,4}}. G is illustrated in Figure 2.2. For the distances of
the nodes in G we have d(1,2) = d(2,3) = d(3,4) =1, d(1,3) = d(2,4) = 2 and
d(1,4) = 3. There are no self loops in G, hence the classical adjacency matrix

A(G) is given by

01 00

~ 1010

AlG) = 01 01

0 0 1 0

and therefore } )
1010

s 2 (002 01

A(G)” = 1020

01 0 1

Now, [A(G)Y12 = [A(G)Yss = 0 and d(1,2) = d(2,3) = d(3,4) < 2, so
Lemma 2.11 does not hold for A = A(G) and d = 2. In contrast if A = A(G) is
given by

1 1 00
1 1 1 0
A(G> 10011 1|
0 011
then
2 210
, |2 321
A(G) 1 2 3 2|
01 2 2
and Lemma 2.11 holds for A = A(G) and d = 2. o

17



2 Review of basic material

For the classical adjacency matrix A = A(G) we only have the implication d(i, j) <
d if [AY);; # 0 and [A%);; = 0if d(4, ) > d, respectively, i.e., if [A?];; = 0 we cannot
guarantee that d(i,j) > d.

However, the classical adjacency matrix is an important tool in network analysis
[29]. A graph is sometimes called a network if it stems from the modeling of a real
world problem. Examples are railway networks, road networks or social networks.
Oftentimes, a problem is modeled by a weighted graph or network where weights
are assigned to the edges representing, e.g., lengths, costs or capacities. Definitions
like the length of a walk or distances between nodes can be adapted by considering
the weights of the edges. In the analysis of networks, functions of matrices play
an important role as we will see in the following.

In network analysis quantities of interest are, e.g., the centrality or connectivity
of nodes. Those centrality or connectivity measures are used for rating the “im-
portance” of nodes and links between them in a network. The simplest way of
rating the centrality of a node is given by the degree centrality, where nodes with
high degree are more important or central than nodes with low degree. Such a
centrality measure is easily available but it does not capture the global structure of
the network. Hence, further quantities for the centrality of a node considering the
global structure of the graph were developed [29, 30, 31]. The so called subgraph
centrality of a node ¢ is given by

SC(i) := [exp(A)]i

where A is the classical adjacency matrix of the network. To see why this measure
might be an appropriate (global) quantity for rating the centrality of a node, we
write

lexp(A)]; = Z [Ak!]i’i,

k=1

i.e., the i-th diagonal entry of the exponential of an adjacency matrix of a network
is the sum over the number of closed walks with length k for node ¢ in which the
number of walks with length k is weighted by the factor % The scaling factor
represents the fact that shorter walks are typically more important than longer
walks since information can be passed more quickly and efficiently through short

walks. The sum over all nodes of the subgraph centrality is known as the Fstrada

Index .
FE(G) := tr(exp(A ZZ A Jis

=1 k=0

which is often used for normalization purposes. With this centrality measure based
on the exponential, the structure of a network is represented more comprehensively
than by just considering direct neighbors. Instead of using the scaling factor - it
is possible to assign other decreasing weights ¢, > 0. Then, if > 77 cp® converges
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2.2 Graph theory

for |z| < p(A), where p(A) is the spectral radius of the adjacency matrix A, the
f-centrality of a node ¢ is given by

for a function

f(z) = chzk. (2.9)
k=0
An important function for the f-centrality of a node besides the exponential is
given by the resolvent. The resolvent centrality of a node ¢ is defined as

RC(i) = [(a — A) Yy = i a~ D [4F);;,

where a > max{1, p(A)}.

Besides the centrality of a node, the communicability between two nodes ¢ and
7 does also play an important role in the analysis of networks. Similar to the
definition of the f-centrality, the f-communicability of two nodes is defined as

[ (A)is,

for a function f with power series (2.9). The (i, j)-entry then represents the
sum over the number of walks with length k& from node ¢ to j in which the
number of walks with length k is scaled by ¢,. Again, important examples for
f-communicability of two nodes are induced by the exponential and the resolvent.
Hence, these measures in graph and network analysis illustrate an important
application for functions of large, sparse matrices.

So far, we defined matrices A(G) corresponding to a network or graph G. The
other way around, we can define a graph G(A) corresponding to a matrix A. The
(directed) graph G(A) = (V, E) corresponding to a matrix A € C"*" is defined
by the set of nodes V' = {1,...,n} and the set of edges F = {(i,j) € V x V :
a;; # 0,1 # j}. The corresponding undirected graph |G(A)| is given by the tuple
(V,1E]) with |E| = {{i,j} : (i,j) € E}.

Definition 2.13. We call a matrix A structurally symmetric if G(A) = |G(A)|.

Obvious examples of structurally symmetric matrices are Hermitian and skew-
Hermitian matrices. In the following, we will sometimes work with the graph G/(A)
of a matrix A and the corresponding adjacency matrix from Definition 2.10, since
we are interested in the distances of the nodes in G(A). Note that the adjacency
matrix of G(A) is given by a binary matrix which represents the off-diagonal
sparsity pattern of A with full diagonal.
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2 Review of basic material

2.3 Minimal polynomials

In this section, we introduce certain types of minimal polynomials. We define a
minimal (or optimal) polynomial p* € P, as a polynomial which minimizes ||p||
over all polynomials p € P,, with an additional normalization condition which
excludes the trivial choice p* = 0. In the following, we consider the minimal
polynomial p* with respect to the supremum or Chebyshev norm on a set 2 C C
which is defined for real- or complex-valued functions f defined on {2 as

[flle == sup | f(2)]
zeQ

In addition, we claim that €2 is a compact set and p* € P} :={p € P,,, : p(v) = 1}
for v ¢ Q. Summarizing, we are interested in a polynomial p* which solves the
minimization problem

! = mi . 2.10
i [[p(2)]l = min max]p(:) (210)

Sometimes, the minimal polynomial solving (2.10) is called a min-maz polyno-
mial with respect to €2. For some sets {2 the minimal polynomial p* is explicitly
known. If Q is an interval [a, b], then the Chebyshev polynomials lead to optimal
polynomials for the minimization problem (2.10). These types of polynomials are
discussed in detail in Section 2.3.1. For general sets (2, the minimal polynomial
is not explicitly known but there exist asymptotically optimal polynomials, i.e.,
polynomials that converge to the minimal polynomial for increasing m. For a
large class of sets €2 those asymptotically optimal polynomials are given by the
Faber polynomials introduced in Section 2.3.2.

2.3.1 Chebyshev polynomials

Chebyshev polynomials can be defined in several equivalent ways. In this section,
we introduce some of those definitions and important properties of Chebyshev
polynomials. For a detailed overview see [81] or [43, Chapter 3].

Definition 2.14. The m-th Chebyshev polynomial T}, is defined by

T (2) = {cos(mﬁ) where cos(§) = z for z € [—1,1], (2.11)

cosh(mé&) where cosh(§) = z for z ¢ [—1,1].
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2.3 Minimal polynomials

—m=2
—m=3
m=4
—m =25

Figure 2.3: Chebyshev polynomials T;, for m = 2, 3,4, 5.

Definition 2.14 does not immediately reveal T,, to be a polynomial of degree m.
By induction, it can be shown that the three-term recurrence relation

Tons1(2) = 22T0,(2) — Troa(2), (2.12)

with 71(z) = z and Tp(2) = 1, holds. The relation (2.12) is sometimes used
as a definition of Chebyshev polynomials in the literature, since it immediately
establishes the polynomial property. Based on (2.12) with T1(z) = z and Ty(z) = 1
we easily obtain the next few Chebyshev polynomials

To(z) =22 — 1,

Ts(z) = 42° — 3z,

Ti(z) = 82" — 822 + 1,
Ts(2) = 162° — 202% + 52

illustrated in Figure 2.3.

With Definition 2.14 and the identities cos(z) = $(e**+e7¥) and cosh(z) =

%(ez + e~ %), respectively, we obtain the alternative expression

T (2) = %(wm Fw ™), (2.13)
where
z:%m+w*) (2.14)

Equation (2.14) has two solutions which are inverses of each other, i.e., the value
of T,,(2) does not depend on which of these solutions is chosen. The equation
(2.14) is also known as the Joukowski mapping which maps a circle centered at
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R SR 20
ST B, -
'/ y\‘- :l(w—i—w*l) :; ,‘_____~~~2
! f\gl \ Nk : ’ E,
4'4 7“2 \J 12 4 } 4_‘2 “\~ ",' 2,
9. --f--
T et

the origin to an ellipse with focal points —1 and 1. This mapping will play an
important role in the analysis of the results in Chapter 3 and is illustrated in
Figure 2.4.

The most important property of these polynomials for this thesis is the minimiza-
tion property of normalized Chebyshev polynomials. The polynomial

Tn(2)

Pule) =7 10)

(2.15)

solves the minimization problem

min ma z
min max Ip(2)],

and since
ax |1, =1
ax, T (2)]
we have
| p(2)] =
min max = —.
pePy, z€[~1,1] T (V)]

This result can be easily generalized to any interval [a, b] by using the transfor-
mation ¢ = 1+ 22=2 (see [85, Section 6.11] and the references therein). Hence,
normalized Chebyshev polynomials are minimal polynomials with respect to in-
tervals. There is also an interesting relation between Chebyshev polynomials and
minimal polynomials with respect to ellipses.

Let C, be a circle with radius p, centered at the origin. By applying the Joukowski

mapping, we obtain an ellipse E, with focal points -1 and 1 and semi-axes P*g’l
and 22", Now, it is shown in [85, Theorem 6.5 that
" . m + —-m
p < min max |p,(2)] < i’ (2.16)
|w'y’m pm€EPY, 2€EE, ‘wZL i w;m|
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2.3 Minimal polynomials

where w, is defined by v = {(w, + w;"') and 7 is chosen such that p,(v) = 0.
The upper bound in (2.16) is achieved by the normalized Chebyshev polynomial
(2.15). This can be seen by the fact that T,,,(v) = w]' + w;™ and

1
max |1,,(z)| = max |-(w™4+w™™)

< max S (lul™ el ) = (0" 4o

z€E, weC(0,p) ~ weC(0,0) 2 2 ’
(2.17)

and this upper bound is reached for w = p. Since the difference between the upper
and lower bound for the min-max problem in (2.16) tends to zero for increasing m,
Chebyshev polynomials are asymptotically optimal for ellipses F,. By applying a

variable transformation, this results holds for general ellipses.

The following lemma gives a useful lower bound with respect to Chebyshev poly-
nomials which will be used for some of the results in Chapter 3.

Lemma 2.15. Let T, be the Chebyshev polynomial of degree m and let z € R be
of the form z =1+ 2z, x € R. Then

Proof. See [85, Section 6.11.3]. O

The existence of the three-term recurrence relation (2.12) also follows from the
fact that the Chebyshev polynomials {7,,}5°_, form a sequence of orthogonal
polynomials on [—1, 1] with respect to the weight function (1 — 22)7/2, i.e.,

! dz
Tm T T = Nm(sm )
[ @ W) = ¢

with Ng = m and N,,, = § if m # 0. If f is a function which is continuous on
[—1,1], then f has a Chebyshev series expansion

flz) = chTk(a:), for x € [-1,1]

with coeflicients

_ -1 ()T (x) _ v [T
= N, /_1 : dz = N, /Of(cos(t))cos(k:t)dt.

V1= 2
This result can be generalized to functions continuous on a line segment [a, b] in
the complex plane, i.e.,

[a,b] ={z€C:z=ax+b(1—-2),0<2<1,a,beC},

by considering the function g = f o ¢t~! where ¢ is a affine linear function which
maps the line segment [a, b] to the interval [—1,1]. This directly follows from [15,
Theorem 7], a convergence result of the Chebyshev series on ellipses.
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2.3.2 Faber polynomials

Faber polynomials can be viewed as a generalization of Chebyshev polynomials
which are asymptotically optimal for a larger class of sets ) than ellipses. The
following definitions and properties of Faber polynomials can be found in [96].

Let the extended complex plane be defined as C := C U {oo} and let G be a
bounded simply connected domain with boundary I' such that D :=C\ (GUT)
is simply connected. Then by the Riemann mapping theorem there exists a
unique function w = ®(z) holomorphic in D \ {co}, which maps D conformally
and univalently onto the domain |w| > 1, i.e., onto the outside of the unit disk,
satisfying

P(o0) =00, P'(00)=:7>0.

The condition ®'(c0) = > 0 is sometimes written as

lim (2)

z—o00 2

=7>0,
i.e., w = ®(2) has a simple pole at z = co and the Laurent expansion of ®(z) in
some neighborhood of z = oo is given by

@(z):72+70+ﬂ+7—§+~--+7—:+~--
z z z

For a non-negative integer m we consider

CI)(z)m:<7Z+70+£+7_§+.,_+’l:+,.,>
z VA V4

=~"" + aq(vT_)lzm_l +al™ M2 agm)z + a(()m) (2.18)

m—2
plm) plm) plm)
LA 2 ok
z 22 2k

Now, the Faber polynomial ®,,(z) of degree m with respect to G is given by the
polynomial part of (2.18), i.e.,
D, (2) =" + afﬁlszl +al™ M agm)z + aém).

m—2

Example 2.16. If the domain G is a disk D(zg,7) = {z € C: |z — 29| < r} then
the Riemann mapping is given by

¢(2) =

and thus the Faber polynomials with respect to G are

O, (2) = (

zZ— 20

r

Z— 20

), m=0,1,2,....

r
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2.3 Minimal polynomials

Example 2.17. It can be shown (see, e.g., [96, p. 36]) that the Faber polynomials
with respect to the line segment [—1, 1] are given by

B, (2) = To(z) for m =0,
T 2T, () for m > 1,

where T}, are the Chebyshev polynomials introduced in Section 2.3.1. o

Let I'g denote the line in the z-plane, which under the mapping w = ®(z) goes
onto the circle |w| = R > 1, i.e.,

Fr={z:]®(2)| = R}

and let G denote the interior of I'g. Then the representation

<1>m(z):i/F O™ e cn

27 R =2

holds and can be considered as a definition of Faber polynomials, as well. Let
the function z = ¢ (w) be the inverse function of w = ®(z) which maps the
domain |w| > 1 conformally and univalently onto the domain D. Then with the
substitution x = ¢(t) we alternatively obtain
1 ™Y’ (x)
D, (2) = — ————dz, z€Gp.
271 Jyp=p ¥(2) — 2

Using these expressions, one can show that a function f analytic on G can be
expressed as Faber series

f(z) = i nPm(2), 2z € Gg
m=0

with
L), 1 [ @Y,

“m = o = T © 27 Jp, @mtl()
where 1 <7 < R (see [96, Chapter 3]).

An important property of normalized Faber polynomials ®,,(2)/®,,(7) is the
asymptotical optimality for a bounded simply connected set €2 in the sense that

1/m 1/m
lim sup (min Hp“g) = lim < [2mle ) )
m—00 pEP, m—00 | (I)m (’Y) |

which directly follows from [89, Proposition 3.6].
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Chapter

Bounds for the decay in functions of
matrices

The computation of matrix functions f(A) is a challenging task especially for large
and sparse matrices A. A major problem is the in general full structure of f(A)
which makes it impossible to store the matrix f(A), although this was possible
for the sparse matrix A. This problem is common knowledge for the inverse but it
is also apparent for general matrix functions. In [11] the full structure of f(A) is
proven for irreducible matrices A and a large class of functions f. Based on this
result, it seems to be impossible to compute f(A) if A is a large, sparse matrix.
However, even if f(A) is dense, it sometimes has a special structure which is
related to the sparsity pattern of A.

Example 3.1. Figure 3.1 shows the magnitude of the entries of the (dense)
matrices A~! with A = tridiag(—1,4,—1) and BY? with B = (44), both
of dimension n = 100. We observe that most of the entries are very small in
magnitude and that the important, large entries are localized around the sparsity
patterns of the matrices A and B, respectively. In particular, we have a decay of
the entries away from the primal sparsity patterns. o

The decay of the entries of matrix functions was first discussed for the inverse
of banded matrices in [23]. Example 3.1 shows that this phenomenon is not
restricted to the inverse but is also apparent for other functions and general sparse
(not necessarily banded) matrices. This decay behavior and localization property
in matrix functions was noticed for many types of functions and matrices. A
survey on this topic can be found in [8]. A definition of a decaying matrix is given
in [8], where the considered matrix is not necessarily a matrix function. Thus, we
give the following definition to specify the decay in matrix functions.
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3 Bounds for the decay in functions of matrices

0.3 1.5

Figure 3.1: Magnitude of the entries of A~! with A = tridiag(—1,4, —1), A € R100x100
(left) and BY2, B = (44), A € R (right).

Definition 3.2. Let A € C"" be a complex matrix, let f be a function
defined on the spectrum of A and let d(i,j) denote the distance between the
nodes ¢ and j in G(A), the graph of A. Then the matrix f(A) is said to have
decay away from the sparsity pattern of A if there exist a constant C' and a
function ¢(x), both independent of n, such that

[F(A)]i] < CH(d(i, 7)) for 4,5 € {1,...,n}, (3.1)

where the function ¢(z) is defined and positive for z > 0 and ¢(z) — 0 for
T — 0.

We distinguish between certain modes of decay based on the function ¢. For
example, for ¢(x) = ¢* with ¢ < 1 we have a decay which is termed exponential in
[8] and which is faster than an algebraic decay where ¢(z) = (14 z)~!. Especially
an exponential decay is of great practical interest. In [8, 11] sequences of n x n
matrices {A,,} with exponential off-diagonal decay are considered (for off-diagonal
decay we replace d(i, j) by |i — j|) and the following result was proven in [11].

Theorem 3.3. Let {A,} be a sequence of n xn matrices satisfying an exponential
off-diagonal decay, 1.e.,
[Any| < Cq™

where C' and q < 1 do not depend on n. Then for all ¢ > 0 there exists m
independent of n such that
1A, = ALV < e
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for m > m where AU € C™ is a matriz with [Aq(zm)]ij =0 for |i — j| > m,
containing only O(n) nonzeros.

Proof. Let A™ be defined by

A5 = {[An]ia» if [i —j| <m

0 otherwise
then
A AT = max S [AJy— AP < 3 208 < 3 20q < 294

n LTS nlij =4n T igl = < ST
=1 k=m+1 k=m+1
Now for a given € > 0 one can find m such that
m—+1
209"
1l—q —

for every m > m. 0

This result induces the possibility for computing a sparse approximation of a in
general dense matrix f(A) with an exponential (off-diagonal) decay. The assertion
of Theorem 3.3 does not hold in full generality for exponential decaying matrices,
i.e., matrices with |[A,];;] < Cq¢¥®) where the distance between the nodes is given
with respect to a prescribed graph (see the discussion in Section 4.2). However, if
most of the entries of f(A) are very small in magnitude, as illustrated in Exam-
ple 3.1, then it should be possible to compute f(A) via a sparse approximation.
For example, in this case an obvious sparse approximation of f(A) is given by the

matrix f(A) with

— )0 if |[f(A)];;] is sufficiently small,
k= {[f(A)]ij cse

i.e., by setting all those entries [f(A)];; to zero which are (in absolute value) smaller
than a prescribed threshold. Of course, it is not reasonable to first compute all
entries of f(A), e.g., by computing the bilinear forms e! f(A)e;, and then setting
them to zero if they are small enough. Therefore it would be interesting to
determine regions with small entries a priori without computing the entries of
f(A). There are already lots of publications dealing with the decay behavior of
matrix functions and upper bounds for the entries of f(A) for special types of
functions and matrices. Especially for the matrix inverse there are results for
Hermitian and certain types of tridiagonal matrices [23, 26, 34, 58, 71, 72, 76].
Also for the exponential, decay bounds were derived for special types of matrices
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3 Bounds for the decay in functions of matrices

[12, 57, 91]. These results are restricted to quite special classes of matrices in order
to obtain sharp bounds for the entries |[f(A)];;|. We also find bounds for more
general settings, e.g., for the inverse of general matrices [23] or bounds for normal
matrices and functions, which are analytic on a set containing the spectrum of A
[10, 11]. These results are mainly of theoretical interest, since their decay bounds
are rather pessimistic and/or very hard or impossible to compute in practice.

In this chapter we want to develop new decay bounds for special types of functions
(especially the inverse and Cauchy—Stieltjes functions) including results which
are intended for practical implementations as well as results which are mainly
of theoretical interest. We first introduce the relation between decay in matrix
functions and polynomial approximation, following the fundamental idea for the
results in [23]. In Section 3.2 we use this relation for decay bounds for the inverse
of special types of matrices. Results for functions which can be defined by an
integral transform are discussed in Section 3.3.

Many of the results in this chapter have already been published in [38] and
[39], while some are modified or completely new. We will refer to this at the
corresponding results.

3.1 Relation between decay in matrix functions and
polynomial approximation

In [23] a polynomial approximation of the inverse was used for decay bounds
of Hermitian, positive definite, banded matrices. This approach can be easily
transferred to general functions of sparse matrices. In this section we briefly
sketch a generalization of the result in [23], yielding a relation between polynomial
approximation and the decay in general matrix functions.

Let f be a function defined on a compact set {2 C C. We define the best polynomial
approximation p, of degree at most m for f on 2 as the polynomial which solves
the min-max problem

,min max|f(2) = pm(2)|

and we define the corresponding error E,,(f,(2) as
En(f,$2) := max|f(2) = pp(2)]. (3:2)

Assume we have a function f which is defined on the spectrum of A and we are
interested in an upper bound for the entries |[f(A)];;|. Based on the relation
between powers of A and the distances of the nodes in G(A) (see Section 2.2) we
have [p,,(A)];; = 0 for every polynomial of degree m < d(i, j). Let p! be the best
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3.1 Relation between decay in matrix functions and polynomial approximation

polynomial approximation of degree m = d(i,j) — 1 for f on a set 2 containing
the spectrum of A. Then

Pl = 11 (A)i; = [ (Aig| < 1F(A) = pr(A)l2- (3.3)

If A is normal, the eigendecomposition A = UAU* with A diagonal and U unitary
induces the relation

1FCA) = (A2 = IU(f(A) = pi (M) U5
= [IF(A) = pr (M)l

= mnax |f(2) = P (2)]

< En(f,9), (3.4)

i.e., every (i,7)-entry of the function of a normal matrix can be bounded by
the error of a (not necessarily best) polynomial approximation of f of degree
m =d(i,7) — 1 on .

For non-normal, but diagonalizable matrices A = WAW ~! we obviously have the
relation

1£(A) = p(A)ll2 < IWW 2 En(f, Q) = (W) En(f, Q),

where k(W) is the condition number of W, i.e., it is possible to bound the entries of
a function of a non-normal, diagonalizable matrix A with the error of a polynomial
approximation as well. However, the additional constant (W) might be very large
for highly non-normal matrices, which makes this bound useless in practice. In
addition the computation of (W) is typically not feasible. Alternatively, for
non-normal matrices A the following relation can be used.

For a compact set QccC containing W (A), the field of values of A, and f
continuous on €2 and analytic on the interior of €2, the relation

7 < € max [£(:)] < Cmax|f(2) (33

zeQ)

holds for a constant C' (the so called Crouzeix constant) with 2 < C' < 1+ /2
(see [20] and the reference therein). Hence, the entries of functions of non-normal
matrices can be bounded by the error of a polynomial approximation with respect
to a set {2 containing W (A). Again, for highly non-normal matrices such a bound
might be too pessimistic since the set Q containing W (A) can be very large
compared to a set containing the spectrum of A and therefore the error E,,(f, SNI)
might be very large as well.

Based on these relations, in some cases decay bounds immediately follow from
well known results in approximation theory. We now present two examples from
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3 Bounds for the decay in functions of matrices

the literature for decay bounds based on polynomial approximation. Most of
the results in the literature were formulated for S-banded matrices. We say that
a matrix A has bandwidth 8 < n (or, as a shorthand, that A is S-banded) if
a;; = 0 for |i — j| > 8. Using this definition, a tridiagonal matrix has bandwidth
£ =1, a pentadiagonal matrix has bandwidth § = 2 and so on. A matrix is said
to have upper bandwidth 8 and lower bandwidth « if a;; = 0 for ¢ — 5 > 8 or
J — 1@ > . Many of the results from the literature in the following sections are
formulated for S-banded matrices, i.e., for 5 = ~ but they can be easily transferred
to matrices with different upper and lower bandwidths as well. In addition, they
can be generalized to sparse matrices by using the distance d(, j) of the nodes 4

and j in G(A).

For the first result we need to define the ellipse F, with focal points -1 and 1 and

semi-axes =5 — and 2 +§ —. Based on an upper bound for the error of a polynomial
approximation on ellipses due to Bernstein (see, e.g., [67, Theorem 68]) we obtain
the following result for a large class of functions f which was given in [10].

Theorem 3.4. Let A be Hermitian and [-banded with spectrum contained in
[—1,1]. Let f be analytic on the interior of an ellipse E, and continuous on E,
for p>1 and let f(z) be real for real z. Then

li—jl

el <c(3) " (36)

p

with

M
€ =220 i 31(p) = max ).

The bound of Theorem 3.4 actually represents a family of bounds for different
choices of p > 0. Clearly, for the decay rate it would be advantageous to choose p
as large as possible but then the constant, including the quantity max.cg, [ f(2)],
deteriorates, especially if f is not an entire function but has a singularity on the
boundary of an ellipse Fj;, p < p. Thus, it is not trivial to find the minimizer of the
right-hand side of (3.6) as a function in p but it can be determined (sometimes only
numerically) in many cases. This theorem is formulated for Hermitian matrices
with spectrum in [—1, 1] but it can be generalized to normal matrices with spectrum
on a real interval [Apin, Amax] by using a transformation ¢ which maps [Anin, Amax|
to the interval [—1,1]. This was already mentioned in [10]. We now formulate a
generalized version of Theorem 3.4. With E(p, fi, f2) we denote an ellipse with
focal points fi and f, and semi-axes 1|f1 — fol(p — p*) and §|f1 — fo|(p+ p71).

Corollary 3.5. Let A be normal with spectrum contained in the real interval
[Amin; Amax) - Let f be analytic on the interior of an ellipse E(p, Amin, Amax) and
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3.1 Relation between decay in matrix functions and polynomial approximation

continuous on E(p, A1, Aa) for p>1 and let f(z) be real for real z. Then

li—jl

|[f<A>1ij|sc(/%) . (37)

with

2pM (p)
=2V and M(p) = .
PR () T 1 f(2)]

C

Proof. The transformation

)\min + >\rnax — 2z

)\max - )\min

t(z) =

maps the interval [Anin, Amax] to [—1,1] and the ellipse E(p, Amin; Amax) t0 E,.
Thus, we can apply Theorem 3.4 to the matrix function g(B), where g = fot™!
and B = t(A) with o(B) C [—1,1]. The assertion then follows by the back
transformation of the quantities. O

Note that this result cannot be generalized to matrices with spectrum on a complex
line segment [A1, As] as the result from Bernstein only holds when f(z) is real
for real z and this is in general not the case for the function fot~!if A\ and )\,
are complex numbers. However, the result of Theorem 3.4 shows the existence
of exponentially decaying bounds for a large class of functions and matrices. An
even more general result is given in [78]. This result is formulated for non-normal
matrices where the function f is analytic on a convex continuum containing the
field of values. The result is based on Faber polynomials and the Faber series of
f introduced in Section 2.3.2.

Theorem 3.6. Let A be a matriz with upper bandwidth 5 and lower bandwidth ~
and define

[ —2)/y], ifj <.
Let E be a convex continuum containing the field of values of A and let ® be the
conformal mapping of E. If f is analytic on the set G, = {w : |®(w)| < 7} with
7 > 1 and bounded on the boundary of G, then

‘e {W—j)/m, ifi < j

|[F(A)is| <2

T — 1 |2|=7

T max|(07(2)) (1)5. (33)

With Theorem 3.6 we again obtain a family of bounds and we have a trade-off in
the choice of 7 similar to the choice of p in Theorem 3.4. The larger 7, the better
is the decay rate but the worse is the corresponding constant. Theorem 3.6 is
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3 Bounds for the decay in functions of matrices

formulated for general convex, compact sets F and we are faced with the problem
of finding a conformal mapping of the set . More concrete bounds can be easily
obtained by choosing sets E for which the conformal mapping is explicitly known.
We now formulate the corresponding results for line segments and disks as we need
the resulting bounds for a comparison in Section 3.2.3. Note that matrices with
field of values on a line segment [A;, As] are normal, which directly follows from
[59, Theorem 5|. In addition, since for normal matrices A the field of values of A
is the convex hull of o(A) (see, e.g., [55, Section 1.2]), we have W(A) C [A1, Ag] if
and only if 0(A) C [A1, A2]. Thus we obtain the following result.

Corollary 3.7. Let A be a normal matriz with o(A) C [, \o] and let [ be
analytic on the interior of the ellipse E(T, A1, A2) and bounded on the boundary of
E(1,\1,X9) for 7 > 1. Then

- d(i.j)
ILF(A)] < 2 max  |f(2) (1> |

T — 1 ZEE(T,)\l,)\Q) T

Proof. We apply Theorem 3.6 to E = [A\,\s]. Let ¢ be the transformation
which maps [A1, Ao] to [—1,1] and J be the Joukowski mapping (2.14). Then the
conformal mapping ® of E is given by ® = J~! o t. Thus, we have

G, = {w s |B(w)] < 7} = {®71(2) |2l < 7} = {1 ()[4l < 7}
which is just the interior of the ellipse E(7, A, A2). In addition, using

max |f(®7'(2))| = max |f()|

|Z‘:T ZGE(T,)\l,)\Q)

gives the result. O]

Similarly, we can formulate the result of Theorem 3.6 if F is a disk:

Corollary 3.8. Let A be a matriz with field of values in a disk D(zp,r) with
center zo and radius v and let f be analytic on the interior of the disk D(zy,rT)
and bounded on the boundary of D(zy,rT) for T > 1. Then

T — 1 zeD(z0,r7 T

T 1 469
|[f(A)]i;] < 2 max [f(2)] (_) '

Proof. The assertion follows by noticing that the conformal mapping of D(z, )
if given by ®(2) = (2 — z9)/- O
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3.2 Bounds for the inverse

In [78] bounds for the exponential and the inverse square root are derived based on
Theorem 3.6 with respect to a (horizontal) ellipse containing the field of values of A
and then the optimal 7 which minimizes the right-hand side of (3.8) is determined.

With Theorem 3.4 and Theorem 3.6 we have results for very general settings
resulting in implicit bounds where lots of parameters have to be determined in
order to obtain practical bounds for concrete problems. In the following we will
restrict the class of functions to obtain sharper and more practical bounds, starting
with decay bounds for the inverse of certain types of normal matrices.

3.2 Bounds for the inverse

As the probably most important matrix function, we first consider decay bounds
for the inverse. There are already lots of results for the inverse of certain types
of matrices. In Section 3.2.1 we will discuss known results which are formulated
for banded matrices but can be easily generalized to arbitrary sparse matrices.
We skip those results which are restricted to very special classes of matrices, e.g.,
tridiagonal matrices where the tridiagonal structure of the matrix is explicitly
used [58, 71, 72, 76]. We introduce new results for the inverse in Section 3.2.2. In
Section 3.2.3 we then compare them to the results from the literature.

3.2.1 Literature review

The pioneering result for the inverse of Hermitian, positive definite matrices from
Demko, Moss and Smith [23] uses the approach described in Section 3.1 and the
explicit knowledge of the error of the best polynomial approximation of the inverse
on a positive interval. In addition, an extension to the non-Hermitian case was
given in [23]. The results are summarized in the following theorem.

Theorem 3.9. Let A be a Hermitian positive definite and [-banded matriz with
smallest eigenvalue \yin, largest eigenvalue Aoy and condition number k(A) =

Amax/Amin- Then

[A 7]yl < Cq 7 (3.9)
with
CVR(A) -1 B 1 (14 /x(A)*
q= —\/m+ ! and C' = max { U T : (3.10)

If A is nonsingular and (B-banded, then

li—jl

(A7) < Crg, ° (3.11)
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3 Bounds for the decay in functions of matrices

with
k(A) —1

n= k(A)+1

k(A) = || All2| A7l (3.12)

and

Cy = (28 + 1)q; | A" ||25(A) max {1, (1;—;()‘4)) /2} : (3.13)

It was shown in [23] that the bound of Theorem 3.9 for Hermitian positive definite
matrices is sharp in the sense that the decay rate is exact for certain types of
tridiagonal Toeplitz matrices. This was not shown for the second statement, which
follows from the first one by using the relation A=' = A#(AA#)~1. Note that
the condition number of A appears as a multiplicative factor in the definition
of the constant ] in the non-Hermitian case. Due to this factor, the entries of
A~1 are highly overestimated by the bound (3.11) in many cases especially for
ill-conditioned problems, so the quality of the results might get worse by enlarging
the class of matrices.

In [35] the important class of matrices of the form

A=cl+dT where T=TH ¢,d, e C,d #0, (3.14)
is considered, resulting in the following bounds for the entries of the inverse.
Theorem 3.10. Let A be a matriz of type (3.14) and [-banded. Define N\ =

¢+ dA\uin(T) and Xy = ¢+ d\pax(T). Let a = (Aa + A1) /(A2 — A1) be represented
as a = agcos(y) + iBrsin(y) with 0 < ¢ < 27 and

1 1 1 1

Then

’[Al]”’glAf——R&lB(a) (}1{) - (3.15)

where R s the solution of

1 1 M|+ A
- R+—=|=———"""withR>1
5 ( + R) P\l — )\2| w1 >

and
R

a% — cos(¥)?(ag + v/ a% — cos(¢)?) .
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3.2 Bounds for the inverse

3.2.2 New results

In this section we introduce results which are based on the approach described in
Section 3.1, i.e., we need a polynomial approximation p,, of the inverse on a set 2
containing the spectrum of A. Actually, we do not explicitly need the polynomial
pm but rather a bound for the error max.cq |27! — p,,(2)|. Therefore, instead
of looking for a polynomial approximation of the inverse directly it is possible
to consider a normalized polynomial approximation of the zero function. Those
polynomials also play an important role in iterative methods for the solution of
systems of linear equations. For instance, they are used as iteration polynomials
for Krylov subspace methods (e.g., the Chebyshev iteration [48, Section 11.2])
or for an convergence analysis of the CG method or GMRES [85, Section 6.11].
Of course, the best polynomial approximation of the zero function on a compact
set ) C C leads to the minimal polynomials defined in Section 2.3. We now use
the polynomials introduced in Section 2.3 with respect to certain sets, especially
ellipses and, as a special case, line segments. In the following E(p, fi, f2) is an
ellipse with p > 1, focal points f; and f; and semi-axes }L| fi— fol(p—p~') and
Hfi = fo|(p+p7Y). As a short-hand, we use the notation E, := E(p,—1,1). Note
in particular that E(1, fi, f2) is a line segment connecting f; and fs, as this is an
important special case.

We start with a result for matrices where the spectrum lies in an ellipse exclud-
ing the origin. As already mentioned in Section 2.3, Chebyshev polynomials
are asymptotically minimal polynomials on ellipses E(p, f1, f2), i.e., they can be
viewed as a polynomial approximation of the zero function for E(p, f1, f2). Before
the corresponding result is shown, we need some auxiliary results with respect to
the function cosh : C — C due to Definition 2.14 of Chebyshev polynomials.

Lemma 3.11. Let z € C be a complex number, then Re(z) = 0 if and only if
cosh(z) € [-1,1].

Proof. First we assume that Re(z) =0, i.e., 2 = ai for « € R. Then

(e +e ) = ! (eai —|—@) =Re (e*) €R

cosh(z) = 5

N | —

and
|cosh(2)| = |Re (e*) | < |e™| =1,

i.e., cosh(z) € [-1,1].
Now we assume cosh(z) € [—1,1]. Then we know that

(eRe(z) eIm(z)i +e Re(z) e Im(z)i) _ 1 <eRe(z) eIm(z)i +e Re(z) m>

h(z) =
cosh(z) 5

DO | —
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3 Bounds for the decay in functions of matrices

is real if and only if Re(z) = — Re(2), i.e., Re(z) = 0 or e™®i € R. Assume
em)i € R, then z := e* € R and the function |1(z + 27')| attains its minimum
at © = 1. Therefore [cosh(z)| = |3(z +z71)| > Lif z # £1. If x = e = +1,
then Re(z) = 0. Summarizing we have Re(z) = 0 if cosh(z) € [-1,1]. O

Lemma 3.12. Let A, \y € C be complex numbers and assume 0 ¢ [A1, \o]. Then

xi= e ¢ [—1,1].

Proof. We have

Lo Mth Al — A + Aida — Ay
A — A A2 — Aif? '

Since A Ay — Mg = 2Im(A \y)i, « is real if and only if
A = A, (3.16)

By multiplying (3.16) with A\; Ay we see that for A;, As # 0 equation (3.16) is
equivalent to A\; = alg, with a = £|\;/Xy|. Since 0 ¢ [A1, \y] we have a =
|A1/A2] > 0 and therefore

1+«
Cl-a
if x is real, hence x ¢ [—1,1]. O

x >1

Now we can show the following result for normal matrices, which is not published
in [38] and which can be viewed as a generalization of Theorem 2 in [38].

Proposition 3.13. Let A be a normal matriz with spectrum contained in an
ellipse E(p, f1, f2) excluding the origin. Define x := {52 Then for i # j

f2=f1
3 B 1_|_p—2d(z',j) p d(i,g) p d(i,5)
A <A e ——=5 | = <C (= 3.17
H ]J| || ” 1 _q_gd(%]) q q ( )
with o A1
C = —1“ J|22 and g = ") > 1,
—q

where z is the solution of

x = cosh(z) with Re(z) > 0.

Proof. Let T,,.1 be the Chebyshev polynomial of degree m + 1 and define the
function ¢(z) := L4222 which maps the ellipse E(p, f1, f2) to the ellipse E,, then

the polynomial e (t(2)) (t(2))
Tm L t(z Tm 1 t(z
Prii(z) = Tm;(t(o)) - Tr:+1(37)
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3.2 Bounds for the inverse

is the normalized Chebyshev polynomial of degree m + 1 with respect to the ellipse
E(p, f1, f2). Due to the normalization, we have P,,1(z) = 1 — zp,,(z) where p,,
is a polynomial of degree m. We use p,, as a polynomial approximation of the
inverse on E(p, fi1, f2), and based on (3.3) and (3.4) we have

1 Phii(2)
ANl < - - SLAISIA P
[[A7 5] < Jnax |~ Pm(2) Jnax || < I ||zzrg}§)l m+1(2)]
(3.18)
for m = d(7, ) — 1. Because of (2.17)
m+1 —(m+1)
mat [Pyt ()] € _max  [Pria(2)] < p__tpr (3.19)

z€o(A T z€E(p,f1,f2) 2 |Tm+1 (‘r)‘

Using the representation (2.11) with z = cosh(z), we find

1 1
[Tns1(z)|  [cosh((m +1) 2)]
B 2
o |ez(m+1) +e—z(m+1)|

2
|m+1 N |ez|—(m+1)

= .

B 2
- ’qm—i-l _ q—(m+1)|'

Since we choose for z the solution of x = cosh(z) with Re(z) > 0, we have
q = e > 1. The assertion ¢ > 1 follows by the fact that 0 ¢ [f1, fo], thus
x = cosh(z) ¢ [—1, 1] and therefore Re(z) # 0 (see Lemma 3.12 and Lemma 3.11).

Thus
1 2

T ()| = gt — gt

Putting (3.18), (3.19) and (3.20) together, we obtain

(3.20)

m+1 —(m+1) —2(m+1) m+1 m+1
“1y L P Fp e L p p
Al < 1A s s s (8) <o (8)

Using m + 1 = d(i, j) gives the desired result. O

It is not immediately clear, that the bound of Proposition 3.13 does represent
an exponential decay bound since we need the condition p < g. The next result
shows that this is actually the case due to the assumption 0 ¢ E(p, f1, f2).

Lemma 3.14. Let E(p, fi1, f2) be an ellipse excluding the origin and let q be
defined as in Proposition 3.13. Then p < q, i.e., the bound of Proposition 3.13
does represent an exponential decay bound.
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3 Bounds for the decay in functions of matrices

Proof. First note, that F(p, f1, f2) can be constructed, by mapping a disk with
radius p and centered at 0 to the ellipse £, and mapping E, to E(p, f1, f2), so we
have

Bl ={reCoo= LERZHBZN S <o)

Hence, the condition 0 € E(p, f1, f2) is equivalent to the existence of a z € C with
|z| < pand 0= (f; + fo —w(fa — f1))/2 which is equivalent to

fi+ fa
fo=f1

Now assume ¢ < p. Note that by the substitution z’ = e* an alternative repre-
sentation of ¢ in Proposition 3.13 is given by ¢ = |2/|, where 2’ is the solution of
(3.21) with |2/| > 1. Hence, we have 2’ € C with |2/| = ¢ < p and (3.21) which is
equivalent to 0 € E(p, f1, f2). This contradicts the assumption on E(p, f1, f2). O

%(z +z271) = (3.21)

Remark 3.15. The right hand side in (3.17) is only given for clarifying the
existence of an exponential decay bound with constant C. In practice it would

be more suitable to compute the decreasing function ||A™| —% in d(,j),

which tends to ||[A7Y|| for d(4,j) — oo. For normal matrices the quantity ||A™(|2
can be bounded by 1/ min.cg, s, 1) 12| o

Remark 3.16. The result of Proposition 3.13 can be generalized to non-normal
diagonalizable matrices A = WAW ™!, by adding the factor (W) to the constant
C or by considering the field of values. Then it is reasonable to modify the proof of
Proposition 3.13 to avoid additional constants for a bound of ||[A7!||. In equation
(3.18) of the proof, we can directly bound the maximum over the discrete set o(A)
(or W(A), respectively) by the maximum over the set FE(p, f1, f2) such that the
factor ||A7|| is just replaced by 1/min.ep(, s, 7, 2| o

Proposition 3.17. Let A be a matriz with field of values contained in an ellipse
E(p, f1, f2) excluding the origin. Define x := fﬁff. Then for i # j

A7yl <C (f)dm (3.22)

q

with
1 2 2
C=— V2 - and q =) > p> 1,
MiNep(p,f.f2) 12| 1 — ¢

where z is the solution of

x = cosh(z) with Re(z) > 0.
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3.2 Bounds for the inverse

It is not immediately clear how to find an appropriate ellipse including o(A) or
W (A), respectively. If the spectrum of a normal matrix A lies in a line segment
[A1, A2], then the result of Proposition 3.13 can be applied to the ellipse E(1, A1, A2)
and we “only” need the two endpoints of the line segment \; and Ay. The resulting
bounds for normal matrices are given in Theorem 3.18. Note that normal matrices
with spectrum on a line segment are of the form (3.14) and important special
cases are given by (shifted) Hermitian and skew-Hermitian matrices.

Theorem 3.18. Let A be a normal matriz with spectrum in a complex line segment

[A1, Ao excluding the origin. Define x = % Then for i # j we obtain the
bound .
1 d(lv.j)
<o (1) (3:23)
q
with oA
C — H || and q= eRe(z) > 1’

1—q2
where z s the solution of

x = cosh(z) with Re(z) > 0.

Proof. The bound follows by applying Proposition 3.13 to the ellipse E(1, A, Ay) =
(A1, Aal. O]

We already published a similar result in [38], with sightly different proof.

Now we consider several special cases of normal matrices with eigenvalues on a
line segment for which the approach of Theorem 3.18 is either not applicable,
or for which better bounds can be obtained by using different techniques. In
particular, we consider the important class of shifted skew-Hermitian matrices
whose eigenvalues lie in a set of the form E = a + (i[—bs, —bi] Ui[b1, b)), as well
as the case of Hermitian indefinite matrices and skew-Hermitian matrices with
eigenvalues below and above the origin. For those the approach of Theorem 3.18
cannot be applied since then 0 € [A1, o] for any line segment [\, A2] containing

a(A).

Theorem 3.19. Let A be a nonsingular matriz of the form A = S + al with
a € R where S 1s skew-Hermitian and its spectrum is contained in a set of the
form i[—bg, —bl] U i[bl, bg] with b17 by € R and by < by. Then

q0) for d(i,j) even

- 3.24
¢ for d(i,7) odd (3:24)

[A™]; < C- {
where
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3 Bounds for the decay in functions of matrices

Proof. Define Q := a + (i[—ba, —b1] U i[by, bs]), then o(A) C Q. For bounds
for the entries [[A™!];;| we will find bounds for E,,(f,2) with f(z) = 27! and
m = d(i,j) — 1. In the following we just write F,,(€2). The set 2 is mapped

onto the interval [—1,1] by the transformation ¢t = 1 + 2= \We define the

v2—b2
polynomial Py of degree 2k as C
Tk<t) . CL2 + b%

P = P(t) = thtg=1+2 . 2

The polynomial P, approximates the zero function on €2, so that the polynomial
pox—1 defined by Por(z) =1 — zp9r_1(2) is a polynomial approximation of f(z) =
1/z on Q. For m odd, i.e., m = 2k — 1, we find

1 P, z P, |TL+1<t0)|71
Ep(Q) < max |~ — pp(2)| = max +1(2) max €Q| +1(2) _ 7% '
€0 |2 2€Q z min.eq || \/m

With Lemma 2.15 we obtain

m-+1
a? + b? 1 a? + b? a? + b?

Tosr (to) = Tonss (142 L) > = L L .
g 10) = T 1+ b%—b%)—z(\/ba—b%’* .

Summarizing, we have

En(Q) < C ¢! (3.27)

for m = 2p — 1 and
En(Q) <E,1(Q)<Cq™ (3.28)

for m = 2p. Hence, for i # j we bound the entries |[A™!];;] by using the bounds
(3.27) and (3.28) for m = d(i,5) — 1. Since the bound
1
AN < ATy € ——

holds for all 4, j the bound (3.24) also holds for i = j. O

As a direct consequence, we also find a result for Hermitian indefinite matrices
with an imaginary shift.

Corollary 3.20. Let A be a nonsingular matriz of the form A = T +1i - al
with a € R where T is Hermitian and its spectrum is contained in a set of the

form [—=bg, —b1] U [b1, bo] with by, by € R and by < by. Then the bound (3.24) of
Theorem 3.19 holds for the entries |[A™'];;].
Proof. We can write A as A =iB with B =S5+ al, S = —iT. Then

A7 = 1AB) Nyl = [ =i[B7yl = [ = [ |[B7']y;| = |[B7'];;|.  (3.29)

Since B fulfills the assumptions of Theorem 3.19 and o(B) C a + (i[—bg, —b1] U
i[b1, ba]), we can apply the bound (3.24). O
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3.2 Bounds for the inverse

As a special case, Theorem 3.19 and Corollary 3.20 yield results for indefinite
Hermitian or skew-Hermitian matrices without a shift. In this case, the formula
for the decay rate ¢ greatly simplifies, as shown in the following result.

Corollary 3.21. Let A be indefinite Hermitian or skew-Hermitian and nonsingu-
lar. Then the entries of A~! can be bounded by

d(@.7) for d(i, j) even
Al <ofaty,- 440 or A (3:30)
q07) for d(i,j) odd
where
k(A) —1
q g
k(A)+1

Proof. The indefinite Hermitian and skew-Hermitian cases are special cases of
Theorem 3.19 and Corollary 3.20 for a = 0. A straightforward calculation shows

that
2 2 2 2
9 a® + b; a? + b;
— i | Z 12
1 (\/a2+b$ >/< a2+b§+>

for the decay rate ¢ from Theorem 3.19. Now for a = 0, by = minyey(a)|A| and
by = maxyeq(a) |A| we obtain

Bl R(A4)-1
il R(A)+1

and C' = 2||A~!||; which completes the proof. O

We published the results of Theorem 3.19, Corollary 3.20 and Corollary 3.21 in [38].
All the results in this section are based on (asymptotically) minimal polynomials
with respect to a set containing the spectrum of A. So far we considered ellipses,
line segments (as a special case of ellipses) and “splitted” line segments. The
following result which was not given in [38] is a straightforward generalization of
this approach based on the Faber polynomials introduced in Section 2.3.2.

Proposition 3.22. Let A be normal and let ) be a compact, simply connected
set containing the spectrum of A and excluding the origin. Then

max,cq |Pd(i,j) (Z)’
mianQ |Z|

[A71]5] <

where Py, (z) = @ (2)/ P (0) and D,,,(2) is the m-th Faber polynomial with respect
to 2.
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3 Bounds for the decay in functions of matrices

Now, by using other sets {2 than ellipses or line segments, additional results can
be obtained. As an example, we give the corresponding result for 2 := D(zg,r),
i.e., Q) is a disk with center zy and radius r. We also give the generalized result for
non-normal matrices, since we use these bounds for a comparison in Section 3.2.3.

Corollary 3.23. Let D(z,7) be a disk excluding the origin and containing the
spectrum of a normal matrix A. Then

[A71];;] < C g

with C' =1/ min.ep(z.0 2| and ¢ = r/]2|.
For non-normal matrices the bound
A7) < (14 V2) 0 ¢?@D

holds, where D(z,r) is a disk excluding the origin and containing the field of
values of A.

Proof. The assertion directly follows using (3.5), Proposition 3.22 and the fact
that the conformal map of D(zg, ) is given by ®(z2) = (z — z)/r. O

As another example, the conformal map of so called “bratwurst” sets s{). was
given in [64] in order to develop a polynomial iterative method for solving systems
of linear equations. The results in [64] can immediately be used to formulate decay
bounds for matrices in cases where it is not possible to enclose the spectrum by a
convex set excluding the origin.

Corollary 3.24. Let v € 6D(0,1) and x € (0,27). Let A be normal with o(A) C
s, where
(2 = yNo)(z =y M)
(Ne— M)z +~v(NM, - 1)’
1/ P 1+e (1+¢€)? -2
NE = = ) ME = ’
2 <1+€+ P > 2tan(¢/4)(1 + ¢)
P :=tan(x/4) + (cos(x/4)) ™",  emax := tan(x/4)(1 + tan(x/8)

and € € [0, €max). Then

sQc i ={sU(2): 2€ D(0,1)}, VY. z):=

A7) S — )
- ( NG | ) _ (—Se)d(i’ﬂ)

where V(s€),) is the boundary rotation of s§..

The sets s€2. generated by the mapping ¥, are exemplarily illustrated in Figure 3.2
for s =1, 7= —1, x = /2 and different values of e.
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3.2 Bounds for the inverse

Figure 3.2: Sets s{)¢ with s =1,y = -1, x =7/2 and € = 0.1,0.2,0.3.

3.2.3 Comparison and numerical examples

In this section we compare various aspects of the introduced bounds from the
literature and our new bounds from Section 3.2.2.

We start with the discussion of the results of Theorem 3.18 for matrices with
spectrum on a line segment excluding the origin. In Section 3.1 we introduced
Corollary 3.7 (as a consequence of Theorem 3.6 from [78]) which can be used for
normal matrices with spectrum on a line segment and functions analytic on ellipses
with focal points A\; and Ay. Hence, it would be interesting to check whether there
is an improvement by using the approach for the inverse of Section 3.2.2 instead of
using the general result of Theorem 3.6 applied to a line segment and the inverse.

Since the inverse has a singularity in 0, the maximal 7 such that f is analytic on
the interior of the ellipse E(7, A1, A2) and bounded on the boundary of E(7, A1, A2)
is smaller than the absolute value of the solution of

1 1 AL+ Ao

) =L
which is just ¢ as defined in Theorem 3.18, i.e., 1 < 7 < q. Therefore the decay
rate of Theorem 3.18 is always better than the decay rate from Corollary 3.7 in
the case of the inverse. At the same time, the constant from Corollary 3.7 is given

by

2 2 1
T max |z | = T =:1-1I,
T — 1 2€E(r,A1,)2) 1—7- MIN e B(7,A1,\2) |Z|

whereas the constant from Theorem 3.18 can be bounded by
2 1

- — 111
I — g 2 min,ep 2] |2|
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3 Bounds for the decay in functions of matrices

As already mentioned, there is a trade-off in Corollary 3.7 for the choice of 7. For
the decay rate and the factor I it would be advantageous to choose 7 as large
as possible. By setting 7 = ¢ we obtain the decay rate from Theorem 3.18 and
a factor I which is still larger than I. At the same time, the factor I1 tends to
infinity for 7 — ¢. For the factor I1 it would be advantageous to choose 7 as small
as possible. By setting 7 = 1, the factor I coincides with /1 but [ is not defined
and we would have no decay in the bound of Corollary 3.7. Summarizing, the
bound of Theorem 3.18 is sharper than the bound of Corollary 3.7 even if we use
the optimal choices of 7 for the decay rate and the factors I and 11, independently,
implying that for any choice of 7 the bound of Theorem 3.18 is smaller than that
of Corollary 3.7. We conclude that the approach of Section 3.2.2 leads to better
decay bounds for the inverse in comparison to results for general functions applied
to the inverse and we do not need to solve any minimization problem.

For the next comparison we consider the classical results of Theorem 3.9 from
[23]. The first result of Theorem 3.9 was formulated for the inverse of Hermitian
positive definite matrices. Since Hermitian positive definite matrices belong to
the class of normal matrices with spectrum on a line segment, we can use the
approach of Section 3.2.2 for those types of matrices as well, i.e., we can bound
the entries of A~! by

MAaXze[Amin, Amax] | Prs1(2)]

minze [Amin>Amax] |Z|

[A™1i < )
where P,, 11 is a normalized Chebyshev polynomial of degree m + 1 = d(i, 7). We
actually know that the result of Theorem 3.9 will lead to better results for these
types of matrices, since it is based on the explicit knowledge of the error of the
best polynomial approximation of the inverse on a positive interval, and it was
shown in [23] that this bound is sharp for certain types of matrices. However, it
is interesting to check the quality of the bounds based on minimal polynomials by
applying the approach of Section 3.2.2 to Hermitian positive definite matrices (and
in addition, we will need the resulting decay bound on a later point) and compare
them to the results of Theorem 3.9 for Hermitian positive definite matrices.

Using the normalized Chebyshev polynomial P, of degree m + 1 = d(i, j) with
respect to the line segment [Amin, Amax] Where Amin, Amax > 0 are the smallest and
largest eigenvalues of A, we obtain the bound

-1
Amax+Amin
maxzep\miru)\max] |Pm+1 (Z)| o <Tm+1 <)‘maxf)\min >>

mlnzep\min)\max] |Z| Amin

A7) <

(3.31)

Using Lemma 2.15 and the identity

2

; ; VE(A) +1

\/ )\mln + \/ >\m1n _|_ 1 — FL( ) + (332)
)\max - )\min )\max - >\min \/ H(A) —1
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3.2 Bounds for the inverse

100 |- 10° 1
10710 |- 10-20 | o ’
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10-50 [ | --- The?rem 3.18 | 10-80 [ | --- The?rem 3.18 |
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Figure 3.3: Exact values and bounds for [[A71|;;, 7 = 120 of dimension n = 200 for
A = tridiag(1,i, —1) + 21 (left) and A = tridiag(—1,4, —1) + 2iI (right).

we find the bound
2 .
(A1 < . ', (3.33)

where ¢ is the decay rate of Theorem 3.9, i.e., the decay rates coincide. For the
constant C' of Theorem 3.9 we have % <C< % which shows that in the worst case
the constant deteriorates by a factor of two if we apply the approach of Section 3.2.2
to Hermitian positive definite matrices instead of using the result of Theorem 3.9.
Hence, in the Hermitian positive definite case we obtain an acceptable decay
bound (also with sharp decay rate) when using the approach of Section 3.2.2
which can also be applied to general matrices with spectrum on a line segment.
Note that we do not obtain this bound by just applying Theorem 3.18 to the
interval [Amin, Amax] since Lemma 2.15 can only be used in the real case. However,
this comparison illustrates that a deterioration of the bounds caused by using
the bound (3.31) instead of the the error of the best polynomial approximation is

maintainable.

For non-Hermitian matrices with spectrum on a line segment excluding the origin,
we can alternatively use the second result of Theorem 3.9 for general matrices.
In this case we have rather different results for both, the constant and the decay
rate. The decay rate (3.12) and constant (3.13) depend on the condition number
k(A), whereas the decay rate and constant of Theorem 3.18 only depend on
the two endpoints of the line segment which are not necessarily related to the
condition number of A. In Figure 3.3 we see the exact absolute values of the
120-th column of the inverse of two tridiagonal matrices and the corresponding
bounds of Theorem 3.9 and Theorem 3.18. While the bound of Theorem 3.18
perfectly captures the decay in A™!, the decay rate (3.12) is too large compared
to the actual decay rate. These examples show, that it is profitable to use the
special structure of the spectrum of A.
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3 Bounds for the decay in functions of matrices

Now we consider the result of Theorem 3.10 for matrices of the form (3.14). Note
that this class of matrices coincides with the class of normal matrices with spectrum
on a line segment, so Theorem 3.10 and Theorem 3.18 are intended for the same
types of matrices. At the same time the decay rates given in these theorems
coincide, which can be seen as follows.

The decay rate of Theorem 3.10 is given by ¢; ' where ¢, > 1 is defined as the
solution of

1
§(Z+Z_1) L ‘)‘1‘ + |)‘2|

= =: x1 with z > 1,
A1 = Aq :

whereas in the decay rate ¢, ' of Theorem 3.18, the value of ¢ > 1 can be written
as the absolute value of the solution of

1 Mt A

— -1 —
2(2—1—2 ) NN

=: xy with |z| > 1. (3.34)

Now, the condition ¢; = ¢» means that ¢; and the solution of (3.34) lie on the
same circle Cy, with radius ¢; which is equivalent to the condition that z; and x,
lie on the same ellipse F with focal points —1 and 1, where E is the Joukowski
mapping of Cy,. This is equivalent to

‘33'2 — 1| + ’%2 + 1’ = 2.]]1,

which is obviously true, so the decay rates ¢; and ¢s coincide. Hence we have
no improvement here with respect to the decay rate, but with the approach of
Section 3.2.2 we obtain a much simpler constant which will especially be useful
for the results in Section 3.3. In addition we provided a detailed discussion and
comparison of the decay rate to previous results, which was not given in [35].

In Theorem 3.19 we considered special types of shifted skew-Hermitian matrices,
which e.g., represents an important class of matrices arising in lattice QCD (an
example of such a matrix is given in Section 3.3.3). For those types of matrices
the bounds of Theorem 3.18 can be used as well, hence, in the following we will
check if it is advantageous to use this more extensive knowledge of the structure
of the spectrum. For this, we compare the decay rate of Theorem 3.18 (which is
equal to the decay rate from Theorem 3.10) when applied to those shifted skew
Hermitian matrices to the decay rate from Theorem 3.19. Recall that the former
can be written as g, ' where ¢y the solution of (3.34) whereas the latter is given
by
-1 a® +b?
a3 = (Vas+Vaz+1) < 1withzy = bQ—b; (3.35)
2~ 01
At first glance it might seem that the result of Theorem 3.18 yields a sharper
bound as the decay rate ¢; ' does not depend on the distance of the spectrum
of A to the real axis, i.e., on the conditioning of the skew-Hermitian matrix 5.
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3.2 Bounds for the inverse

100
by =0
by =1
bl =2
1010
by =3
bl =4
10720
K ——— Theorem 3.18 AN
)/ - - - Theorem 3.19 N
bl =5 \ I \ ©
25 50 75 100

Figure 3.4: Decay rates predicted by Theorem 3.18 and Theorem 3.19 for a shifted skew-
Hermitian matrix of dimension n = 100 with spectrum contained in the line segment
E =1+ (i[—6,—b1] Ui[b1, 6]) for values of b; ranging from 0 to 5.

Interestingly, however, the opposite is the case: If S is non-singular, i.e., by > 0,
the bound of Theorem 3.19 gives the better decay rate, i.e.,

a3 < g3
To explore this, we set Ay = a + b1 and Ay = a — byi. Hence

_/\1+/\2_ a .,

9 = —Q—

MM b
and therefore the solution of (3.34) is given by

a N a\? 1l
z=| — — i
ba b
and we obtain

2
a a
@=M=E+VGQ—H=¢MP+HMH¢

Since |72]? < z3 with equality if and only if b = 0, this shows ¢3 < ¢, for
by > 0 and g = ¢;* for by = 0. In conclusion we find that the smaller the gap
by around the real axis is, the closer the decay rate of Theorem 3.18 is to that of
Theorem 3.19. This is illustrated in Figure 3.4, in which we compare the predicted
decay for a shifted skew-Hermitian matrix with a = 1, by = 6 and different values
of b;.
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3 Bounds for the decay in functions of matrices

As a last comparison for matrices with spectrum on a line segment, we consider
the Hermitian indefinite case which is treated in Corollary 3.21. As the results of
Theorem 3.18 and Theorem 3.10 are not applicable here, we compare our result to
the general result of Theorem 3.9. Both results give the same decay rate, so that
our new result does not give an improvement in this respect. It, however, yields a
better constant. In Theorem 3.9, the constant for S-banded matrices is given by

€1 = (28 + ) A7 () ma {1, () /2}

while in the new bound from Corollary 3.21 it is given by
C =2[|A7 ..
Therefore, their ratio is

C _ i
i (B+ 3)K(A) max{1, (=55 )/2}

For large condition numbers k(A), the terms ¢ and max{1, (HfA) )2/2} both
tend to one, so that in this case the ratio between the constants approximately
becomes

¢ _ 1

C1 (B+3)K(A)

showing that the constant C' of Theorem 3.18 is smaller by a factor which depends
both on the bandwidth and the condition number of A.

We concluded Section 3.2.2 with the observation that the use of normalized Faber
polynomials leads to additional results for general matrices. As an example, we
presented Proposition 3.23 for matrices with spectrum or field of values on a
disk excluding the origin. As an additional comparison, we consider the result
of Corollary 3.8 (which is a consequence of Theorem 3.6 from [78]) for general
analytic functions applied to f(z) = z~!. For non-normal matrices we obtained
in Proposition 3.23 the bound

(A7) <

1+v2 ( r )d“’”’ (3.36)

mianD(ZOJ") ’Z| m

where D(zg,7) is a disk containing the field of values of A. On the other hand,
the bound of Corollary 3.8 is given by

2 1 IR
Al < 2 (5) 337)
T

T — 1min.eprg,rry |2]

20



3.2 Bounds for the inverse

with 1 < 7 < |2|/r, where the upper bound for 7 follows from the singularity
of the inverse in 0. So we have a similar situation as in the comparison of the
bounds of Corollary 3.7 and Theorem 3.18 for matrices with spectrum on a line
segment. There is a trade-off in the choice of 7 in (3.37). For the decay rate it
would be advantageous to choose 7 as large as possible, but then the constant
tends to infinity. For the second factor of the constant it would be optimal to
choose 7 as small as possible but then the decay rate tends to one and the first
factor of the constant tends to infinity. So again, the bound (3.36) is similar to
the bound (3.37) with optimal choices of 7 independently for every factor. The
additional fact that 1 + /2 < 275 shows, that for any choice of 7 the bound
(3.36) is sharper than (3.37).

We conclude this section with a numerical example, which reveals an important
drawback of the bounds developed so far.

Typically, the quality of decay bounds is illustrated by showing the actual decay
in one row or column of the inverse and comparing it to the bound for this row
or column. In the example below, we instead compare the whole matrix A~*
to a matrix containing the bounds for every entry |[[A7!];;|. For example, if we
apply the bounds of Theorem 3.9 to a tridiagonal matrix, then collecting all the
bounds (3.9) in a matrix @ yields the symmetric Toeplitz structure

B qo ql Cee e qn_l_
¢ ¢ ¢ o
Q=C-| + ¢ . - |, (3.38)
. . . .. . q1
Vi ¢ ]
which, by Theorem 3.9, fulfills
A7 <@, (3.39)
where “<” and “|-|” are understood component-wise. Similarly, all the results on

decay bounds for banded matrices from [8, 11, 12, 35, 38, 71, 72, 76] also result
in a Toeplitz structured matrix () of bounds since for all entries with the same
distance between the nodes the same bound is used. However, even when A is a
banded Toeplitz matrix, A~! is in general not Toeplitz which indicates that the
bound (3.39) will typically not bound all the entries of A™! equally well when
going along a specific sub- or superdiagonal. We now give an example where this
effect is particularly pronounced.

Example 3.25. We construct a symmetric, tridiagonal matrix with prescribed
spectrum following the construction principle developed in [62, Section 6.1]. The
idea is to start with a diagonal matrix containing the prescribed eigenvalues,
and then to apply a series of (two-sided) Givens rotations in order to introduce
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3 Bounds for the decay in functions of matrices

10° 10°

10° 102 10°

100

1072 ,
1072

1074

1074 i
10-6

1078

1()71[)

100
1078 80 100 @10°°
60 s 80
- 10
10-10 20 20 10-10

00

1072

1071

106 10-¢

Figure 3.5: Magnitude of the entries of A~! (left) and @ from (3.38) (right), where A
is the matrix from Example 3.25.

nonzero elements on the sub- and superdiagonal. Nonzero elements that are
introduced outside the band are immediately chased off the bottom right corner
of the matrix, similarly to Schwarz band reduction [87]. Specifically, we construct
a symmetric positive definite tridiagonal matrix A € R9*100 with logarithmically
spaced eigenvalues in the interval [1072,10%]. Figure 3.5 shows the magnitude of
the entries of A~! and of the Toeplitz matrix (3.38) containing the bounds from
Theorem 3.9. Two problems with the bound are apparent: On the one hand, the
magnitude of the entries is very severely overestimated due to a super-exponential
decay in A~!, and on the other hand, the structure of A=! is far from being
Toeplitz, in contrast to the matrix Q). o

In the next section we develop a theoretical framework for explaining and ac-
curately predicting a decay behavior as observed in the example above for the
Hermitian positive definite case.

3.2.4 Bounds with non-Toeplitz structure

In this section we want to find alternative ways to formulate decay bounds which
capture the actual decay of a matrix function more accurately, even in extreme
situations as given in Example 3.25.

First, we show how to obtain a family of decay bounds based on full spectral
information of A, in contrast to the bound in Theorem 3.9 which is only based
on the largest and smallest eigenvalue, i.e., the spectral interval. Although this
information is typically not available in practical situations, it will help us to
make a first step towards explaining the decay behavior observed for the matrix A
from Example 3.25. As these bounds turn out to be still not necessarily accurate,
we improve them further by relating the decay above and below the diagonal
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3.2 Bounds for the inverse

of the kth column of A™! to the eigenvalues of (slightly modified) k& x k and
(n — k) x (n — k) submatrices of A, respectively. By combining both approaches,
we obtain sharp bounds for the entries of A™!, even in extreme situations as the
one from Example 3.25.

The decay bounds from Theorem 3.9 are obtained by using € = [Apin(A4), Amax(4)]
in the approach outlined in Section 3.1 and then using the best polynomial ap-
proximation for the inverse on a real positive interval. A drawback of the bounds
of Theorem 3.9 is that they cannot accurately capture the actual decay behavior if
the decay is super-exponential. This problem is comparable to what one observes
for the classical textbook convergence bound for the conjugate gradient method;
see, e.g., [85]: While for a given condition number one can always find a matrix
such that the bound for step k is sharp, it is typically neither sharp for other
matrices with the same condition number, nor for other steps of the iteration.
In the same way, one cannot expect the decay bounds from Theorem 3.9 to be
sharp for all matrices with a given condition number, or even just for all entries
of one specific matrix. In particular, the classical CG convergence result only
predicts linear convergence (and similarly, the bound of Theorem 3.9 only predicts
exponential decay), while in practice one often observes super-linear convergence
due to spectral adaptation. A simple approach for explaining the super-linear CG
convergence is based on bounding the iteration polynomial from the CG method
by other, so-called composite polynomials, which leads to a family of bounds. This
approach is described in detail in [65, Chapter 5.6.4]. To transfer this approach,
we cannot use the bounds of Theorem 3.9. Instead, we use the approach which
leads to the bound (3.33) from Section 3.2.3 for Hermitian positive definite matri-
ces, which gives the same decay rate as in Theorem 3.9 and a constant which, in
the worst case, deteriorates by a factor of two. The advantage is that with this
approach we may use the same idea as for the CG convergence analysis to explain
a super-exponential convergence behavior. Altogether this gives the following
family of bounds based on the effective condition number. This result is already
published in [39].

Theorem 3.26. Let A € C™"™ be a Hermitian positive definite and [B-banded
matriz with eigenvalues Apin(A) = A\ < Ao < -+ < Ay = Amax(A). Further, let us
define

. A) -1
At )= e 2 (3.40)

oo VEe(A)+1 A1

Then the entries of A= can be bounded as

lig(A) =

li—jl .
|[A_1]i,j| < ng F ¢ fOT CL” g = O, 1, PR \‘%J . (341)

Proof. Instead of bounding the entries of the inverse by using the polynomial
approximation on an interval containing the spectrum of A directly, we now first
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3 Bounds for the decay in functions of matrices

work with the discrete set o(A) = {\1,...,\,}. Because of (3.4) with m =
d(i,j) — 1 =1[|i — j|/B] — 1 we can bound the entries of the inverse as

[A7Y]4] < _min. eax |27 = pm(2)]
P
= min max L(Z)
Pt 1€Pm41 z€{A1,...;,An} z
Ppi1(0)=1
S P (2)
—  min max z
- )\1 Pm+1€Pm+1 ZG{)\l,.‘.,)\n} ml
Prt1(0)=1
<+ m 14(2) P e(2)
— min max |re(z _o(z
T A Prt1-0€Pmi1—r z€{A1,.. . A0} ¢ mit
Pry1-0(0)=1
where
u z
re(2) = 1——
=11 ( A)
i=n—I+1
is a polynomial which satisfies r,(0) = 1, ry(\;) < 1 for i = 1,...,n — ¢ and
re(A\;) =0fori=n—~¢+1,...,n. Therefore, the entries of the inverse can further
be bounded as
1
AN < — min max ro(2)Pryaq—o(2
H ]w’ T AL P t€Ppga ZE{A1,-~-,>\n—z}| g( ) m e( )|
Prt1-0(0)=1
1
< — max re(2 min max P14z
- )\1 ZG{)\l,‘..,)\n,g}| £< )|Pm+1,g€Pm+1,z zE{)\1,...,)\n,g}| mtl E( )|
pm+175(0):1
<+ om Priae(2)
— min max _o(z
T AL P 0€Ppy1 e 2€[A A mt
Pri1—e(0)=1

1 At + M -1
= —_— T _ _—
A1<W“Z<M4—A)>

where T}, 11—, is the Chebyshev polynomial of degree m 4+ 1 — ¢. Again, by using
Lemma 2.15 and equation (3.32) with Ay = A and Apax = A\—¢ We obtain

Tm 3 <9 m+1—~¢
ZE[I)T}%};,@H +1-0(2)| < 2¢ ’
so that the bound (3.41) follows by using |i — j|/56 < m + 1. O

The family (3.41) of bounds can potentially predict the decay behavior in A~!
much more accurately than (3.9) — which is contained as a special case for ¢ =0
(except for a factor of two in the constant) — if one chooses the value of ¢ which
minimizes (3.41) for each entry [A™1]; ;.
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3.2 Bounds for the inverse
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Figure 3.6: Magnitude of the entries of A=! (left) and @ from (3.42) (right), where A
is the matrix from Example 3.25.

Example 3.27. We consider the matrix from Example 3.25 again, but this time
define a matrix () of bounds such that
lizgl_p
0=0,...,| 52 |

where ¢y and C are defined as in (3.40). Note that the choice of ¢ which minimizes
the right-hand side of (3.42) depends on the distribution of the eigenvalues of
A. A larger number ¢ improves the effective condition number and therefore the
decay rate ¢, but at the same time the exponent =3l ¢ decreases. Therefore,
the distribution of the eigenvalues determines whether the improvement of the
decay rate outweighs the smaller exponent.

The magnitude of the entries of the resulting matrix ) is given in Figure 3.6
(together with the magnitude of the absolute entries of A™! for comparison). In
contrast to what we observed in Figure 3.5, the entries are not overestimated
as much as before (though still by several orders of magnitude), and at least in
the first few rows and columns (which correspond to the front part of the plotted
surfaces), the qualitative decay behavior is predicted quite accurately. For the other
rows and columns, however, the decay behavior predicted by the bounds is still not
satisfactory. To better understand why this is the case, we take a closer look at the
decay behavior in two individual columns in Figure 3.7. On the left-hand side, the
magnitude of the entries of the first column of A~! and the corresponding bounds
are given, and on the right-hand side, the same information is shown for the 50th
column. The plot on the right-hand side nicely illustrates the main problem that
still occurs with (3.42): While the bounds obtained by (3.42) give a better idea of
the actual decay behavior, they still lead to a symmetric Toeplitz structure of Q.
As a consequence, the bound for the 50th column in the right part of Figure 3.7 is
symmetric with respect to the 50th entry, and the bounds for the first 50 entries
of the first column plotted in the left part of Figure 3.7 agree with the bounds
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3 Bounds for the decay in functions of matrices

exact exact

bound (3.42) bound (3.42)

10—10 I I | | 10—10 I I | |
20 40 60 80 100 20 40 60 80 100

Figure 3.7: Magnitude of the entries of the first (left) and 50th (right) column of A1
and corresponding bounds (3.42), where A is the matrix from Example 3.25.

for entries 51-100 of the 50th column. This means in particular that the decay
predicted “above” the diagonal (i.e., for i < j) is the same as the decay predicted
“below” the diagonal (i.e., for i > j), although the actual decay is very different
for these two parts of the 50th column. Whenever this is the case, any symmetric
Toeplitz-structured bound has this shortcoming as it must be valid for both parts
of the column, and will thus be forced to follow the part of the column with the
“slower decay”. o

Theorem 3.26 can immediately be generalized to Hermitian and positve definite
matrices with an arbitrary, not necessarily banded, sparsity pattern by replacing
the quantity |i — j|/f by the distance d(i, j) of the nodes i and j. Everything then
works in a completely analogous manner and we can state the following result
without proof, which is also published in [39].

Theorem 3.28. Let A € C"*™ be Hermitian positive definite and let Apin(A)

A< Ay < -o- <Ay = Anax(A) be the eigenvalues of A. Let ko(A),qp and C = /\%
be defined as in Theorem 3.26. Then the entries of A~' can be bounded as
A s < C G for all € =0,1,. .., d(4, §). (3.43)

Motivated by Example 3.27, we now proceed to show how to obtain bounds that
are not restricted to a Toeplitz structure any longer. In doing so we use the bound
of Theorem 3.26 for submatrices of A. We again first consider the tridiagonal
case. The basic idea is to perform a rank-one modification of a tridiagonal matrix
A that reduces it to block diagonal form (similar to what is done in the divide
and conquer algorithm for the symmetric tridiagonal eigenvalue problem [51]). By
applying the Sherman—Morrison formula [93], the inverse of A can then be written
as the sum of the inverse of a block diagonal matrix and a rank-one matrix. The
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3.2 Bounds for the inverse

result then follows from the fact that both the inverse of the block diagonal matrix
and the rank-one term exhibit off-diagonal decay.

We fix k € {1,...,n — 1} and decompose

A Ag B, 0 H Ap+1,k
A= = = ’ c" 3.44
|:A21 Ay 0 B, +uu', u=alep + |ak+1,k|€k+1> e C", (3.44)

with o = y/|ak+1k|, €k, ex+1 the kth and k+ 1st canonical unit vector in C". Note
that B, € CF* is tridiagonal and that it differs from Aj; only in its (k, k) entry,
which is [Bi]xx = axx — |ags1,|- Similarly, By € C=k)x(n=k) i tridiagonal too,
and it differs from Ay only in its (1,1) entry, which is [Ba]11 = @r+15+1 — |Gkt1.k]-

Theorem 3.29. Let A € C™™" be a tridiagonal Hermitian positive definite matrix.

Assume that By and By in (3.44) are positive definite, and define for s = 1,2
- /\max(Bs) o \/ﬁ—s —1 2

Rs = ——F s — T /—/—m/ Cs = T 5~
)\min(Bs) 1 Rg + 1 )\min(Bs)
Then the entries of A~ can be bounded as
c ] 2~ 2k—j—i fori.i < k
1q1 © tcicq ore, ] =~
i—j ~ itj—2(k o
A, < gy N+ e MY fori,j >k
T Y et ig ! fori<k<j
e P gt for j <k <1
with the constant
g: |ak+117k| ) S |ak+1’k|.
1 + |ak+1’k| (Amax(Bl) + )\max(BQ)>

Proof. We set B = diag(By, By). The Sherman—Morrison formula gives

B luu B!
1 _ p-1 . p-1
A" =B _—1—|—uH _lu_.B — R.

Obviously, we thus have

A" is] < [B™"iyl + |Riy

9

and as the inverse of B is given by B~! = diag(B; ', By '), we can use Theorem 3.26
for ¢ = 0 applied to B; and B, in order to bound the entries of B~! as

By iyl < @ qlfifji‘ fori,j <k
Bl = 1By Y)is] < codh™ forij>k .

0 otherwise
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3 Bounds for the decay in functions of matrices

Denoting with M, , the ¢-th column of a matrix M, we get

B,
B lu=a« |:ak+[1,k1[‘3l—7k1i] 1:| )

|ak+1,k| 2

which shows that the absolute values of the entries of the rank-one term R are
given by

Bkl - 1Bl < ddi a7 forij<k
R, = o _ |[ng]i—k,1 : Hﬁz_l]j—k,lf < q;_kk__l'Q{:];:ll for 7%71 >k B
U 1B | [By il - [By kil SacadiT gt for i Sk <
B il - 1B ikl < ereaqy gy ™ for j < k<

where we applied the bounds for the inverse also to these terms. Due to the

relation
I By = a? ([Bfl]k,k + [351]1,1) )

we further find

1 1
1+uHB_1u21+oz2( + )
)\max(Bl) )\max(BQ)

Putting all these inequalities together gives the desired result. O]

This theorem is also published in [39]. We discuss Theorem 3.29 in the following
remarks.

Remark 3.30. The result of Theorem 3.29 is based on Theorem 3.26 with ¢ = 0
for ease of presentation. It is possible to rewrite it in the spirit of (3.42) to
obtain sharper decay bounds. We will state and illustrate the resulting bounds in
Example 3.33 below, but refrain from giving a formal proof, because it is essentially
the same as that of Theorem 3.29. o

Remark 3.31. A crucial assumption in Theorem 3.29 is that B; and B, are
positive definite. One situation in which this assumption is guaranteed to be
fulfilled is when A is strictly diagonally dominant, as in this case B; and Bs
inherit this property and must therefore also be positive definite. o

Remark 3.32. Theorem 3.29 only applies to the case of tridiagonal matrices, i.e.,
matrices with bandwidth g = 1. To modify it in order to account for matrices
with bandwidth 5 > 1, one can use a rank-f modification that again reduces it
to block diagonal form and then proceed in an analogous manner. However, the
quality of the bounds obtained this way will deteriorate more and more the larger
the bandwidth is. Another possible generalization of Theorem 3.29 is to consider
general sparse matrices, where we can find a low-rank modification of A such that
the graph of the resulting matrix is disconnected. Then, by renumbering the nodes,
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3.2 Bounds for the inverse
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Figure 3.8: Magnitude of the entries of A~! (left) and the bounds from (3.45) (right),
where A is the matrix from Example 3.25.

we also obtain a decomposition which is given by the sum of a block diagonal
matrix and a low-rank matrix. In this case, the exponent |i — j| is replaced by
d(7, 7), the graph distance between the nodes 7 and j. Again, the resulting bounds
can be combined with the super-exponential bounds for a general sparsity pattern,
according to Theorem 3.28. o

Using Theorem 3.29 (modified accordingly to Remark 3.30), we are now in a
position to compute bounds that accurately predict the decay behavior of the
inverse for the matrix A from Example 3.25.

Example 3.33. In this example, we illustrate the bounds arising from the block-
partitioning approach of Theorem 3.29. As Theorem 3.29 gives possibly different
bounds for an entry of |[A™!]; ;] for each value of k, the best possible bounds are
obtained by computing bounds for every £ = 1,...,n — 1 and then taking the
smallest among those bounds, i.e.,

[A™ 151 < k:{fl_.i,?z_le(‘?’ (3.45)
where
aq M+ EEEtT fordj <k
oW — C2 q|2i7j| +'C§‘Eq;+j72(k+1) for i,j >k (3.46)
Z’] e g TR fori<k<j '
€1 Co Eq{_k gs ! for ) < k<1

Note that all quantities on the right-hand side of (3.46) depend on k. The resulting
matrix of bounds (3.45) arising for the matrix A from Example 3.25 is illustrated
on the right-hand side of Figure 3.8 with the magnitude of the entries of A~ given
on the left-hand side again. We observe a considerable improvement compared to
the bounds (3.42) shown in Figure 3.6. In particular, the matrix of bounds is not
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3 Bounds for the decay in functions of matrices

10?
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1076
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10—]0

Figure 3.9: Bounds for A~! obtained by combining Theorem 3.26 with Theorem 3.29,
where A is the matrix from Example 3.25.

T T T T
102

106
10-8 |- exact 10-8 |- exact
——— Thm 3.26 and Thm 3.29 ——— Thm 3.26 and Thm 3.29
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Figure 3.10: Magnitude of the entries of the first (left) and 50th (right) column of A1
and corresponding bounds obtained by combining Theorem 3.26 with Theorem 3.29,
where A is the matrix from Example 3.25.

a Toeplitz matrix any longer and can thus better capture the different decay rates
above and below the diagonal.

Further improvements can be obtained by combining the approach of Theorem 3.29
with that of Theorem 3.26, i.e., replacing the bounds in (3.45) by bounds involving
the effective condition numbers of the diagonal blocks B; and Bj for suitable
values of £. The bounds that are obtained this way (when always selecting the
best possible value ¢ for each entry |[A™!];;|) are depicted in Figure 3.9. These
bounds resemble the actual decay behavior in A~! even better, and in order to
allow another comparison to the results presented in Example 3.27, we show a
comparison of the exact values of the first and 50th column of A~! with our
bounds in Figure 3.10. While still overestimating the entries by about two orders
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3.3 Bounds for functions defined by an integral transform

of magnitude, the qualitative decay behavior is resolved quite well by these new
bounds. o

Remark 3.34. In contrast to most bounds from the literature, these bounds can
predict a super-exponential decay behavior and do not obey a Toeplitz structure,
hence, they more accurately predict the actual decay in A~'. However, the bounds
in the presented form are not meant to be used for practical computations, as
they require complete spectral information on several submatrices of A. o

3.3 Bounds for functions defined by an integral
transform

So far we directly obtained decay bounds for a matrix f(A) by using the error of
a polynomial approximation of f on a set containing the spectrum of A. Another
approach is given by using an integral representation of f and by applying known,
sharp decay bounds for the functions arising in the integrand in order to obtain
sharp bounds for f(A) this way. For example, based on Definition 2.3 of matrix
functions, the entries of a matrix f(A) can be written as

1

A / F) [t — A1, de

~ 2mi
for every function f that is analytic on and inside a closed contour I' that encloses
o(A). Thus, the entries can by bounded by

Al < 57 [ 17O = 4) e

Now, by using decay bounds for [[(t] — A)'];;| we immediately obtain proper
(but also only implicit and not practical) bounds for a large class of functions.

In the following we will use this approach for special types of functions which can
be expressed as an integral transform and where decay bounds for functions in the
integrand were already obtained. In some cases, we even obtain explicit bounds,
i.e., bounds where no integral appears, by further bounding the resulting integral.
Mainly, we will consider Cauchy—Stieltjes functions which are defined as functions

f:C\R; — C with
du(r
f(Z):/O Z“+(T) (3.47)

where p is a monotonically increasing, real-valued and non-negative function on
[0,00). Hence, the bounds for the inverse obtained in Section 3.2 can be used to
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3 Bounds for the decay in functions of matrices

obtain decay bounds for Cauchy—Stieltjes functions of matrices. Interestingly, the
inverse itself is a Cauchy—Stieltjes function, generated by the step function

M(t):{o for t = 0

1 fort>1.

Other important examples of functions which can be expressed by an integral of
the form (3.47) for z € C\ R, are given by

: % 4-a
—a_ sin(a) / &t
0

™ z+1

for o € (0,1) and

log(1 > ¢l
M:/ o
z 1 2+t

This approach was already used in [12] to obtain bounds for Cauchy—Stieltjes
and Laplace—Stieltjes functions of banded, Hermitian positive definite matrices.
Laplace—Stieltjes functions can be defined by the integral representation

f(z) = /000 exp(—7z)da(T)

for = € C with Re(z) > 0, where « is a real-valued, nondecreasing function.
Examples of Laplace—Stieltjes functions are given by

1
= / exp(—tz)dt
0

1 —exp(—=2)
2

and
“exp(—tz)
oVt

where the representation of 272 can be seen by substituting ¢tz = = and using the

identity

oV 2,
where T" is the gamma function (see, e.g., [2]). In [12] decay bounds for the
exponential where used to obtain decay bounds for the entries of Laplace—Stieltjes
functions of Hermitian matrices.

z

N|=

dt,

3.3.1 Literature review

In this section we review decay bounds for Cauchy—Stieltjes and Laplace-Stieltjes
functions of banded, Hermitian positive definite matrices using the approach
outlined above. For Cauchy—Stieltjes functions, Theorem 3.9 from [23] can be
used and we immediately obtain the following result from [12].
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3.3 Bounds for functions defined by an integral transform

Theorem 3.35. Let A be a B-banded and Hermitian positive definite matriz and
let f be a Cauchy-Stieltjes function. Then the entries of f(A) can be bounded by

1F(A)y] < / TOme)F du(r) (3.48)
with q(17) = (WVE(T) = 1)/ (\/K(T) + 1), K(T) = (Amax + 7)/(Amin + 7) and

1 (1+\/ﬁ>2

AInin +7 7 2<)\max + 7—)

C(7) = max (3.49)

In order to use these bounds in practice, the integral (3.48) has to be evaluated
numerically and it is not even clear whether its value is finite. Hence, it would be
advantageous to find a finite upper bound of (3.48) which shows the existence of
the integral in the first place and which can be used as an explicit bound for the
entries of f(A). For the special case f(z) = z~'/2 the bound

li—jl

I[A™2]] < (C(0) + C2)q(0) 7 (3.50)

with )
(- vim)

Cy = 5

was derived in [12].

Using the same approach for Laplace—Stieltjes matrix functions, we first need
results for the exponential. Based on convergence results of the Lanczos approxi-
mation of the exponential in [54], the following decay bounds for the exponential
were derived in [12].

Theorem 3.36. Let A be a Hermitian, 5-banded matrix with eigenvalues in the
interval [0,4p]. Then fori # j and & = [|i — j|/5] we have

|[exp(=TA)]i;| < (&, p)
with .
10exp (—5%) for /AdpT < € < 2p1

(&, p) = ¢
10ee=rr) (M) for £ > 2p7.

(3.51)

pT 3

Note that this results holds for general Hermitian matrices, as for any Hermitian
matrix A the spectrum of the matrix A — A\, [ is contained in an interval [0, 4p].
Thus, for exp(—7A) the bound of Theorem 3.36 holds with the additional factor
exp(—AminT) (since clearly the matrices A and A/ commute). Using the results
for the exponential, the following results have been obtained in [12].
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3 Bounds for the decay in functions of matrices

Theorem 3.37. Let A be a Hermitian, (-banded matrix and let A=A— Amind
be a matriz whose spectrum is contained in [0,4p]. Then for a Laplace-Stieltjes

function f and & = [|i — j|/B] the entries of f(A) can be bounded by

()] < / " exp(—Aur)|[exp(—7 )] lda(7)

£

2p —_ €
< 10/ exp(—AmmT)eXp(prT) (eg’) da(T)
0

2
& 2

+10 /:p exp(—AminT) €Xp (—55?) da(T) (3.52)

2p

; /: exp(— Mgt [exp(—7 D))l da (7).

4p

Note again that the results of Theorem 3.36 and Theorem 3.37 can be generalized
to sparse matrices just by replacing £ by d(7,j). However, in [12] bounds for the
important class of matrices with Kronecker structure of the form

A=APA=ARI+I®RA (3.53)

were derived explicitly, by using the relation
exp(—7A) = exp(—7A) @ exp(—TA). (3.54)
Using relation (3.54) results in the following bounds for the exponential, where the

indices ¢ and j are written as the pairs of coordinates i = (i1,43) and j = (ji, jo2)
in the related two-dimensional grid.

Theorem 3.38. Let A be Hermitian with bandwidth 5 and spectrum contained in
[0,4p]. Let A be of structure (3.53), then it holds

[exp(—7A)]ij = [exp(—TA)li,j [exp(—TA)]izjs

and therefore, for 7 > 0 and &1,& > \/4pT,

|[exp(=TA)]ij| < (&1, p) (&2, ),

where &, = [|ix — jkl/B], k= 1,2 and ® is defined by (3.51).
For Laplace-Stieltjes functions the authors from [12] further presented the bound

[F (A < /OOO exp(—2\min) |[exp(=7A)]iyj0 | |[exp(=7A)]| da(7),  (3.55)
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3.3 Bounds for functions defined by an integral transform

where A is defined as in Theorem 3.38, A=A— Amind and A, the smallest
eigenvalue of A. Using the bound for the exponential from Theorem 3.36 for
the integrand in (3.55) directly would lead to an excessive fragmentation of the
integral due to the definition of the function ®. Hence, it was suggested in [12] to
bound (3.55) by

N

(/OOO exp(_)\minT)|[eXp(—TA\)]iljl|2da(7_))

1
2

( /0 N exp(—AminT)|[exp(_Tﬁ)]my2da(7)) (3.56)

such that the two integrals can now be bounded according to (3.52) from Theo-
rem 3.37 which requires the evaluation of six integrals. It was additionally noted
in [12] that this approach can be generalized to the case where A is the Kronecker
sum of three and more banded matrices. At this point we want to emphasize that
in this case again a bound like (3.56) is necessary and the number of integrals
increases with the number of matrices in the Kronecker sum.

3.3.2 New results

In this section we present improvements of the results introduced in the previous
section and we extend the results for Cauchy—Stieltjes functions to a larger class
of matrices using the results from Section 3.2.

Recalling the definition of a Stieltjes function from (3.47), we can obtain bounds
for Cauchy—Stieltjes matrix functions of sparse, normal matrices by exploiting
decay bounds for (A + 71)~!, the inverses of shifted versions of A. The following
theorem shows that it is possible to obtain explicit bounds, i.e., bounds in which
no integrals appear anymore, for any Stieltjes function of a Hermitian positive
definite matrix. This is similar to what was done in [12] for the special case of
the inverse square root.

Theorem 3.39. Let f be a Cauchy-Stieltjes function of the form (3.47) and let
A be Hermitian positive definite. Then the entries of f(A) can be bounded by

. A)—1
A)ijl < 2 Ain) ¢4 with _ v -1 3.57
1L (A)]i5] < 2f (Amin) ¢ /=y (3.57)

Proof. Using Theorem 3.35 for general sparse matrices, we have
|LF(A)is] < /0 C(m)q(r)* ™) du(7). (3.58)
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3 Bounds for the decay in functions of matrices

Since for 7 > 0 we have

_ Vli(T)_l o \/)\max_'_T_\/)‘min—i_T
\/ /1(7') + 1 \/)\max + 7+ \/)\min + 7

/\max - /\min Amax - >\min

q(7)

pr— < g q
(\/)\max + T + \/)‘min + 7—)2 (\/ )\max + V )\min)Q
we obtain the bound
sl <4 [~ ) dutr). (3.59)
0

The integrand C(7) is defined in (3.49), where the second argument of the maxi-
mum can be bounded as

L+ Vr(7)* _ 1 1 1 o2

+ < ;
2()\max + T) 2()\max + T) \/()\min + T) ()\max + T) 2()‘rnin + T) )\min + 7

which obviously is also an upper bound for the first argument in (3.49), such that

| emane < [T autn) = 260

min+7—

O

With the following lemma we can give similar bounds for other classes of normal
matrices with o(A) C C\ Ry , namely (shifted) skew-Hermitian matrices.

Lemma 3.40. Let A = M + sI be a matriz with M = —M and s > 0. Define

\ := argmin [A].
A€o (A)

Then

2
HQL+TDWQS|Xr: for T € RY. (3.60)
T

Proof. Since A and thus A + 71 is (shifted) skew-Hermitian, we have

1 1
I(A+7D)7 2= — = .
minyes(a) [A+ 7] [N+ 7]
The function g(7) = E'j:' attains its maximum at 7 = |X]. Hence, we obtain
2|\ 2 2
<2 2 _p
Gl 3] Ve

-~

where the second inequality holds due to Re(A) > 0. The assertion then follows

. . 1 \/5
because g(7) < v/2 implies o < R O
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3.3 Bounds for functions defined by an integral transform

Theorem 3.41. Let A be a nonsingular, skew-Hermitian matriz and let f be a
Cauchy-Stieltjes function of the form (3.47). Then the entries of f(A) can be
bounded by

e @@ for d(i, 5) even
[F(A)] < 2v2 F(|A7YI3Y) - {qd(m‘)—l for d(i, ) odd
with
_[R(A) -1
T\ s+ 1

Proof. We know from Corollary 3.21 that

(A = ] a0 aute)

< [ 204+ 7D 2 g du(r)
0

(3.61)
with

kK(A+7l)—1
q(7) =
kK(A+71I)+1
holds for d(i, j) even. Define a := minyey(4) |A| and b := maxye,(a) |A|. Then for
7 > 0 the inequality

72+b2
K(A+TI)_1 . 724a2 —1 —1 2 <1 2 H(A)_l
= = - T > - b - 9
CEEIETIN = FER N = ST O

2 2 2_ .2 . . . . . .
holds because :2122 =1+ ﬁZ—Jr‘Zz is monotonically decreasing in 7. This gives

q > q(1) for all 7 > 0, and from (3.61) we therefore obtain

()] < ¢269) / oAt D)y du(r).

With Lemma 3.40 it follows

[o1as e ane) < [T 22 aur) = 2v35(0) = 2250147 )

0 0

The case where d(i, j) is odd can be treated in an analogous manner. ]

A similar result can be obtained for general normal matrices where the spectrum
is contained in a line segment [A1, Ag].
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3 Bounds for the decay in functions of matrices

Theorem 3.42. Let A be a normal matriz with o(A) C [A1, Aa] and [A, \o] Ry =
0. Then there exist real numbers y € [1,00) and 7" € Ry such that for all i # j
the entries of f(A) can be bounded by

Akl < [ A+ p g e ) 362)
<3 475 Ty (7)) (363

with
q(t) = eftel®) > 1)

where z is the solution of x(1) = cosh(z) with

(7)

_)\1—|—)\2+27'
DV

For i = 5 we obtain

F (Dl < FUATED. (3.64)

Proof. The inequality (3.62) immediately follows by applying Theorem 3.18 to
A+ 7I. In particular, [A, Ao] "Ry = 0 implies that 0 & [A; + 7, Ay + 7] for all
7 € R}, so with Lemma 3.11 and 3.12 we have ¢(7) > 1 for all such 7.
Postponing the proof to the end, let us assume that we already know that ¢(7)
has a minimum on Ry and let 7% = argmin, q(7) denote the corresponding
minimizer. Then (3.62) can be bounded by

im0 e dute)

*\—d(,5)
— q(77) "7

2
1 —q(7)

Defining |/)\\| := minye(a) |[A| = [|[A7Y]5", we then obtain

1
[(A+7D) "o = — <
MIN\eq(A) |/\ + T| |)\| + 7

for some 7 € [1, 00) which can be seen from the equivalent formulation

/):-1-7'
A <7

T) = — <
9(7) minyecy(a) [A + 7|

where this upper bound ~ exists since g is a continuous function in 7 > 0, g(0) = 1
and lim,_, g(7) = 1.

Overall, we have the estimate

/0 TNA D) o du(r) < / N S

1A=t + 7
=7 fUIA7IY).
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Figure 3.11: Contour lines of the function h(z).

It remains to show that the minimizer 7* of ¢(7) on RJ exists. We define the
function

h:C — [1,00) with h(z) = eRe®)

where w is the solution of z = cosh(w) with Re(w) > 0. Then it holds ¢(7) =
h(z(T)), such that we can now investigate the function h and the argument z(7)
for 7 € RJ instead.

The contour lines of h on levels p € [1, 00) defined by {z € C : h(z) = p} are given
by confocal ellipses E, with focal points -1 and 1 and semi-axes 2 _571 and p+2'°71

This can be seen as follows: For a given p € [1,00) the equation

p=h(z) = et = |ev| (3.65)

is fulfilled for all those z € C, for which e lies on a circle with radius p centered
at the origin. Since w is defined as the solution of z = cosh(w) and cosh(w) can
be interpreted as the Joukowski mapping of ¥, equation (3.65) is fulfilled for
all z € C that lie on the ellipse £,. Hence, the contour lines of the function h
on levels p > 1 are confocal ellipses F, with focal points -1 and 1, as illustrated
in Figure 3.11. Note in particular, that the values of h on these ellipses £, are
trivially monotonically increasing with increasing p.

At the same time z(R{) := {z(7) : 7 € R{} is a half-line with endpoint z(0)
not intersecting the interval [—1,1] (see Lemma 3.12). Hence, h(z(7)) > 1 and
h(z(7)) — oo for 7 — oo, thus h(z(7)) = ¢(7) must attain a minimum for 7 € Ry .
The minimum on the half line x(RJ) is either given by the endpoint x(0) or a point
of tangency x(7*) of the half line z(Rj) and an ellipse E,» with minimal p* > 1.
Such a point z(7*) is exemplarily illustrated in Figure 3.12 for a shifted Hermitian
matrix with spectrum contained in the line segment [Aj, Ao] = [-3+1,1+1i]. O
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3 Bounds for the decay in functions of matrices

Figure 3.12: Contour lines of h(z) (blue lines) and z(RJ) (red line) for the line segment
A1, Ao] = [-3 +1i,1+1].

Calculating v and 7" explicitly might be too expensive in general, but Theo-
rem 3.42 shows that the integral (3.62) exists and can thus, e.g., be approximated
numerically. In the next theorem we show that 7" can be easily calculated for
shifted skew-Hermitian matrices and Hermitian matrices with a complex shift.

Theorem 3.43. Let A be of the form A = M +1i-sI, where M = M, or of the
form A = M + sI, where M = —M*  with s € R. Further let 0(A) C [\, Ao
with (A1, \o] "Ry = 0. Then there exists a real number v € [1,00) such that for
all i # j we have

2 .
< ey 2 e —d(ig) ‘
(Al = v FUIATT) 17— e q(77) (3.66)
with
7" = max {0, ——Re(Al);Re(/\z)} ; (3.67)

where q(7) is defined as in Theorem 3.42. For i = j we obtain
ILF (D]l < v FAATHIZY- (3.68)

Proof. The assertion is proven by showing that

argmin ¢(7) = max {0, _w} '

TGRK

First let A be Hermitian with complex shift i-s, i.e., Im(A;) = Im(Xy) = s. Then
the imaginary part of x(7) is constant and
Re(A1) + Re(Ag) + 27
R =
(7)) = Ren) = Re(n)
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3.3 Bounds for functions defined by an integral transform

Hence, z(Ry) is a half-line which is parallel to the real axis. Therefore, if z(R7)
does not cross the imaginary axis, Re(arcosh(z(7))) attains it minimal value for
7 = 0. Otherwise ¢(7) is minimal for the intersection with the imaginary axis,
i.e., for Re(z(7)) = 0 (see the example of Figure 3.12), which is the case when
7 = —(Re()\;) + Re()\2))/2 holds. Thus, z(R{) intersects the imaginary axis if
and only if —(Re(\1) + Re(X2))/2 > 0.

Now consider the shifted skew-Hermitian case. Then we have Re(A;) = Re(\y) = s

and the real part of z(7) is constant. For the imaginary part we have

25+ 271

tm(z(r)) = Tm(\) — Im(Ng)”

With similar arguments as above, ¢(7) is either minimal if 7 = 0 or at the intersec-
tion of z(RJ) with the real axis, i.e., if 7 = —s = —(Re(\;) + Re(A\2))/2>0. O

By imposing further conditions on A, it is possible to specify the constant ~. For
instance, for A = M+ sI with M = —M and s € R*, we know from Lemma 3.40
that v = v/2, hence, the entries of A are bounded by

2V2 46

=

(Al < FUATET (3.69)
where ¢ = ¢(0). For Cauchy—Stieltjes functions of the form f(z) = 2% with
a € (0,1) the bound (3.69) provides bounds for shifted Hermitian matrices A =
M +1i-sl, with M" = M, as well, since there exists a shifted skew-Hermitian
matrix B with A =iB and

[[A™i;| = [[(AB) "]yl = [i*[B~is| = [[B~ ]34l

The presented new results for matrices of Cauchy—Stieltjes functions are already
published in [38] with a slightly different proof of Theorem 3.42. We now consider
bounds for Laplace—Stieltjes functions of matrices with Kronecker structure based
on the graph distance. The following results and the corresponding discussion in
Section 3.3.3 for Laplace—Stieltjes functions are not mentioned in our publication
[38]. In [12] the relation

exp(—7A) = exp(—7A) ® exp(—7A) (3.70)

is used to find bounds for the exponential and Laplace-Stieltjes functions of
matrices A of the form (3.53). Alternatively, a generalized version of Theorem
3.36 for sparse matrices can be applied to matrices of the form (3.53) where the
distances of the nodes d(4, 7) is explicitly known, resulting in the following corollary.
We inherit the conditions of Theorem 3.38 in order to make a comparison between
the following bounds and the bounds of Theorem 3.38 easier.
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3 Bounds for the decay in functions of matrices

Corollary 3.44. Let A be Hermitian with bandwidth B and spectrum contained
in [0,4p]. Let further A be defined as A =1 A+ AR, then for & + & > /8pT
we obtain

|lexp(=TA)] ;] < (& + &, 2p),

where &, = [|ix — jkl/B1, k =1,2 and ® defined by (3.51).

Proof. The bound directly follows by using the generalization of Theorem 3.36 with
¢ =d(i,7) and by noticing that d(i,7) = & + & in G(A) and that o(A) C [0, 8p]
if 0(A) C [0,4p] (see, e.g., [55, Theorem 4.4.5]). O

This result for the exponential was already mentioned incidentally in [12]. Us-
ing Corollary 3.44 for the exponential, we can formulate the following result for
Laplace—Stieltjes functions of matrices with Kronecker structure based on the
graph distance.

Corollary 3.45. Let A=1® A+ AR I be a matrix with A Hermitian and \yin
the smallest eigenvalue of A. Let the spectrum of A == A — 2 Anind be contained
in [0,4p] and let f be a Laplace—Stieltjes function. Then the bound

= exp(—pt) ( epr G+t
LA <10 [ 7 exp(-2aur) ZEET (ST )T g
(£1+62)2
BT 162
+ 10 ﬁﬁ@ exp(—2AminT) €xp <—%) da(T)

+ [OO eXP(—Q)\minTH[exp(—T.Z)]ij]|doz(7),

£1+€2)2
4p

holds, where the last term can be bounded by

/ T exp(—2mr)da(r).

£1+€9)2
4p
Proof. We clearly have

(A < / " lexp(—r Ay lda(n).

Since Apin is the smallest eigenvalue of A, 2\, is the smalleit eigenvalue of A
(see, e.g., [55, Theorem 4.4.5]) and therefore the spectrum of A := A — 2\, 1 is
contained in an interval [0,4p]. Hence,

|[F(A)is| < /OOO exp(—2Auin7)|[exp(—7A)];|da(r)
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3.3 Bounds for functions defined by an integral transform

can be bounded via Corollary 3.44 with an adapted p. In addition we have

-~ -~

|lexp(=TA)];;] < [lexp(=TA)[l2 < 1

for all 7 > 0, such that the bound for the last term holds. O

The advantages of using the results based on the graph distance given by Corol-
lary 3.44 and Corollary 3.45 compared to the results based on relation (3.70) are
pointed out in the next section.

3.3.3 Comparison and numerical examples

In this section we illustrate some of the bounds obtained in Section 3.3.2 and
compare them to the results from the literature presented in Section 3.3.1 if possi-
ble. We begin by investigating the case of Cauchy—Stieltjes functions of Hermitian
positive definite matrices, where explicit bounds are given in Theorem 3.39. In
[12] the explicit bound (3.50) was obtained for the inverse square root so we now
compare the bounds for the special case f(z) = 2~'/2. The bound of Theorem 3.39
is then given by

1 2 L
[[A72]] < : ') (3.71)
with
k(A)—1

TR 11

whereas the bound from [12] is given by

[A72];] < Cqo (3.72)
with )
(1 + \/K(A)>
C=0C(0) + 5

and C(7) as defined in (3.49). Therefore we only need to compare the constants
2/v/Amin and C. First we consider the case when C(7) is given by the first quantity
of the maximum (3.49), i.e.,

L (1 V)
2

2
1
> 2.
o )\min *

2
f(z):l_i+2:1—2\/§+2x:(l—\/§) T,

r  x x x
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3 Bounds for the decay in functions of matrices

for x > 0, we obtain f(Ayin) > 0, and therefore

>\min

On the other hand, if C'(7) is given by the second quantity of the maximum, then
the constant C reads

(14 vAD)" (4 vEEE) (14 VA@)” (14 o)
@) _

e Domi(A) T >

2

C:

Hence, we now investigate the function

C(+v) ) 2
f(x7y>_ 2xy + 9 _ﬁ

L2y y 4wy 4 20y /Y + 2y’ — 24y
N 2xy

with x > 0 and y > 1. ForyzlwehaveﬂZlandyQZy,sothatfora:>0
we obtain

- Y+ xy + 22y + vy — 24/7Y
2xy

_1+4x—2\/§_(1—\/§)2+3x>0
x x '

f(z,y)

Therefore we have f(Amn, K(A)) > 0, i.e.,
2
\% )\min ‘

Summarizing, the bound of Theorem 3.35 can be used for any Cauchy-Stieltjes
function and in addition it is sharper than the explicit bound from [12] for the
special case f(z) = z7/2.

C >

For the matrix
A = tridiag(—1,4, —1) € C200x200

the exact values of the 120th column of A='/? as well as the bounds from The-
orem 3.35 of [12] (evaluated by numerical quadrature), (3.71) and (3.72) are
depicted in Figure 3.13. Of course, all approaches give the same decay rate, but
the constant obtained in Theorem 3.39 is slightly smaller than the one in (3.72).
This gives us a sharper bound, which almost agrees with the quadrature based
bound from Theorem 3.39 (which is the sharpest of the bounds, as the explicit
bounds are obtained by bounding the terms appearing in the integral in (3.48)).
Figure 3.14 shows the same experiment for the function f(z) = z='/4. In this case,
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3.3 Bounds for functions defined by an integral transform
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Figure 3.13: Exact values and bounds for [[A71/2];;| of column j = 120 with A =
tridiag(—1,4, —1).
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Figure 3.14: Exact values and bounds for [[A71/4];;| of column j = 120 with A =
tridiag(—1,4, —1).
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3 Bounds for the decay in functions of matrices

100 100

10-5

10—°

10710

10710

exact exact

10-15 |- - - - Theorem 3.43 B 10-15 |- - - - Theorem 3.43 B
| T | | T |
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Figure 3.15: Exact values and bounds for [A~1/2];; (left) and [A~1/4],; (right) of column
j =120 with A = tridiag(1,i,—1) + 2 - I of dimension n = 200.

no explicit bound was obtained in [12]. For that reason we are just able to compare
the bound of Theorem 3.39 to that of Theorem 3.35 from [12] which has to be
evaluated by numerical quadrature. Of course, the quadrature based bound is
sharper than the bound from Theorem 3.39 but the difference between the bounds
is not visible in Figure 3.14. Hence, with the explicit bound of Theorem 3.39 we
obtain sharp decay bounds without needing to use numerical quadrature.

In a second series of experiments, we compute bounds for the entries of the matrix
functions A~Y2 and A~'/4, where A is now the shifted skew-Hermitian matrix

A = tridiag(1,i, —1) +2- I € C*00*2%0,

For the shifted skew-Hermitian case, no bounds were provided in [12], so that
we only compare our bound from Theorem 3.43 to the exact value. The results
of these experiments are shown in Figure 3.15. We again observe a very good
approximation of the actual decay rate and the magnitude of the entries is only
slightly overestimated, giving sharp bounds overall.

In order to also show a numerical example for a non-banded sparse matrix, we
consider the staggered Schwinger discretization arising in quantum electrodynam-
ics, the basic quantum field theory for the interaction of electrons and photons
according to the standard model of Theoretical Physics. The discretization we
are considering here uses a periodic two-dimensional lattice, where at each lattice
site z = (7, 7) the unknown ; ; couples with its direct neighbors as

s+ Uz'l,j@/)i+1,j + ni,juf,j@/}i,jﬂ - ﬂzl—l,jwi—l,j — ni,jﬂ?,j—1¢i7j—1 = ¢ij, (3.73)
i7j - 17‘ . '7N7 T]z,j = (_]‘>Z

Herein, the indicest—1,7+1,7—1, j+1 are to be understood modulo N to account
for the periodicity. The numbers uzlj and ufj represent the SU(1) background
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Figure 3.16: Exact values and bounds for |[(s] + D)~/2];;| of column j = 504 for the
staggered Schwinger discretization of dimension n = 1024 with lexicographic ordering
of the nodes (left) and on a two-dimensional grid (right).

field, i.e. they are randomly distributed complex numbers of modulus 1. Clearly,
(3.73) results in a system
(sI + D)y = ¢ (3.74)

with a skew-Hermitian matrix D. The spectrum of D = —D*# is not only purely
imaginary, but also symmetric with respect to the origin due to the odd-even
structure of the coupling. The graph underlying D is the periodic N x N lattice,
so that here we are in the presence of the general case where the graph distance
contributes to the decay bounds. For N = 32, Figure 3.16 shows the exact decay
for the 504th column of the inverse square root corresponding to the point (16, 24)
on the lattice and the bounds from Theorem 3.43. The left panel arranges the
values according to a one-dimensional, lexicographic ordering of the lattice points,
whereas the right panel gives the same information arranged on the underlying
two-dimensional lattice. Again, the proposed decay bounds give a good impression
of the actual decay in (sI + D)~'/2.

A similar discussion and comparison of the new decay bounds for Cauchy—Stieltjes
function can also be found in [38]. We now continue with a discussion of the results
for the exponential and Laplace-Stieltjes functions of matrices with Kronecker
structure of the form (3.53), not given in [38]. The bound of Theorem 3.38 for
the exponential was obtained by using the relation (3.70) resulting in the bound

[exp(=TA)i;| < (&1, p) (&2, ), (3.75)

whereas the bound of Corollary 3.44, given by

|[exp(=TA)Jis| < ®(& + &, 2p), (3.76)
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105 —— exact L 10 1 \ —_KS
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Figure 3.17: Exact values and bounds for |[exp(—.A)];;| of column j = 94 for the matrix
A=A A with A = tridiag(—1,4, —1) (left) and the corresponding ratio between the
bounds based on the Kronecker structure (K.S) and the graph distance (GD) (right).

is only based on the graph distance in G(A). An apparent advantage of (3.76) in
contrast to (3.75) is that it is defined for more entries of exp(—7.A), since the first
bound is only defined for i, € {1,...,n} with & > \/4p7 and & > \/4p7T while
the second is defined for all 7,57 € {1,...,n} with & + & > +/8p7. Furthermore,
experiments show that the bound (3.76) is slightly sharper than (3.75) for many
entries of exp(—7.A). In Figure 3.17 we see the exact absolute values of the 94th
column of exp(—.A), where A = A ® A with A = tridiag(—1,4,—1), as well as
bound (3.75) based on the Kronecker structure and the bound (3.76) based on the
graph distance. Here, more entries of exp(—.4) can be bounded by the approach
based on the graph distance. For entries where (3.75) and (3.76) are both defined,
Figure 3.17 also shows the corresponding ratio between the bounds, where K.S
denotes the bound (3.76) based on the Kronecker structure and GS denotes the
bound (3.76) based on the graph distance. We see that for most of the entries
the ratio is larger than one (illustrated by the red line), i.e., the bound (3.76) is
sharper than (3.75) for most of the entries.

Since the bounds for Laplace-Stieltjes functions immediately follow from the
bounds for the exponential, we here have similar results for matrices with Kronecker
structure (3.53). The bound of Corollary 3.45 based on the graph distance is
defined for more entries of the matrix function than the bound (3.55) based on
the Kronecker structure. In Figure 3.18 we have the exact values and the bounds
for the 94th column of f(A), where f(z) = (1 —exp(—z))/z and A = A® A with
A = tridiag(—1,4, —1). Again, the ratio between the proposed bounds shows that
bound (3.76) is sharper than (3.75) for most of the entries.

As a second example for a Laplace—Stieltjes function, we consider the function
f(2) = 2712, The results for the 94th column of f(A) are depicted in Figure 3.19
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Figure 3.18: Exact values and bounds for |[(I — exp(—.A))A™1;;| of column j = 94 for
the matrix A = A ® A with A = tridiag(—1,4, —1) (left) and the corresponding ratio
between the bounds based on the Kronecker structure (K.S) and the graph distance

(GD) (right).
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Figure 3.19: Exact values and bounds for [[A~'/2];;| of column j = 94 for the matrix
A=A® A with A = tridiag(—1,4, —1) (left) and the corresponding ratio between the
bounds based on the Kronecker structure (KS) and the graph distance (GD) (right).
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Figure 3.20: Exact values and bounds for |[.A_%]ij| of column j = 94 for the matrix
A = Ad A with A = tridiag(—1, 4, —1) based on the Laplace—Stieltjes integral expression
and the Cauchy—Stieltjes integral expression.

and the ratio between the bounds shows that the bound based on the graph
distance is sharper than the bound based on the Kronecker structure for all entries
of the 94th column.

Since f(z) = z7'/2 is also a Cauchy-Stieltjes function, in Figure 3.20 the bound
based on the Cauchy-Stieltjes integral expression of f from Theorem 3.39 is
compared to the bound based on the Laplace—Stieltjes expression of f from Corol-
lary 3.45. We see that in this case, we obtain better results with the bound for
Cauchy—Stieltjes functions, where in addition no integral has to be computed.

A further advantage of the bounds for Laplace—Stieltjes functions of matrices with
Kronecker structure based on the graph distance is the easy generalization to
matrices of the form A = A; @ Ay @ --- & Agx. Then the quantity & + & just
needs to be replaced by & + & + -+ - + & in Corollary 3.45 and we still only need
to compute three integrals. On the other hand, using the Kronecker structure
explicitly as suggested in [12] leads to a bound where 3k integrals have to be
computed, and the numerical examples show that this additional effort does not
necessarily result in sharper decay bounds. Summarizing, it seems to be sufficient
and even more effective to use the general graph distance approach instead of
considering any structure of the matrix (besides for determining the distance of
the nodes).
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Chapter

Exploiting the decay in matrix functions

In this chapter we develop methods which explicitly use the decay property in
matrix functions for associated, important matrix computations. We are espe-
cially interested in methods which scale linearly with the matrix dimension. The
problems we are considering include

e computing sparse approximations of matrix functions (Section 4.2),
e approximating f(A)v for a given vector v (Section 4.3) and
e approximating traces of matrix functions (Section 4.4).

Besides giving some theoretical results, all these sections basically consider two
approaches for the computations of the quantities of interest. The first one is
based on the Chebyshev series expansion as introduced in Section 2.3 for some
types of matrices, while the second one uses a special coloring of the nodes in
G(A), the graph of A. Computing such a distance-d coloring of a graph is a crucial
task for the development of these approaches and is therefore discussed in detail
in a preliminary section. Some of the methods we introduce are already used
heuristically for certain applications by assuming a decay in the corresponding
matrix. In these cases we supply a more extensive theoretical analysis by using
decay bounds of matrix functions as developed in Chapter 3.

In the following sections we often need to compute the quantities v? f(A)v and
f(A)v for several vectors v. To this purpose we can use the Lanczos or Arnoldi
approximation introduced in Section 2.1.2. We want to emphasize that the con-
ditions under which we can guarantee a rapid decay in f(A) are essentially the
same as those for a fast convergence of the Lanczos/Arnoldi approximations for
vT f(A)v and f(A)v. This will be discussed in detail in Section 4.3. Hence, we
can assume that an accurate approximation can be reached with a small number
of iterates, i.e., we have m < n in Algorithm 2.1 and Algorithm 2.2, respectively.
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4 Exploiting the decay in matrix functions

Since the Arnoldi process requires O(m?n) operations for a sparse matrix A and
since we assume that an accurate approximation can be reached for m < n we
consider that the quantities v7 f(A)v and f(A)v can be computed with a cost of
O(n). We want to clarify that most of the error results in the following sections
are formulated for the exact quantities v7 f(A)v and f(A)v. It is straight forward
to formulate results which consider additional errors caused by the computations
of v f(A)v and f(A)v via the Lanczos or Arnoldi process. For this we refer to
the remarks given in Section 2.1.2; especially for the Lanczos approximation of
vT f(A)v. A formulation of an error bound which considers the error caused by
the computation of v” f(A)v is exemplarily given in Section 4.4.2.

In order to check the quality of the proposed methods, we mainly consider problems
of moderate size. For a comparison, we compute the “exact” quantities of interest
via built-in MATLAB functions associated with matrix functions, such as the
functions inv or sqrtm for the computation of the inverse or the square root of
matrices, respectively. In Section 4.4.2 we then exemplarily consider problems of
large size where we cannot compute the exact quantities via built-in MATLAB
functions and the quality of the approximations can only be checked with the
proposed error bounds.

4.1 Preliminaries: The computation of a distance-d
coloring

The coloring of graphs is an extensive field in graph theory. Starting with the
familiar Four Color Problem (see, e.g., [106]), first mentioned in 1852, the number
of further coloring problems for graphs massively increased over the recent years.
The distance-d coloring of a graph is a crucial tool for the development of the
methods and results described in the following sections. Therefore, we will discuss
some aspects and methods related to this special coloring problem. A distance-d
coloring of a graph is defined as follows.

Definition 4.1. For a graph G = (V| F), a distance-d coloring is a mapping
col : V. — {1,...,k} such that col(z) # col(j) if d(i,7) < d. A distance-d
coloring is optimal if the number k of colors is minimal among all distance-d
colorings of G.

Even for d = 1 the problem of finding an optimal coloring is NP-hard for general
graphs [63]. The number of colors in an optimal coloring is called the chromatic
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number. Besides the problem of determining an optimal distance-d coloring, the
distance-d coloring problem also includes the determination of the chromatic
number or deciding whether a graph is distance-d colorable with & colors [92].
There are numerous results on upper and lower bounds for the chromatic number
of general and specific graphs, see, e.g., [61, 68, 69, 104].

In the following, we are interested in a low-cost method for computing a distance-d
coloring of a graph for a given distance d. Ideally, the computation should not
exceed a work of O(|V|+ |E|). Of course, with this restriction we can not expect
an optimal coloring. Instead, our goal is to produce a coloring with a sufficiently
small number of colors. Low-cost methods for the coloring of a graph are well
studied for the case d = 1. In the literature, a distance-1 coloring is called the
classical (vertex-)coloring of G. Some heuristics for a classical coloring of a graph
can be found in [63, Chapter 1] for undirected graphs. In the following we will
discuss some heuristics for general distance-d colorings of undirected graphs. For
directed graphs GG, these heuristics can be applied to the corresponding undirected
graph |G|. Since the two conditions d(i,j) > d and d(j,i) > d need to be
fulfilled for col(z) = col(j) in a distance-d coloring of a directed graph G and since
d(v,w) < min{d(v,w),d(w,v)} (see Section 2.2), we obtain a distance-d coloring
for G if we have a distance-d coloring for the graph |G].

An efficient way for computing a coloring of a graph is based on a greedy strategy.
For a sequence of nodes K = (wy,...,w,), Algorithm 4.1 produces a distance-1
coloring for an undirected graph G. Depending on how one orders the nodes
in the sequence K one obtains an abundance of distance-1 coloring algorithms,
like the random sequential (RS), the larges first (LF), or the smallest last (SL)
method which all have a cost of O(|V| + |E|) [63, Chapter 1]. It is possible to
extend Algorithm 4.1 to a greedy algorithm for general distance-d colorings, given
in Algorithm 4.2.

Algorithm 4.1: Greedy algorithm for a distance-1 coloring.
Input: Graph G = (V, E) and sequence of nodes K.
Output: Distance-1 coloring col.
for:=1:ndo
| col(w;) =0
end
fori=1:ndo
| col(w;) = min{k > 0 : k # col(w) if {w;, w} € E}
end

[ N1 S N R VR

The most crucial point in Algorithm 4.2 is the computation of the sets W;, which
are the sets of nodes with illegal colors for wj, i.e., all nodes with distance of at
most d. An easy way to define those sets is given by the relation between the
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Algorithm 4.2: Greedy algorithm for a distance-d coloring.
Input: Graph G = (V, E), sequence of nodes K and distance d.
Output: Distance-d coloring col.

1 fori=1:ndo

2 | col(w;) =0

3 end

afori=1:ndo

5 Wi ={w eV :w+#w; and d(w;,w) < d}

6 | col(w;) =min{k > 0:Fk # col(w) for all w € W;}

7 end

distances of the nodes in G and powers of the adjacency matrix A(G) as discussed
in Section 2.2. Since in the graph of A(G)? the nodes i and j are adjacent if and
only if d(i, j) < d, the sets W; can by defined by

Wi ={w eV :w#w and [A(G)Yu.u, # 0}
={weV:w#w and {w,v;} € B},
where E? is the set of edges in the graph of the matrix A(G)?. The computa-
tion of the matrix A(G)? requires at most 2|log, d| matrix-matrix products [53,

Section 4.1]. If A(G) is large and sparse, fast and efficient sparse matrix-matrix
multiplications are, e.g., discussed in [22, 73, 77].

Alternatively, we can solely work with the graph G and obtain the following result.

Proposition 4.2. Let G be a graph with mazimal degree A(G). Then Algorithm
4.2 computes a distance-d coloring with at most A(G)? + 1 colors and can be
implemented with cost O(A(G)%n).

Proof. First note that for a node w;, i € {1,...,n} we have

W] < A(G) + A(G) (A(G) = 1) + -+ + A(G) (A(G) — 1)*!

—a@ Y @@ - 1 <@ X (1)) e -y

k=0 k=0

= AG)!

i.e., there are at most A(G)¢ nodes with distance at most d. Thus, there must be
at least one available color for w; in {1,..., A(G)? + 1} and therefore Algorithm
4.2 assigns a color col(w;) with col(w;) < A(G)?+ 1. Since this holds for all nodes
w;, Algorithm 4.2 computes a distance-d coloring with at most A(G)? + 1 colors.

The set W; with |IW;| < A(G)? can be computed with a work of at most O(A(G)?)
by following all paths from w; with length at most d. In addition, the minimal
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0205005002000 0-050020
Figure 4.1: Graph with a full 2-banded Figure 4.2: Optimal distance-1 coloring
adjacency matrix. of the graph of Figure 4.1.

available color for w; can be found in O(A(G)? + 1) since we know that |W;| <
A(G)? and col(w;) € {1,..., A(G)? + 1}. Overall this gives a cost of O(A(G)n).
[

In general, if A(G) is large and sparse, the maximal degree A(G) is small and
independent of the problem size n. Thus, solely working with the graph with cost
O(A(G)%n) might be cheaper than computing the matrix A(G)? if A(G) is large
and sparse.

We now discuss special classes of graphs where a distance-d coloring can be given
explicitly, i.e., a distance-d coloring can be obtained in O(n) work.

Let G be a graph with full, S-banded adjacency matrix, i.e., [A(G)];; = 0 for
li—j| > B and [A(G)];; # 0 for |[i—j| < B. Such a graph is illustrated in Figure 4.1
with n =7 and § = 2. Then it is easy to see that an optimal distance-1 coloring
is given by ¢: {1,...,n} = {1,..., 8+ 1} with

col(i)=(t—1)mod (B+1)+1, i=1,...,n,

and the 8 + 1 color classes are given by

col_l(j):{i:i:j—i-k(ﬁ—i-l),k:O,...,{g;‘”}, j=1,...,8+1.

Such an optimal coloring is shown in Figure 4.2, again for a 2-banded matrix. Now
we know that A(G)? is a full, dB-banded matrix, and since a distance-d coloring of
G is equivalent to a distance-1 coloring of the graph of A(G)?, an optimal distance-
d coloring for G is accordingly given by col : {1,...,n} — {1,...,dB + 1} with

c(i)=(G(—1)mod (dB+1)+1, i=1,...,n

and

1 L n—j :
17'(j)=<i:i=j+k(dB+1),k=0,..., , j=1,...,d8+1.
col™(5) {2 i=j+k(df+1) {dﬁJrlJ} j B+
Of course, such a coloring might not be optimal for graphs with banded adjacency
matrices with zero entries within the bandwidth. However, we can use this
approach as a heuristic for a distance-d coloring of graphs with banded adjacency
matrices. If the matrix is just sparse and not necessarily banded (we only call
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a matrix banded, if 5 < n), one could first determine a sequence of nodes K =
(wq, ..., w,) such that the bandwidth of the corresponding permuted adjacency
matrix is reduced and preferably small. The problem of finding such a permutation
is an important topic in the context of direct solvers for systems of linear equations,
and lots of low-cost methods have been proposed over the last years; see, e.g.,
[19, 21, 42, 66, 80, 94]. The probably most familiar and fundamental heuristic for
determining such a permutation is the algorithm of Cuthill and McKee proposed
in [21] with cost O(]V| + |E|). An overview and comparison of various recent
low-cost heuristics is given in [50]. Hence, if the adjacency matrix is banded
with low bandwidth or if the nodes can be permuted such that the corresponding
permuted adjacency matrix has a low bandwidth, then Algorithm 4.3 should
provide a satisfactory distance-d coloring of the graph. The cost of Algorithm 4.3
is dominated by the computation of the sequence of nodes K = (wy,...,w,).

Algorithm 4.3: Distance-d coloring algorithm.
Input: Graph G = (V, E) and distance d.
Output: Distance-d coloring col.
1 Compute a sequence of nodes K = (wy,...,w,) such that the
corresponding permuted adjacency matrix has a small bandwidth £
2 fori=1:ndo
s | col(w;) = (i —1) mod (S +1) +1
4 end

Now assume that the graph G = (V, F) is a regular D-dimensional lattice for D > 1.
For D = 1 we obtain a tridiagonal adjacency matrix, so we have a special case
of the banded case discussed above and an optimal distance-d coloring is known
anyway, requiring d + 1 colors. First, we notice that the greedy coloring algorithm
can be specified for those graphs. If G is a regular D-dimensional lattice, then
every node w can be naturally defined by coordinates w = (w!!l, ... wlPl) € ZP
such that d(v,w) = ||[v — w|j; = |oM — W] + - + [pPT — wP)| for w,v € V.
An example for such a numbering of the nodes is shown in Figure 4.3 for a two-
dimensional 7 x 7 lattice with 0 < wl', w!? < 6. Hence, the sets W; in Algorithm
4.2 can be defined by

W,={weV:w+#w and |w —w, < d},
i.e., the sets W; are all those nodes in V' which lie in a ball around w; with radius
d with respect to the || -||;-norm. In addition, the maximal number of nodes which

have to be examined to compute a set W; can be specified.

Let us define Lp(d) := [{z € ZP : ||z||; < d}|. If w; is a central node in the lattice,
ie,ifd <wf <n—dfork=1,...,D, then |W;| = Lp(d) — 1. Otherwise
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Lp(d) — 1 represents an upper bound for |[W;|. It is known that

-5

k=0

where we set (’;) = 0 if n < k [5, Theorem 2.7]. In addition, Lp also provides
a lower bound for the number of colors needed for a distance-d coloring. Since
the distances between all points z € Z” in a disk with radius |d/2] is lower
than or equal to d (distance and radius has to be understood with respect to the
|| - [[1-norm), a lower bound for the chromatic number of a distance-d coloring of
a D-dimensional lattice is given by Lp(|d/2]).

Instead of using the greedy approach, it is also possible to give an explicit distance-
d coloring for regular D-dimensional lattices. For D = 2 even an optimal distance-d
coloring is explicitly known.

Theorem 4.3. Let G = (V, E) be a 2-dimensional Ny x Ny lattice. Let any node
w €V be defined by its coordinates w = (wl) wi), with 0 < wl < Ny — 1 and
0<wl < Ny,—1. Then an optimal distance-d coloring with (%(d + 1)2W colors
15 given by

col(w) = (w + (d + 1)w?) mod (2m? + 2m + 1) ?f d even, (4.1)
(wh + dw!) mod (2m? + 4m + 2) if d odd,
with m = (%ﬂ .
Proof. See the proof of Theorem 6 in [33]. O

For general D-dimensional lattices, an explicit hierarchical distance-d coloring
was recursively computed in [95] for distances d = 2,7 = 0,1,..., producing
2P+ — 24P colors. Such a distance-2? coloring is obtained by coloring sublattices
generated by a distance-2'"! coloring of the lattice, starting with a classical Red-
Black ordering of the nodes which represents the coloring for ¢ = 0. An apparent
drawback of this coloring is that for distances d = 2°='+1, ..., 2" —1 we necessarily
need to compute a distance-2¢ coloring which can result in more colors than
necessary. For the applications in [95] it is actually useful to have such a nested
coloring of the grid (which will be discussed in detail in Section 4.4), but for our
purpose we are only interested in a distance-d coloring with a preferably small
number of colors for arbitrary distances d. So alternatively we give the following
explicit coloring for D-dimensional lattices:

Theorem 4.4. Let G = (V, E) be a D-dimensional Ny X Ny--- X Np lattice.
Let any node w € V be defined by its coordinates w = (wl, ... w!P)), with
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Figure 4.3: Two-dimesional 7 x 7 lat- Figure 4.4: Distance-2 coloring pro-
tice, where each node is defined by two duced by (4.2).
coordinates 0 < wy, ws < 6.

0<wll <N;—1,i€1,...,D. Then a distance-d coloring with (d + 1)* colors
15 given by

col(w) = (2:1 ;U\[;](d + 1)"“) +1 (4.2)

k=0

where

wh = w mod (d+1). (4.3)
Proof. Since for every node w = (wll,... wlPl) we have wihl € {0,...,d} for
k=1,...,D, we know that (4.2) produces at most (d + 1)” colors. Now assume
col(w) = col(v) for nodes w # v. We want to show that d(v,w) = ||v — w|; > d.
Because of (4.3), we have wi* = (d + 1)a + wi and vl = (d+1)b+ ol for some
integers a, b > 0 and since col(w) = col(v) we have wikl = vlkl for all k = L...,D.

Since w # v there exists at least one k such that wl*l = (d + 1)a + wltl #

(d+1)b+ ol = o which is equivalent to a # b for d > 0. By fixing such a k we
obtain
d(w,v) = [Jw — vy > [wH — oM™ = (@ + 1)]a —b] > d+ 1.

O
For D = 2 the coloring of Theorem 4.4 needs twice as many colors as the optimal
coloring. However, the coloring can be used for general D-dimensional lattices

where we did not find an optimal coloring in the literature for D > 3. In addition,
the special structure of the coloring (4.2) will be useful at a later point since it
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d optimal greedy hierar. (4.2) d greedy hierar. (4.2)
1 2 2 2 4 1 2 2 8

2 5 7 8 9 2 12 16 27

3 8 8 32 16 3 20 128 64

4 13 19 32 25 4 42 128 125
5 18 23 128 36 5 60 1024 216
6 25 33 128 49 6 102 1024 343
7 32 36 128 64 7 133 1024 523
8 41 52 128 81 8 202 1024 729

Table 4.1: Number of colors for the various distance-d colorings of D-dimensional lattices
with D = 2 (left) and D = 3 (right).

has two important characteristics. First of all, the construction is based on the
fact that we color the nodes in the cube defined by all nodes w with 0 < wlk < d
for all k = 1,..., D with (d + 1) colors as illustrated in Figure 4.4 (red, solid
square). This coloring is then repeated by shifting the initial cube through the
entire grid (red, dashed squares). Secondly, with this coloring every color class
represents a coarse grid, where the distances between the nodes in one color class
are multiples of the distance d 4+ 1. This is exemplarily illustrated in Figure 4.4
where the green nodes represent one color class, defining the coarse grid. Thus,
based on the structure of this special coloring, we have a more detailed information
about the distances of the nodes within one color class which will be helpful for
an error analysis in one of the following sections.

We will now briefly compare the number of colors obtained by the greedy approach
and the explicit colorings of Theorem 4.4 and the hierarchical coloring from [95],
where we consider D = 2,3 and different values of d. Of course, the number of
colors for the hierarchical coloring and for the coloring (4.2) is independent of the
lattice sizes Ny,..., Np. For the greedy approach we used a lexicographic ordering
of the nodes. For large lattices, the number of colors only slightly changes if we
vary the lattice sizes. This can be explained by the fact that the greedy approach
assigns colors by only using local information of the graph. Hence, we can assume
that the number of color obtained by the greedy approach is also independent of
the lattice sizes if d < Ny for k=1,...,D.

Table 4.1 shows the number of colors obtained by the different approaches. For
D = 2 the chromatic number is explicitly known such that the other approaches
(which can be used for general D) can be compared to an optimal coloring in
this case. We see that the greedy approach produces a surprisingly good coloring
where the number of colors only slightly differs from the chromatic number. The
coloring (4.2) produces twice as many colors than necessary, but it performs much
better compared to the hierarchical coloring from [95], due to the fact that with the
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hierarchical coloring only distance-2¢ colorings can be produced. This is even more
conspicuous for three dimensional lattices. Although the coloring (4.2) produces
around three times as many colors as the greedy approach, we again want to
emphasize, that the coloring (4.2) can be produced with a cost of O(n) (and in
parallel), and that the special structure of the coloring is useful at a later point.

4.2 Sparse approximations of functions of matrices

The decay in functions of matrices establishes the possibility for computing f(A)
or, more precisely, a sparse approximation of f(A). In Chapter 3 we provided
an exponential decay property of matrix functions for a large class of functions f
and matrices A. As a motivation for the existence of a sparse approximation for
exponentially decaying matrices, we have the following essential result from [9].

Theorem 4.5. Let {A,} be a sequence of n x n matrices having an exponential
decay with respect to a sequence of graphs {G,} with bounded mazimal degree
A(G,) < ¢ for all n. Then for every ¢ > 0, A, contains at most O(n) entries
greater than € in magnitude.

In addition, for matrices with exponential off-diagonal decay, we already know
from Theorem 3.3 that there exists a banded approximation of such matrices with
O(n) entries such that the error in the || - [[;-norm does not depend on the matrix
dimension. We now want to find a generalization of Theorem 3.3 for matrices
with general exponential (not necessarily off-diagonal) decay. For this we define
the level sets of a node j € {1,...,n} in a graph as

LWG) = {i:1<i<n,d(i,j)=k}, k=0,...,n—1,
L) = {i:1<i<n,d(i,j) = oo}.

Note that for any node j we have
{L.....n} = S L () U LI (),

since every node ¢ has either a distance smaller than n — 1 from j or cannot be
reached from j in which case i € L) (7). With these notation we can give the
following generalization of Theorem 3.3.

Theorem 4.6. Let {A,} be a sequence of n X n matrices with exponential decay

property N
HAn]zjl § qu(ld)? q < 1

with respect to a sequence of graphs {G,} with polynomial bounded level sets, i.e.,
for each node j € {1,...,n} we have

ILP ()] < K k°
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for K >0 and a > 0. For m > 0 define the matrix AlM via

. A <
Ay, = { el TG0 <m (4.0
0 otherwise

Then for € > 0 there exists an m independent of n such that || A, — ALZ”]HI < € for
allm > m.

Proof. Let m; := my(q,a) be such that ko‘qg < 1 holds for k > m;. Then for
m > m; we obtain

4w — AR = i > [[Amdis — (A = mlaxe > (A7)
=1

i:d(i,5)>m
n—1
<max ) Cqt <max € ) |LP()le"
=l alipyom I= k=m+1

[NIES

n—1 00
<CK Y k" <CK Y k%3¢

o0 m—+1
q 2

holds for m > msy. Then the assertion holds for m = max{my, my}. O]

Clearly, for a = 0 we just obtain the statement of Theorem 3.3 and now we have
a similar results for more general important cases, e.g., when the graphs {G,,} are
regular D-dimensional lattices, where & = D —1 (see Lemma 4.33 in Section 4.4.2).

Note that the condition on the sequence of graphs G, of Theorem 4.5, i.e., a
bounded maximal degree, is not sufficient to formulate an analogous result. This
was done in [9] but the following example disproves this assertion.

Example 4.7. Let 0 < ¢ < 1, let t € N be such that t¢ > 1 holds, and let G,, be
the full t-ary tree with height p, which gives n = 1+¢+---t? = (#T1 —1)/(t — 1).
Then the maximal degree of the graphs G,, can be bounded by A(G),) <t. Let j
be the root of this tree so that the level set L%k) (7) is formed exactly by all nodes
at depth k£ in the tree, implying

ILEG) =t* k=0,...,p, L(j) =0.
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Let A, be the matrix with [A,];; = ¢?@®/). Then A, has exponential decay with
respect to G,,, and for all m we have

A, — Al > YAl
ieDp ()
p
= D ILPG)Ie

k=m+1
p

k=m+1
> (p—m)(tg)™",

where the last inequality holds because of t¢ > 1. Thus, the first m for which
| An — A,[J”]Hl < 1 holds is m = p = Q(log n), in which case we have A=A, o

Obviously, the problem with this example is the exponential growth of the level
sets while “only” having an exponential decay in A,. For graphs {G,} with
exponentially growing level sets, one needs to make sure that g < 1 holds, where
Ly () < K t* for all nodes j = 1,...,n, and then the result holds in this case as
well.

Summarizing, for a large class of functions f and matrices A, we motivated the
existence of an approximation of a decaying matrix functions f(A) with O(n)
entries and with an error which is independent of the matrix size. We discuss
efficient low-cost methods for the computation of such sparse approximations in
the next section.

4.2.1 Computing a sparse approximation

So far we only established the existence of a sparse approximation of exponentially
decaying matrix functions but it is not immediately clear how to compute those
approximations. A naive idea is to use decay bounds as given in Chapter 3 to
determine all entries [f(A)];; which are larger than a given threshold e (which
are at most O(n), based on Theorem 4.5) and then compute only these entries
via the Lanczos or Arnoldi process introduced in Section 2.1.2. However, the
approximation of O(n) bilinear forms leads to a complexity of at least O(n?).
Hence, for computing an approximation in linear cost, decay bounds for matrix
functions must be exploited in a different way. In this section we will discuss two
approaches for the computation of a sparse approximation. The first is based on
a polynomial series expansion of the function f. The chosen polynomial series
is motivated by the decay property in f(A). The second approach requires a
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distance-d coloring of G(A), the graph of A, as discussed in Section 4.1 where a
suitable distance d can be chosen with respect to decay bounds for f(A).

Let f be a function which can be expressed as a polynomial series expansion
f(z) = chpk(z) for z € E, (4.5)

where pg(z) are polynomials of degree k. If A is a normal matrix with o(A) C E

then
A) = Z ckpr(A
k=0

Hence an approximation of f(A) is naturally given by the truncated series

m

> (A (4.6)

k=0

which is a polynomial in A of degree at most m, since the polynomials py, k =
1,...,m are polynomials of degree k. Thus, the number m should be rather small
and independent of n in order to guarantee the sparsity of this approximation.
Depending on the properties of the function f on the set [E, there could be several
series expansions of the form (4.5), e.g., the Taylor series for infinitely differentiable
functions at « € C with E = {z € C : |z —a] < R} and pp(2) = (2 — a)*.
In the following we are interested in a polynomial series expansion of f such
that f(A) is well approximated by (4.6) for a small number m (, i.e., such that
(4.6) converges rapidly to f(A) for increasing m) with easy computable matrices
p(A), k=1,...,m. We naturally have a fast convergence of the approximation
(4.6) for fast decaying coefficients c;. Hence, we are looking for an expansion
such that the corresponding coefficients ¢ rapidly become small in magnitude for
increasing k. In the following we concentrate on normal matrices with spectrum
on a line segment.

In Section 2.3.1 we introduced Chebyshev polynomials and the Chebyshev series
expansion for functions f that are continuous on a line segment. If the spectrum
of A lies on a line segment [A;, Ay], then f(A) can be approximated by

FIA) m Pu(A) = aTi(t(A)) (4.7)
with
/fOtl_ M) e k> 1, (4.8)
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where ¢ is the affine linear transformation which maps the line segment [A;, As]
to the interval [—1,1]. Based on the three-term recurrence relation (2.12) we
accordingly have

Tho1(A) = 24T (A) — Ty (A), k=1,2,... (4.9)

with Tp(A) = I and T1(A) = A. Hence, m — 1 matrix-matrix products are required
to compute the approximation P,,(A). We will now investigate the coefficients ¢y
in order to see if the truncated Chebyshev series is a good choice for approximating
a decaying matrix function f(A):

Let us define
pi(z) := argmin max |f(z) — pm(2)]
Pm€EPy 2€[A1,A2]
Then p¥, ot~ ! is a polynomial of degree at most m since ¢ (and therefore t71) is
of the form ¢(z) = az + b, a,b € C. Because of the orthogonality of Chebyshev
polynomials with respect to the weight function (1 — 22)7'/2 we obtain for k& > 1

2 [ 7,(x)

== 7Y (2) — phy ot 1 (2)) g

e ‘77/_1 (fo () —pp_q0 (ZU)) N x

2 ' [Ty(x) DR

=7 )L vt e e T @) = pi o ()
4 4

= — max |f(2) = pio (@) = — Bea(f, D, 2], (4.10)
T 2€[A1,)] T

using
b |Th(2)|

-1V 1-— 1‘2
This means that the magnitude of the coefficients can be bounded by the error
of the best polynomial approximation on a line segment [A;, A2] which is also an
upper bound for the entries of f(A), as presented in Section 3.1. Hence, a fast
decay in f(A) indicates a fast convergence of P,,(A) to f(A). Note that actually
the Chebyshev series expression of f can be viewed as an explanation for a decay
in f(A). If there exists a good polynomial approximation of f on a set containing
the spectrum of A, then the coefficients ¢, decay fast for increasing k, resulting in
a fast decay in f(A) based on the spreading sparsity pattern of the powers of A.

dx = 2.

The fast convergence of the Chebyshev series is frequently used in numerical
computations associated with functions on real intervals. The Chebfun software
package in Matlab exploits lots of useful properties of Chebyshev polynomials
for tools working with functions on intervals [99]. For example, it provides a
polynomial approximation based on the truncated Chebyshev series and based on
polynomial interpolation with Chebyshev nodes [99, Chapter 4].
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The coefficients ¢ of the Chebyshev series can be computed numerically by
9 M
Vi JZI f ot (cos(t;)) cos(kt;), k>1, (4.11)

where ¢; = (j — 3)/M and M is the number of quadrature points. The coefficient
¢p can be approximated accordingly to the coefficients ¢; with the factor 1/M
instead of 2/M. This is also implemented in the Chebfun toolbox for the real
case.

It was already suggested in [11] to approximate a decaying matrix f(A) in O(n)
complexity by a truncated Chebyshev series. The complexity of O(n) was estab-
lished by the fact that the number m is chosen with respect to decay bounds
for f(A) which are independent of the problem size n. In addition, it was rec-
ommended to increase the accuracy of the approximation while keeping the cost
linear by using a dropping strategy, where for k& > m all entries in T (¢(A)) outside
the sparsity pattern of 7,,(t(A)) are dropped and the resulting matrices are used
for computing the consecutive matrices via relation (4.9). This strategy is only
reasonable if the matrices Ty (t(A)) exhibit a decay which is comparable to that
of f(A) since only in this case the dropped matrices are related to the matrices
Ti(t(A)), k > m. Numerical examples showed that this is actually not the case
and that dropping is not necessary (and even rather detrimental) for fast decay-
ing coefficients. In addition, when using this dropping strategy it seems to be
impossible to give a practical error bound for the resulting approximation. In
contrast, using the approximation P,,(A) without dropping, we easily obtain the

error bound
[o@)

IF(A) = Pu(Dl2 < Y el (4.12)
k=m-+1

which immediately follows from ||T}(t(A))||2 < 1 for normal matrices A and which
was also given in [11]. This bound can be refined for functions analytic inside an
ellipse E(p, A1, A2) with focal points A; and Ay and semi-axis 1|A\; — Xo|(p — p7')
and $|A\1 — X2|(p+ p!). Note that there are already results from Bernstein which
deal with the error of the truncated Chebyshev series. In [67, Theorem 68] the
eITor MaX,cp(p,—1,1) |f(2) — Prn(2)| was bounded in order to obtain an error bound
for the best polynomial approximation. This bound was already used for the decay
bounds of Theorem 3.4 from [10]. As already discussed in Section 3.1, this results
can only be generalized for A;, Ay € R, so for general line segments [A1, As] we
need another approach which is based on the error of the truncated Faber series.

Proposition 4.8. Let A be normal with spectrum contained in [A1, \s] and let f
be analytic in the interior of an ellipse E(p, A1, A2) and continuous on E(p, A1, A2)
for p>1. Let P,,(A) be the truncated Chebyshev series (4.7). Then it holds

I(A) = Pu(A)] < C (%)m
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4 Exploiting the decay in matrix functions

with

4 2M(p) and M(p) = max |f(2)).

O —
m(p—1)1—p7! 2€E(p A1, A2)

Proof. Based on (4.10) we will first find a bound for the error of the best polynomial
approximation of f on [A1, Ag] of degree at most k£ — 1. Since f is analytic inside
of the ellipse E(p, A1, \2) it can be expressed as a Faber series

Z ay®(z) for z € E(p, M, A2),
=1

where the coefficients a, and Faber polynomials ®, are defined in Section 2.3.2.

Let
k—1

Pro1(2) =) ar®y(2)

(=1

be the truncated Faber series which is a polynomial of degree at most k£ — 1. Then

Er A Aol) < — D < — Dy .
k—1(f, [A1, Aa]) _Zer&if;ﬂlf(Z) Pr—1(2)] _ZeEr(r;%Q)\f(Z) Pr_1(2)]

Based on well known error results for the truncated Faber series (see, e.g., [27] or
(6] and the references therein) we obtain

max  |f(2) — per(2)] < (1)

2€E(p,A1,)\2) 1Y

where

Using (4.12) we obtain

- raal s Y te () =L a ()"

k=m+1

]

Note that the truncated Faber series was also used for obtaining the decay bound
of Corollary 3.7 in Chapter 3 with the decay rate p~'. We showed in Section 3.2
that it is possible to obtain a better decay rate for the inverse. Accordingly we
can give the following bound for the inverse with faster convergence rate than the
one from Proposition 4.8 for general analytic functions.
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4.2 Sparse approximations of functions of matrices

Proposition 4.9. Let A be a normal matrix with spectrum in the line segment

(A1, Ao| excluding the origin. Define x = ﬁ Let P,,(A) be the truncated

Chebysheuv series (4.7) with f(z) = z~. Then it holds

1 m
A~ — P(A)a < C (5) |

with A 5
C= max |27'| and g =e
(g —1)1 —q2 2

Re(z)

> 1,
where z is the solution of

x = cosh(z) with Re(z) > 0.

Proof. Using normalized Chebyshev polynomials and the arguments for the proofs
of Proposition 3.13 and Theorem 3.18 of Section 3.2.2 we obtain for f(z) = z~!

Epa(f, [\ A]) < C <1>k

q
with
C 2 max |z77|
e X .
1— qil ZE[)\l,)\Q]
Thus .
= 4-/1 4 1 ~(/1\"
A) = P, (A)]; < —C(=) ==———C (=) .
W~ Pl < 3 2 ;) -2 40(3)

]

With those (a priori) error bounds, we know that a prescribed accuracy e of the
approximation can be reached at the latest for m = [logi C'/e]. The other way
q

round, if the maximal possible m is restricted due to the computational cost and
storage, an upper bound for the accuracy of a computable approximation can be
provided. Note that the error bounds are independent of the dimension n and
that we can assume that P,,(A) is sparse, since m does not depend on n, either.

For general matrices, i.e., not necessarily normal matrices with spectrum on a line
segment, one could use a polynomial series expansion with respect to the Faber
polynomials introduced in Section 2.3.2. An error bound can easily be obtained
by using classical results for the error of the truncated Faber series which was
already used in the proof of Proposition 4.8. In general, Faber polynomials ®;
do not satisfy any recurrence relation such that it is not possible to formulate a
simple update formula for the polynomials ®;. This is a major drawback for the
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4 Exploiting the decay in matrix functions

computation of a sparse approximation via Faber polynomials and in [97] ways to
overcome this problem are discussed.

We again refer to the results in [22, 73, 77] for computing sparse matrix-matrix
products. However, even if the number of matrix-matrix products is rather small
for fast decaying matrices f(A), the computation of the polynomials 7 (A) might
be expensive for large matrices A. Thus, we now introduce an approach which
is based on a distance-d coloring of |G(A)|, where d is chosen with respect to
decay bounds for f(A), i.e., d is independent of n. We already discussed ways
for computing such a coloring in Section 4.1. We showed in Proposition 4.2 that
Algorithm 4.2 can be implemented with a work of O(A(G)?n) for a graph G with
maximal degree A(G). If we assume that we have a sequence of matrices A,, such
that A(G(A,,)) < ¢ for all n, then the maximal degree of the graphs of A,, and the
distance d are both independent of n. Hence, a distance d coloring of G(A,,) can
be obtained with complexity O(A(G(A4,))%n) = O(n). In addition, we introduced
important classes of graphs for which a distance-d coloring is explicitly known.
Thus, we now assume that a distance-d coloring of |G(A)| is cheaply available.

A method for computing a sparse approximation which uses a distance-d coloring is
based on the following idea: Even if we cannot compute f(A), we can approximate
f(A)v for a vector v via the Arnoldi/Lanczos process as introduced in Section 2.1.2.
So a naive idea is to compute the i-th column f(A)e;, drop small entries and use
the remaining entries for the i-th column of our sparse approximation. Similar
to the computation of O(n) entries €] f(A)e;, this is not feasible since we have a
cost of at least O(n) for each computation of the form f(A)v. Since most of the
entries of the i-th column f(A)e; are dropped anyway, it would be advantageous to
choose a small number of vectors vy, ..., v, where m < n, such that each vector
f(A)v, contains information about several columns of f(A) and such that f(A)
can be approximated by computing only m vectors f(A)v,. In the following we
discuss how to obtain suitable vectors vy, ..., v, for a decaying matrix f(A).

Assume we have decay bounds for the matrix f(A) depending on the distance of
the nodes in the graph of A as described in Chapter 3. Then for a threshold € we
can determine a distance d such that

I[f(A)];| < eford(i,j) > d. (4.13)

Let G(A) = (V, E) be the graph corresponding to A, then we can partition the
set of nodes V' into non-empty subsets Vi,...,V,,, ie.,

V=Wu..UuV,and V,NV,=0for {,p=1,...,m,

such that

d(i,7) > 2d ifi # jand i,j € Vi for £ = 1,...,m. (4.14)
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4.2 Sparse approximations of functions of matrices

Note that we consider such a partitioning of the nodes with respect to the undi-
rected distance d, and it can be realized by a distance-2d coloring of the undirected
graph |G(A)|. Let col : V' — {1, ..., m} be the corresponding coloring, then

Vi={ieV:col(i)=¢} (=1,....m. (4.15)

For
Uy ::Zei, te{l,...,m},

i€V

we define the approximation f(A) of f(A) with entries

[f(A); for j €V, if d(i,5) < d

- 4.16
0 if d(i,5) > d (4.16)

[F(A) D= {

Since d(i,7) > d(i,7) > d, we know that the dropped entries are smaller than
the threshold €, and the error of the remaining entries can also be bounded by a
multiple of ¢ as shown in the following result.

Proposition 4.10. Let |[f(A)];;] < € for d(i,j) > d and let f(A)4 be the matriz
defined by (4.16). Then for every (i, j)-entry we have the error bound

(V)| = Defor jeV, ifd(i,j)<d
I (A))i; — [f(A)M]] < {6 i =

Proof. The assertion is clear for d(i,j) > d. So consider an (i,7)-entry with
d(i,j) < d. Then we have

A A = [f (A = Y F(A)a,

keV,

for j € V,. Thus,
(A = ()] = Y f(A)a (4.17)

keVy
K]

Now assume that d(i, k) < d holds for k € V, with k # j. Then we obtain
d(j, k) < d(i, k) +d(i, j) < 2d (4.18)

which is a contradiction to j, k € V,. Thus d(i, k) > d(i, k) > d, and therefore we

have
F (A = [FAM);] <Y e= (Vi - e
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4 Exploiting the decay in matrix functions

The relation (4.18) explains why we needed to use the undirected distance d, since
otherwise we cannot guarantee that |[f(A)]i| < € holds with k € V;, k # j for a
structurally non-symmetric matrix A.

Proposition 4.10 immediately leads to error bounds for || f(A) — f(A)!|| for certain
matrix norms. For example, we easily obtain

1F(A) = F(A) ]2 < [1£(A) = F(A)r < nls — 1)e

1F(A) = F(A)]] < n(s — 1)e

for s = maxy |V;]. In addition, for some types of graphs we explicitly know the
size of the color classes, hence we obtain a priori error bounds without applying a
coloring algorithm. Since in general already the size of the color classes depends
on the dimension n, we will always obtain error bounds which depend on the the
problem size if we use the result of Proposition 4.10 for error bounds. For matrices
with polynomially bounded level sets we can give an error result which does
not depend on the dimension n, similar to the theoretical result for exponential
decaying matrices of Theorem 4.6.

Theorem 4.11. Let f(A) € C™" be a matriz with exponential decay away from
the sparsity pattern of A. Assume for G(A) that

LOG)] < K ke
holds for all j = 1,...,n, where LW (5) = {i : 1 <14 < n,d(i,j) = k}, i.e., there
is a polynomial bound for the size of the (undirected) level sets for each node in

G(A). Let f(A) be the matriz defined by (4.16). Then for every e > 0 there

exists d independent of n such that

1F(A) = F(A) I < e

holds for d > d.

Proof. Since f(A) has an exponential decay property, there is a constant C' and
a decay rate ¢ < 1, both independent of n, such that we have

[F(A)]] < Cq'.
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4.2 Sparse approximations of functions of matrices

Now, for every d > 0 we have

LF(A) = f(A) ]y ZmaXZ| £ (A)3]

=max | 30 ([F(Agl+ D0 DA

i 7 keV,
d(i,5)>d d(zg)<d kA

<uis( 5 wgies + 3001 3 oies
i=d+1 =1 k=d+1

(4.19)

< Z Ki*Cq' +ZK@ Z Kk“Cq",

1=d+1 k=d+1

where we used (4.17) for the second equality and also again used the fact that we
have d(i, k) > d for k € V;, k # j. As shown in the proof of Theorem 4.6 there
exists a d; such that

oo
Z Ki*Cq' < (jq%
i=d+1
for d > d; with C = ICI\([ Hence, we obtain

1F(A) = FA ] < (1+ZK2> ¢

for d > d;. Since Z?Zl i® < d*“*! we can find dy such that

d
(1 +> Kz‘“) Cqt < e (4.20)
for d > d». Then the assertion holds for d = max{dy, ds}. O]

Again, this error result includes lots of important cases, e.g., when A is banded
or G(A) is a regular D-dimensional grid. In practice, one can either use an error
bound based on Proposition 4.10 or a bound which follows from (4.19) by using
more detailed information about the level sets of the graph. This is exemplarily
illustrated in the next section.

In this section we discussed two approaches. The Chebyshev approach is simple
and intuitive, and it was already considered in the literature. However, the
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4 Exploiting the decay in matrix functions

class of matrix functions for which we can use this approach is restricted and
the computation of several matrix-matrix computations might be a problem in
practice for large matrices A. The second approach is based on a distance-d
coloring of the graph of A. This approach can be applied to general matrices
and it does not require the computation of matrix-matrix products. On the other
hand we need to compute vectors of the form f(A)v for several vectors v and an
additional distance-d coloring of the graph of A. In the following section, several
numerical examples demonstrate the accuracy of the proposed approximations.

4.2.2 Numerical examples

For demonstrating the quality of the results in Section 4.2.1, we apply the discussed
approaches to two test matrices.

Our first test matrix is the Hermitian, positive definite matrix
Aridiag . — tridiag(—1,4, —1), (4.21)

where we know that o(A) C [2, 6], independent of the matrix dimension n which,
e.g., directly follows from the Gershgorin circle theorem (see, e.g., [48, Theo-
rem 7.2.1]). This is an important information for us since we need this spectral
information for the error results introduced in Section 4.2.1.

As a second test matrix we consider the shifted skew-Hermitian matrix
Ashving . — g1 1 D (4.22)

from (3.74) in Section 3.3.3 with shift s = 5. This matrix stems from a staggered
Schwinger discretization on a periodic two-dimensional lattice and we know that
the spectrum of ASM™ing is symmetric with respect to the real axis. Using the
Gershgorin circle theorem and the fact that all off-diagonal entries of Ashwing
have modulus one, we know that the spectrum of A" ig contained in the line
segment [s + 4i, s — 4i] independent of the lattice size.

For these test matrices we first consider the computation of a sparse approximation
of f(A) based on the Chebyshev approach.

Results for the Chebyshev approach

In the following numerical examples we compute sparse approximations with
respect to the functions f(z) = z~' and f(z) = z~'/2 for each of our two test
matrices Atridiag and Aschwing,

102



4.2 Sparse approximations of functions of matrices

1074
T 100 I I
292 1 . | — A" = Pu(A)2
BN - - - bound Prop. 4.9
1072 [
29 - -
1074
2.88 -
— A=~ Bl | 1070 |
2.86 | | | | | |
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500 1,000 1,500 2,000 2 4 6 8 10

Figure 4.5: Chebyshev approach: Error [|A~! — P,,,(A)||2 for A = A¥™diag for fixed m = 5
and different dimensions n = 100, ...,2000 (left) and for fixed dimension n = 1000 and
different degrees m =1,...,10 (right).

Example 4.12. We consider the matrix A = A" and the function f(z) = 271
For the Chebyshev approximation of A™! we can use the (dimension independent)
error bound of Proposition 4.9 with A\; = 2 and Ay = 6. If we fix the degree m
of the approximation P,,(A), then for m = 5 we obtain with Proposition 4.9 the
error bound || f(A) — P(A)]l2 <6.9-107*, independent of n. The actual error of
the approximation P,,(A) for m = 5 and increasing dimensions n = 100, . .., 2000
is illustrated on the left-hand side of Figure 4.5. Here we see the convergence of
the error for increasing n and the independence of the matrix size for large n. On
the right-hand side of Figure 4.5, the matrix dimension is fixed while the degree
m of the approximation P,,(A) increases. Of course, the approximation P,,(A)
has bandwidth m and is therefore sparse for m < n. The predicted convergence
rate of Proposition 4.9, which is also the predicted decay rate of A~!, coincides
with the actual convergence rate. Hence, we again see the strong relation between
the decay behavior of A™! and the convergence rate for the approximation P,,(A)

of f(A). o

Example 4.13. We consider the matrix A = A28 and the function f(z) = 2~ /2.
For the Chebyshev approximation of A~!/2 we can use the (dimension independent)
family of bounds of Proposition 4.8 with \; = 2 and Ay = 6. We computed the
minimum over these family of bounds numerically by the discrete variation of
the parameter p > 1 and by considering the singularity of f in z = 0. If we
fix the degree m of the approximation P,,(A), then for m = 5 we obtain with
Proposition 4.8 the error bound ||f(A) — P(A)|l2 < 1,9 - 1073, independent of n.
The actual error of the approximation P,,(A) for m = 5 and increasing dimensions
n = 100, ...,2000 is illustrated on the left-hand side of Figure 4.6. Here, the
error bound overestimates the actual error by around one order of magnitude.
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Figure 4.6: Chebyshev approach: Error |A=Y2 — P,,(A)|s for A = A%diag for fixed
m = 5 and different dimensions n = 100, . .., 2000 (left) and for fixed dimension n = 1000
and different degrees m = 1,...,10 (right).

On the right-hand side of Figure 4.6, the matrix dimension is fixed while the
degree m of the approximation P,,(A) increases. Again we see that the error
bound overestimates the actual error by one order of magnitude and is worse
compared to the results for the inverse. However, the predicted convergence rate
of Proposition 4.8 well captures the actual convergence rate of the error. The
approximation P,,(A) has bandwidth m and is therefore sparse for m < n. o

For the same functions, we repeat the experiments for our second test matrix.

Example 4.14. We consider the matrix A = A58 of dimension n = 322 and
the function f(z) = z~!. For the Chebyshev approximation of A~! we can use
the error bound of Proposition 4.9 applied to the line segment [s + 4i, s — 4i]. In
Figure 4.7 we see the exact error || f(A) — P,,(A)||2 and the error predicted by
Proposition 4.9. Note again, that the error is independent of the matrix size, thus,
the same error bound holds for a discretization with an arbitrary number of grid
points. In Table 4.2 we see the error for m = 1,...,5 and the number of nonzeros
of our approximation P,,(A) compared to the number of nonzeros in the sparse
matrix A. Based on the fast convergence of the coefficients ¢, (and of the entries
of A™1, respectively) we obtain a satisfying sparse approximation of A~!, even for
small numbers m. o

Example 4.15. We consider the matrix A = AS"™Wing of dimension n = 322 and
the function f(z) = z~%/2. For the Chebyshev approximation of A~'/2 we use
the family of error bound of Proposition 4.8 for the line segment [s 4 4i, m — 4i].
Again, we computed the minimum over these family of bounds numerically. In
Figure 4.8 we see the exact error || f(A) — P,,(A)||2 and the error predicted by
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— A7 = P (A)]2
1071 - - - bound Prop. 4.9 [ m ”A—l _ Pm<A)H2 IlIlZ(Pm(A))
1 3.5-1072 nnz(A)
10-3 . B 2 1.1-1072 2.6 - nnz(A)
3 3.5-1073 5-nnz(A)
4 1.1-1073 8.2 -nnz(A)
10 el 5 3.4-107* 12.2 - nnz(A)

| |

2 4 6 8 10

Table 4.2: Chebyshev approach: Error
A~ — P, (A)||2 where A = Aschwing of
dimension n = 322 and number of nonze-
ros in Py, (A) (nnz(P,,(A))) in relation to
the number of nonzeros in A (nnz(A)).

Figure 4.7: Chebyshev approach: FError
|A™Y — Pp(A)|l2, m = 1,...,10 where
A = A5hving of dimension n = 322.

Proposition 4.8, which is again independent of the matrix dimension. The quality
of the error bound is worse compared to that of the inverse but again the actual
convergence rate is well captured by the bound of Proposition 4.8. In Table 4.3 we
see the error for m = 1,...,5 and the number of nonzeros of our approximation
P,,(A) compared to the number of nonzeros in the sparse matrix A. o

The numerical examples show that the Chebyshev approach leads to good sparse
approximations of matrix functions f(A) for normal matrices A with spectrum
on a line segment. The proposed error bounds (especially the bounds of Propo-
sition 4.9 for the inverse) give us a good impression of the actual convergence of
the Chebyshev approximation of f(A). However, the class of matrix functions
where we can apply the Chebyshev approach is restricted and the computation
of several matrix-matrix products might be too expensive in practice. Thus, we
now repeat the numerical examples for our second approach for the computation
of f(A) where no matrix-matrix products are required and which can be used for
general matrix functions

Results for the coloring approach

We now consider the approach based on a graph coloring which can be applied
to general matrices. In the following experiments we compute approximations
of f(A) for the functions f(z) = 2~! and f(z) = 272 for each of our two test
matrices Aidiag and Aschwing
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Table 4. 3 Chebyshev approach: FError
Figure 4.8: Chebyshev approach: Error | A~ /2 _ P (A)|2 where A = Ashving of
”A_1/2 — Pp(A)|l2, m = 1,...,10 where  dimension n = 322 and number of nonze-
A = AshWiRe of dimension n = 32%. ros in P, (A) (nnz(P,,(A4))) in relation to

the number of nonzeros in A (nnz(A)).

Example 4.16. We consider the matrix A = A™d¢ and the function f(z) = 271
By using Theorem 3.9 from [23] with A, = 2 and A\yax = 4 we obtain decay
bounds defined by the constant C' and a decay rate ¢. Using (4.19) and the fact
that each level set in G(A) has at most 20 elements if A is f-banded we obtain
the error bounds

1+2d6 .

1£(A) = f(A) ||1<2502 (1+2dp) < 28C———-

i=d+1

(4.23)

Thus, we have a (dimension independent) error bound for the matrix A = Atridias
with 8 = 1.

In the left panel of Figure 4.9 we see the error ||f(A) — f(A)||, for the fixed
distance d = 5 and increasing dimension n = 100,...,2000. Similar to the
Chebyshev approximation, the error in the || - ||o-norm converges for increasing
dimension, so that for large n we can consider it to be independent of the matrix
size. The error bound is formulated for the error in the || - ||;-norm and with (4.23)
we obtain for d = 5 the error bound

1£(A) = F(APL <5.6-1072,
whereas the actual error in the || - ||;-norm is approximately given by
1£(A) = F(AF ] ~ 5.8 107

for n = 100,...,2000, i.e., the actual error is overestimated by one order of
magnitude. The same is observable if we fix the dimension and vary the distance
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Figure 4.9: Coloring approach: Error for the approximation f(A)4 with f(z) = 2~
and A = A%idiag for fixed d = 5 and different dimensions n = 100, ...,2000 (left) and
for fixed dimension n = 1000 and different distances d = 1,...,10 (right).

d. In the right panel of Figure 4.9 we see the error in the || - ||;-norm and the
error bound (4.23) which overestimates the actual error by around one order of
magnitude. The actual convergence rate is well captured by the bound but not
as accurate as in the Chebyshev approach. Note that for a given distance d we
need to compute a distance-2d coloring resulting in 2d + 1 colors for a tridiagonal
matrix, i.e., we need to compute 2d + 1 vectors f(A)v for constructing the sparse
approximation with bandwidth d. Hence, for d = 10 we obtain an accuracy of
around 107% with only 21 vector computations of the form f(A)v. o

Example 4.17. We consider the matrix A = A28 and the function f(z) = z~/2.
For the Cauchy—Stieltjes function f(z) = 1/4/z we can use the decay bound from
Theorem 3.39 for obtaining an error bound with (4.23). The results are illustrated
in Figure 4.10. The error bound (4.23) overestimates the actual error by around
two orders of magnitude for d = 10 and the predicted convergence rate is slightly
too slow compared to the actual convergence rate. Again, for d = 10 we see
that it is possible to reach an accuracy smaller than 10~% with only 21 vector
computations.

We repeat the experiments for the same functions and the staggered Schwinger
matrix.

Example 4.18. We consider the matrix A = A5Vin8 of dimension n = 322 and
the function f(z) = 27!. For error bounds of our approximation we use the
decay bounds of Theorem 3.18 for the inverse of matrices with spectrum on a line
segment. The actual error of an approximation for the inverse (in the ||-||;-norm) is
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Figure 4.10: Coloring approach: Error for the approximation f(A)¥ with f(z) = z~1/2
and A = A%diag for fived d = 5 and different dimensions n = 100, ...,2000 (left) and
for fixed dimension n = 1000 and different distances d = 1,...,10 (right).

illustrated in Figure 4.11 together with the error bounds based on Proposition 4.10
and based on (4.19) using the fact that the number of nodes with exactly length 4
in G(A) is 44, since G(A) is a periodic two-dimensional lattice. The bound based
on Proposition 4.10 captures the convergence rate of the error well but the constant
is way too large. The bound based on (4.19) predicts a too slow convergence, since
the linear part of the bound (based on the linear growing of the level sets) initially
distorts the exponential decay of the error. For growing d, the exponential part will
dominate such that the predicted decay of the error then captures the actual decay
for large d. In Table 4.4 we vary the distances d = 1,...,5 resulting in m colors
for the distance-2d coloring of the graph, i.e., m vectors of the form f(A)v have
to be computed for obtaining the corresponding approximation. Note that the
resulting number of vector computations is independent of the matrix dimension.
In Table 4.4 we also see the number on nonzero elements in the approximation
compared to the number of nonzeros in A. Hence, the full matrix f(A) can be
well approximated by the sparse matrix f(A). o

Example 4.19. We consider the matrix A = A*"™Wing of dimension n = 322 and
the function f(z) = z~/2. For the function f(z) = 2=/ we use the decay bounds
of Theorem 3.42 for Cauchy—Stieltjes functions of matrices with spectrum on a
line segment and obtain error bounds based on Proposition 4.10 and based on
(4.19). The results, which are illustrated in Figure 4.12, are comparable to the
results for the inverse. In Table 4.5 we vary the distances d = 1,...,5 resulting
in m colors for the distance-2d coloring of the graph, i.e., m vectors of the form
f(A)v have to be computed for obtaining the corresponding approximation. Note
again that the number of necessary vector computations is independent of the
matrix dimension. o
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| — I7(A) = £ |
---  bound (4.19)

| bound Prop. 4.10
10 e A
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Figure 4.11: Coloring approach: Error ||f(A) — f(A)|, d =1,...,10 with f(z) = z~!
where A = A3hWing of dimension n = 322.

d m | f(A) = f(A]s  nnz(f(A))
1 9 5.5-1072 nnz(A)
2 25 1.6- 102 2.6 - nnz(A)
3 44 4.4-1073 5-nnz(A)
477 1.2-1073 8.2 - nnz(A)
5 131 3-107* 12.2 - nnz(A)

Table 4.4: Coloring approach: Error || f(A) — f(A)|s, d = 1,...,5 with f(z) = 27!
where A = As™ing and number of nonzeros in f(A)!4 (nnz(f(A)4)) in relation to the
number of nonzeros in A (nnz(A)).

T T T

el — 17 - F) ||
T ---  bound (4.19)

T bound Prop. 4.10

101 — ~ |

10—1

10-3

10-°

Figure 4.12: Coloring approach: Error | f(A)—f(A)||;,d =1,...,10 with f(z) = 2~ /2
where A = A3hWing of dimension n = 322.
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4 Exploiting the decay in matrix functions

d m |If(A) = f(A)];  nnz(f(A))
1 9 1.2-1071 nnz(A)
2 25 3.5-1072 2.6 - nnz(A)
3 44 9.7-1073 5-nnz(A)
4 77 25107 8.2 - nnz(A)
5 131 6.2-1074 12.2 - nnz(A)

Table 4.5: Coloring approach: Error ||f(A) — f(A)4|y, d =1,...,5 with f(z) = 2= /2
where A = AsMWing and number of nonzeros in f(A)4 (nnz(f(A)“)) in relation to the
number of nonzeros in A (nnz(A)).

Summarizing, the Chebyshev approach leads to good approximations of f(A)
and provides satisfying error bounds. However, the class of matrix functions is
restricted and we need to compute several matrix-matrix products for constructing
the approximation. On the other hand, the approximation based on a coloring of
G(A) can be applied to general matrices. Instead of matrix-matrix products we
need to compute several matrix-vector products for the computation of vectors
of the form f(A)v via the Lanczos or Arnoldi process. We saw that the coloring
approach also results in accurate approximations but the proposed error bounds
are inferior compared to the Chebyshev approach.

4.3 Approximation of f(A)v

The computation of vectors of the form f(A)v for matrices A € C"*", functions f
defined on o(A) and vectors v € C" is an important task in matrix computations.
One of the most important example is the solution of linear systems Ax = b, given
by = A7'b, and in the previous section we needed to compute f(A)v for several
vectors v in order to obtain a sparse approximation of f(A). In Section 2.1.2 we
introduced the Arnoldi/Lanczos approximation f(A)v ~ ||v||2Vimf(Hm)e1, where
H,, = VAV, and the columns of V,, are an orthonormal basis of the Krylov sub-
space K., (A, v) computed by the Arnoldi/Lanczos process. Numerical examples
show that a rapid decay in f(A) indicates a fast converges of the Arnoldi/Lanczos
approximation. This intimate relation is obvious for the inverse and Hermitian
positive definite matrices: In this case, the Lanczos approximation leads to the
conjugate gradients approximation for the solution of linear systems. The classical
conjugate gradients convergence rate (see, e.g., [85, Section 6.11.4]) coincides with
the decay rate from Theorem 3.9 for the inverse of Hermitian positive definite ma-
trices. For general matrices A and functions f, we already know (see Section 3.1)
that the entries of f(A) can be bounded by

(]| < Cmax|f(2) = pum(2)]
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4.3 Approximation of f(A)v

where 2 < C' < 1+ /2 and € is a set containing W (A), the field of values of A,
for every polynomial p,, of degree m < d(i,j). At the same time for a vector v
with ||v]|2 = 1 we have the bound

(A0 = Viu f(H)eals < 20 max | £(2) — pns (2) (424)

for every polynomial p,,_; of degree at most m — 1 which can be seen as follows.

Because of Theorem 2.7 the Arnoldi approximation V,, f(H,,)e; of f(A) is exact if
f is a polynomial of degree at most m—1, i.e., we have p,,_1(A)v = Vyupm—1(Hpm)es.
Thus,

1 (A)v = Vi f (Him)erllz = [[f(A)v = pm-1(A)0 + Vinpm-1 (Hm)er — Vi f (Hm)ex 2
< £ CA) = pma (A2 + [Pm—r (Hm)er = f(Hm)er |2

Using relation (3.5) and the fact that W (H,,) C W(A) C § gives the bound (4.24).
The bound (4.24) was already used in [6] for the development of error bounds of
the Arnoldi approximation of f(A)v.

Summarizing, a fast convergence of

Em<f7 Q) = pgleiﬂr"lm rgleaé( |f(Z) - pm(’z)’

is a sufficient condition for both, a fast decay in f(A) and a fast convergence of
the Arnoldi/Laczos approximation. Therefore we expect a fast convergence of the
Arnoldi/Lanczos approximation if we identify a rapid decay in f(A). In addition,
in some cases we can exploit the decay in f(A) for the computation of f(A)v
in order to obtain reliable error bounds and/or to save computational cost and
storage. Those alternatives to the Arnoldi/Lanczos approximation are introduced
and discussed in the following section.

4.3.1 Exploiting the decay for the computation of f(A)v

If A is normal with spectrum on a line segment, then we can use an approxima-
tion of f(A)v which is based on the truncated Chebyshev series P,,(A) of f(A)
introduced in Section 4.2. We obtain

F(A = Pa(A)o = 3 aTi(o(A)0

k=0
where ¢, are the Chebyshev coefficients (4.8), T}, are the Chebyshev polynomials of
degree k and t is the linear transformation which maps the line segment containing
the spectrum of A onto the interval [—1,1]. Based on the three term recurrence

relation (2.12), we automatically have a three term recurrence relation for the
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4 Exploiting the decay in matrix functions

Algorithm 4.4: Chebyshev approximation of f(A)v.

Input: Matrix A with o(A) C [A1, A, function f, vector v and number of
1terates m.

Output: Approximation z,,, = P,,(A)v of f(A)v

Define #(z) := 21 tA2=2z

=

X2—A1
2 A=1t(A)
3 Vg =0
4 v = Av
5 Tog = CoUg
6 fork=1,...,mdo
7 Compute ¢ via (4.11).
8 T = Tp—1 + CxUE
9 Va1 ZA’Uk — Up_1
10 end

vectors vy, 1= Ti(t(A))v, similar to the three term recurrence relation for the basis
vectors of the Krylov subspace in the Lanczos process. The resulting algorithm is
given in Algorithm 4.4.

Such a Chebyshev approximation of f(A)v was already considered in the paper
[25] from 1989 for symmetric matrices A where also the approximation based on
the Lanczos process was discussed. Today, the Lanczos or Arnoldi process seems
to be the first choice for the computation of f(A)v. However, a fast decay in
f(A) indicates a fast convergence of the Chebyshev series, hence, the Chebyshev
approximation of f(A)v seems to be a good choice in this case as well. In contrast
to the Lanczos/Arnoldi approximation, we need information about the spectrum
of A and the numerical computation of the coefficients ¢ via (4.11) is necessary.
On the other hand, we do not need to store an n X m matrix or to compute a
matrix f(H,,), and the three term recurrence relation holds for general normal
matrices with spectrum on a line segment. In addition, with Proposition 4.8 and
Proposition 4.9 we immediately obtain error bounds by using || f(A)v— Py, (A)v]ls <

1F(A) = P A)l2[|v]l2 -

Besides the Chebyshev approach we now consider an approach which can only be
applied to the inverse since it uses the residual » = b — Ax. Thus, we will call
it the approach based on the residual. A similar approach was already used for
the construction of preconditioners, which can be found in [7, Section 5] and the
references therein. Now we will use this idea to approximate a decaying vector
x = A7'b. In the following we use MATLAB notation to refer to specific rows or
columns of a matrix or to certain entries of a vector, respectively.

If we have exponential decay bounds for A~!, given by a constant C' and a decay
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4.3 Approximation of f(A)v

rate ¢, then the entries of x can be bounded by

> biAy
j=1

Clearly, based on (4.25) we can only guarantee a decay in x, if b is either sparse
or if there is a rapid decay in b as well. With (4.25) we can identify whether
there is a decay in z and, as a consequence, whether most of the entries in x are
negligible. In this case we can find a sparse approximation & of x. Using (4.25)
we can determine a set

|zi| =

<O Ibylg". (4.25)
j=1

H={ie{l,...,n}: |z <€}

for a given threshold e. If we define J := {1,...,n} \ H, then an approximation
2 of x is obviously given by

-
3 = {xﬂ itjeJ (4.26)

0 else

and we immediately obtain the error bound ||z — Z||» < \/|H|e. Of course, & can
be approximated by using the Arnoldi/Lanczos approximation and setting

2(J) = bll2Vin(T ) f (Hm)e,

which can be done for general functions f. For the inverse we can use the residual
and approximate & by the vector

T := argmin ||b — Az||s, (4.27)

zeC?

where C% = {# € C" : 2; = Oforallj ¢ J}, ie., we are looking for the
solution ¥ with the same sparsity pattern as 2, minimizing the residual. Since
Az = A(:, J)x(J) holds for a vector x € C7, the least squares problem (4.27) is
equivalent to the problem of finding a solution ¢ with

g = argmin ||b — A(:, T)y||2- (4.28)

Since A is sparse and we only consider a few columns of A, we can assume that
lots of rows in A(:, J) are zero. If we define the set

Z:={ie{l,...,n}: there exists a j € J such that A(7, ) # 0},
the least squared problem (4.28) is equivalent to

g = argmin [|b(Z) — A(Z, T )yll2 (4.29)

zeClI|
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4 Exploiting the decay in matrix functions

and Z can be computed by setting #(J) = g. If most of the entries in the solution z
are very small in magnitude, then the least squares problem (4.29) is much smaller
than the original problem and can be solved by direct methods. For constructing
a preconditioner as described in [7, Section 5|, this approach was used for b = ¢;
with ¢ = 1,...,n and the sparsity pattern of powers of A was used for determining
the set J instead of decay bounds for A~

For an error bound of the approximation & we can use the error of the sparse
approximation & defined in (4.26).

Proposition 4.20. Let & be the approzimation defined by (4.27) with respect to
a gien threshold €. Then it holds

lz = Z[l < x(A)V/[H] e

Proof. Because of the minimization property (4.27) and 2 € C7% we have ||b —
AZ|2 < [|b — AzZ||2. Thus,

|z — 2|2 < [|A7H|2]lb — AZ|;
< JJAT 2 flb — A,
< AT 2N All2llz — 2|2

< Kk(A)V|H]e.

]

In the following section we will test the Chebyshev approach for general functions
and the approach based on the residual for the inverse for two test matrices A.

4.3.2 Numerical examples

For testing the approaches introduced in Section 4.3.1 we use the matrices Atridiag
from (4.21) of dimension n = 1000 and A*"™8 from (4.22) of dimension n = 322

Results for the Chebyshev approach

In the following examples we illustrate the quality of the Chebyshev approximation
of f(A)v for the function f(z) = 272 and vector v = e; + e, compared to that
of the Lanczos and Arnoldi approximation.
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 Chebysh 10° = ‘
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Figure 4.13: Chebyshev approach: Error of the approximations of f(A)v in || - ||2-norm
with f(z) = 272 and v = e1 + e, for A = A%d28 (left) and A = ASP¥INg (right).

Example 4.21. For the matrix A = A" we obtain error bounds for the
Chebyshev approximation of f(A)v based on Proposition 4.8. The minimum over
the family of bounds is computed numerically, where we need to consider the
singularity of f at z = 0. The left-hand side of Figure 4.13 shows the error of
the Chebyshev approximation P,,(A)v, the error of the Lanczos approximation
|v]|2Vinf(H,)er and the error bound based on Proposition 4.8 for m = 1,. .., 20.
The number m is in addition the number of necessary matrix-vector products for
both, the computation of P, (A)v and ||v||2Vi f(Hy)er. Figure 4.13 demonstrates
the fast convergence of the Lanczos approximation of f(A)v. Other numerical
examples, not shown here, also show that the Lanczos approximation with at
most m = 20 iterations leads to an accurate approximation of f(A)v, independent
of the matrix dimension. However, we see that the approximation based on the
Chebyshev approach is slightly better than the Lanczos approximation and we
obtain an error bound that captures the actual convergence of the methods. Note
that the error bound does not depend on the matrix dimension n and we obtain
the same error bound for A = A8 and vector v = e; + e, for arbitrary n. o

Example 4.22. We repeat the experiment for A = A"Wing and obtain similar
results as in the previous example, illustrated on the right-hand side of Figure 4.13.
We have a fast convergence of the Arnoldi approximation but the Chebyshev
approximation results in slightly better approximations. The convergence rate in
the bound of Proposition 4.8 well captures the actual convergence. o

In these two examples, the Chebyshev approach leads to slightly better approx-
imations than the Lanczos and Arnoldi approximations while needing the same
number of matrix-vector products. For the Chebyshev approximation we need
to find an interval containing the spectrum A but we do not need to store an
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4 Exploiting the decay in matrix functions

n X m matrix or to compute a matrix f(H,,). In addition, we have a three term
recurrence relation for general normal matrices with spectrum on a line segment.

We intentionally did not show numerical examples for the inverse, since there are
already an abundance of iterative methods for the solution of systems of linear
equations (see, e.g, [85]). A strongly related iterative method for the solution of
systems of linear equations is given by Chebyshev iteration (see, e.g., [48, Section
11.2]). Instead of the Chebyshev series this approach uses a normalized Chebyshev
polynomial similar to what was done in Section 3.2 for the development of decay
bounds for the inverse.

For the inverse we now show numerical examples for the (non-iterative) method
based on the residual.

Results for the approach based on the residual

We again consider our two test matrices and the right-hand side b = e; +¢,,. With
decay bounds for A~! given by a constant C' and a decay rate 0 < ¢ < 1 we then
obtain the bound

e < O + g1

for the entries of the solution = A~'b. For our examples, the distances between
the nodes are easy available.

Example 4.23. For A = A" we can use the decay bounds of Theorem 3.9 from
(23] for Hermitian positive definite matrices. The results for the approximation
Z for a given threshold e are shown in Table 4.6. For the computation of  we
need to solve a least-squares problem of size | J| x |Z|. Since the sets J and 7
are computed with respect to decay bounds for A~!, the size of the least squares
problem is independent of the matrix dimension. Based on the fast decay in A™1
and accurate decay bounds, we only have to solve very small-dimensional least-
squared problems in order to obtain a good sparse approximation of the vector
x = A~'b. The resulting error lies one order of magnitude below the threshold e,
but the error bound based on Theorem 4.20 overestimates the error by about two
orders of magnitude. o

Example 4.24. For the matrix A = A5"Wi"8 we can use the decay bounds from
Theorem 3.18 for matrices with spectrum on a line segment. Table 4.7 shows
the results for the approximation 7 of z = A~'b. For a given threshold e, the
dimensions | 7| and |Z| of the least-squares problem are larger compared to the
previous example, but note again that the size of the least-squares problem is
independent of the matrix dimension for our test matrix A = ASMWi8  Again, the
resulting error lies one order of magnitude below the threshold €, but the error
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€ 7| |Z| ||z —zZ|s error bound

1008 4 6 28-100% 95

102 6 8 76-107° 9.4-107"
107% 10 12 54-107* 9.4.1072
107 14 16 38-107° 9.4-107°

Table 4.6: Results for the approximation & of x = A~ for A = Atdi28 of dimension
n = 1000.

€ |7 |Z| |lx—Z||2 error bound

1070 4 24 6.7-100% 39

1072 24 40 53-107% 3.8-107"
107 60 112 3.3-107* 3.8-1072
107* 112 144 2.8-107° 3.7-107°

Table 4.7: Results for the approximation & of x = A~1b for A = A5"Wing of dimension
n = 322.

bound based on Theorem 4.20 overestimates the error by about two orders of
magnitude. o

The two examples showed that it is possible to obtain a good sparse approximation
of a decaying vector f(A)v by solving a least squares problem of small and n-
independent size. For both examples the factor \/m in the error bound of
Theorem 4.20 depends on the dimension n and it would be advantageous to
formulate an n-independent error bound, but we couldn’t find one. By now, the
threshold e based on decay bounds for A™! gives us a better impression of the
actual error than the proposed error bound.

The numerical examples for the two approaches showed that it can be profitable
to consider the decay property in f(A) for the computation of f(A)v and that it
is even possible to obtain better results than the classical used Lanczos or Arnoldi
approximation of f(A)v.

4.4 Approximation of the trace of matrix functions

The computation of the trace of matrix functions is an important task in many
applications. As examples, the trace of the inverse is needed in the study of
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4 Exploiting the decay in matrix functions

fractals [86], generalized cross-validation and its applications [46, 49], or in lattice
quantum chromodynamics (QCD) [24, 90]. In graph theory, the Estrada index, a
total centrality measure for networks, is defined as the trace of the exponential of
the adjacency matrix of a graph [30, 45] and an analogous measure is given by the
trace of the resolvent [29, Section 8.1]. For Hermitian positive definite matrices A,
one can compute the log-determinant log(det(A)) as the trace of the logarithm of
the matrix A. Amongst others, the log-determinant is needed in machine learning
and related fields [79, 83]. For non-Hermitian matrices, the absolute value of
the determinant can also be computed with the help of the trace of the matrix
logarithm [3], which is also useful in many applications, e.g., if the sign of the
determinant is irrelevant or explicitly known. Plenty of further applications can
be found in [101, 102].

In this section, we consider the problem of computing

=1

for large, sparse matrices A € C"*" and functions f defined on the spectrum of
A. Of course, for small matrices A € C™*", it is possible to explicitly compute
f(A) and extract the diagonal entries to determine tr(f(A)). Because of the com-
putational cost and the storage required for determining the (dense) matrix f(A),
this is not feasible for large, sparse matrices A. Alternatively, the computation
of n bilinear forms e! f(A)e;, e.g., with the Lanczos or Arnoldi process, avoids
the storage problem but leads to computational complexity comparable to that
of a dense matrix computation. Thus, we are looking for a method where a much
smaller number of bilinear forms v f(A)v have to be computed, but where we still
obtain a good approximation of tr(f(A)). The central question is how to choose
this small number of suitable vectors v. Bai et al. [3] proposed a Monte Carlo
approach based on a result from [56] to estimate tr(f(A)). Most of the trace esti-
mators currently used are based on this Monte Carlo approach [47, 52, 101] which
are sometimes called stochastic trace estimators. The Monte Carlo estimator for
the trace of matrix functions is based on the following result from [56]:

Proposition 4.25. Let A be an n X n matriz and let V' be the discrete random
variable which takes the values 1 and —1 each with probability 0.5. Let v be a
vector of n independent samples from V. Then the random variable X = v Av
is an unbiased estimator of tr(A), i.e.,

E[X] = tr(A),
and we have

var[X] =2 lay|*.

i#]
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In the following we denote with Z% the set of sample vectors defined in Propo-
sition 4.25. Based on the results of Proposition 4.25 we define the Monte Carlo
estimator of tr(f(A)) as

1 T
LS T (A (4.30)
r
i=1
for r sample vectors vy,...,v, € Z5. The law of large numbers establishes the

convergence of (4.30) to tr(f(A)) for increasing r. However, we want to determine
just a few expressions of the form v f(A)v for obtaining a feasible trace estimator,
i.e., we want r < n. To check the quality of this stochastic trace estimator for
a number of samples r, we can use the corresponding confidence interval of the
unknown parameter F[X]; see, e.g., [70, Chapter 9]:

For a random variable X, the (1 — «) percent confidence interval for the unknown

parameter E[X]| and samples 1, ..., x, is given by
_ olX] _ olX]
T —Z1-g) \/; , T+ Z(1-2) \/’l_“ , (431)

where Z is the sample mean, o[ X| = y/var[X] is the standard deviation of X, and
z(1-g2) is the (1 — §)-quantile of the standard normal distribution. In our setting,
the samples are given by z; := vl f(A)v;, i =1,...,r and Z is the proposed trace
estimator. Unfortunately, the standard deviation o[X] cannot be determined in
practice, since we know from Proposition 4.25 that it is given by the off diagonal
entries of the unknown matrix f(A). Therefore, the sample standard deviation

L 1/2
— R P
= (e ar)

1=

can be used instead. In this case, for a small sample size we have to use the
(1 = §)-quantile of the ¢-distribution instead of the normal distribution for the
(1 — «v) percent confidence interval. The confidence interval (4.31) establishes a
convergence rate of 7=/2 for the error |E[X] — Z| which might be a problem in
practice, as illustrated in the following example.

Example 4.26. Consider the matrix A = A™4% from (4.21) of dimension n =
1000. We want to compute tr(A™') & 288,63 with the Monte Carlo method.
The left panel of Figure 4.14 shows the exact trace tr(A™!) together with the
estimates and the corresponding 99% confidence interval for increasing number of
sample vectors. The right hand side of Figure 4.14 illustrates the relative error for
increasing number of sample vectors and an error bound based on the confidence
interval. Already for a small number of samples, the relative error lies between
10~2 and 1073. However, the convergence of the estimator is typically very slow
such that even if we reach the dimension of the matrix (where it would be possible
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T T
tr(A~Y) —_ relative error q
' —— MC approximation i - - - error bound (confidence interval) ||
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Figure 4.14: Monte Carlo approximation of tr(A~!).

to specify the exact trace with the same number of vectors) the relative error still
ranges between 1072 and 1073. This example illustrates, that we can not reach a
certain accuracy, say a relative error of 1074, with a feasible number of samples. ¢

We want to emphasize that the Monte Carlo approach is a black box method, i.e.,
no information about A or f is required to obtain an approximation of tr(f(A)).
However, we saw in Example 4.26 that increasing the effort (e.g., by increasing
the number of sample vectors) does not necessarily result in a significant better
approximation. An advancement of the classical Monte Carlo approach is given by
the Multilevel Monte Carlo method [44, Section 1.2] which additionally requires
approximations of the considered random variable:

Assume we have a sequence of approximations Xy, ... X for a random variable
X with increasing accuracy. If E[X] is a good approximation of E[X]| but X
and X have similar variances, do not benefit from estimating E[X] instead of
E[X]. Therefore, we use the linearity of the expectation operator and obtain the

identity
L

E[Xp] = E[Xo] + Y | E[X¢— X, 4]. (4.32)
=1

Now, a Monte Carlo approach can be used to determine all or just some of the
occurring expected values in (4.32) and we obtain a Multilevel Monte Carlo method.
The sequence X, ... X should fulfill two requirements to make the Multilevel
Monte Carlo method profitable: For small £ € {0, ..., L} the required expected
values should be either known, be easily computable by a direct method, or an
evaluation with large number of samples should be realizable in an efficient way.
For large ¢, it should be possible to estimate the expected values accurately with
just a few samples, i.e., we expect small variances of the random variables (X, —
X¢_1). As an example, for a Multilevel Monte Carlo method for an estimator of
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tr(f(A)) we assume we have a sequence of matrices Ay, ..., Ay which approximate
the matrix f(A). Then we define X, := vTAw, where v € Z%. If we have
f(A) = A, we obtain tr(f(A)) = E[X]| = E[X] = tr(AL). Then we write

L
tr(f(A)) = tr(AL) = E[" Apo] = E[v" Ag] + ) Ep"(Ay — Ap_1)o]
=1
where we see that the sequence of matrices Ay, ..., Ay should be chosen such that

the sum of off diagonal entries in A, — A,_; is small for large ¢, since then the
variance of (X, — X,_1) is small and just a few samples are needed for computing a
good approximation of the corresponding expected values. The rest of the required
expected values should be computable in an efficient way. Of course, the most
challenging task in the Multilevel Monte Carlo method is to determine suitable
variables Xy, ..., Xy, i.e., matrices Ay, ..., A in our situation.

We want to find alternatives for the classical stochastic trace estimator by ex-
ploiting the decay in matrix functions. To overcome the problem of the slow
convergence of the stochastic trace estimator as illustrated in Example 4.26 we
have basically two possibilities. First, we try to reduce the variance such that a
better estimator can be obtained for a small number of samples vectors. In Section
4.4.1 we will use the decay property in matrix functions to implement this. Note
that reducing the variance does not change the convergence of the method, given
by r~/2, where r is the number of sample vectors. Hence, a second idea is to find
a method which has a faster convergence compared to the Monte Carlo approach.
Such (non-stochastic) methods will be discussed in Section 4.4.2.

4.4.1 Acceleration of the basic Monte Carlo method

In this section we use spectral information of A for obtaining an improved stochas-
tic estimator of tr(f(A)). Similar to the previous sections we will discuss two
approaches: The first is based on a Chebyshev expansion of f, while the second
is based on a coloring of G(A).

As discussed in Section 4.2, for normal matrices A with spectrum on a line segment
and functions f such that f(A) has a fast decay, f(A) can be well approximated
by the truncated Chebyshev series P,,(A) of degree m. Consequently, the trace
of f(A) can be well approximated by the trace of P,,(A). A suitable m can be
determined with the a priori error bounds given in Proposition 4.8 and Propo-
sition 4.9. Although the determined m is independent of the matrix dimension,
the computation of P,,(A) might be a problem due to the required matrix-matrix
multiplications. However, we can use the truncated Chebyshev series to formulate
a Multilevel Monte Carlo method for the computation of tr(f(A)). Here, we define
the sequence of matrices approximating f(A) by A, = Py(A), £ =0,..., L, where
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4 Exploiting the decay in matrix functions

L is chosen such that we have f(A) ~ Pp(A). It is clear that Ay — Ay_1 = ¢,/ Ty(A)
holds. Since the coefficients ¢, decay exponentially, the off diagonal entries of
ceTy(A) should be rather small for large ¢ and thus, the variance of the estimator
vl e, Ty(A)v, where v is a Z§-random vector, is small such that tr(c,Ty(A)) can be
well approximated with a small number of sample vectors. This motivates the
usage of Chebyshev polynomials for a Multilevel Monte Carlo method. So for
0 < s < L we have

tr(f(A)) ~ tr(Pr(A)) = tr(Ps(A)) + Ztr(CeTe(A))7

s+1

where s is chosen such that tr(Ps(A)) can be computed exactly and tr(c,7y(A)),
¢ =s+41,...,L can be approximated by the stochastic trace estimator. The
computation of vZ¢,Ty(A)v can be realized by ¢ matrix-vector multiplications,
based on the three term recurrence relation (4.9). Using p sample vectors for
each estimation of tr(c,7y(A)), £ = s+ 1,..., L leads to (L — s)p sample vectors,
in total. Based on the exponential decay of the coefficients ¢, it could be also
reasonable to decrease the number of sample vectors for increasing ¢, based on
the decreasing variance of the random variables. The resulting algorithm (with a
fixed number of sample vectors per trace) is given in Algorithm 4.5.

Algorithm 4.5: Stochastic Chebyshev estimator of tr(f(A)).
Input: Matrix A with o(A) C [A1, Ao] and function f.
Output: Estimator ¢ of tr(f(A)).

1 Determine suitable L via Proposition 4.8 or Proposition 4.9.
2 Choose 0 < s < L such that tr(P;s(A)) is computable.

3 Set t = tr(Ps(A)).

afor/{=s5+1,...,L do

5 Produce p sample vectors vy, ..., v, € Z3.

6 t<—t+ ;lo Zf:l UZ-TCZTE(A)UZ'

7 end

For general decaying matrices f(A) one can use a method which is based on a
coloring of G(A). If f(A) has an exponential decay property, then we can assume
that many entries in f(A) are very small in magnitude. Since the variance of
the stochastic trace estimator is determined by the magnitude of the off-diagonal
entries, it would be advantageous if the variance would be only given by those
small off-diagonal entries. Hence, we divide the whole trace of f(A) into subtraces
which can be computed stochastically with corresponding small variances. This
can be done as follows.

Let d be a preferably small distance such that
|[f(A)is| < e for d(i, j) > d (4.33)
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4.4 Approximation of the trace of matrix functions

for a given threshold e. Such a d can be determined by appropriate decay bounds
for f(A). Let Vi,...,V,, be a partition of V = {1,...,n} such that

d(i,j) >difi#jand i,j € Vyfor £ =1,...,m (4.34)

in G(A) which can be found by a distance-d coloring of G(A) and using (4.15).
Then clearly we have

tr(f(A) =Y tre(f(A))
/=1

where

tre(f(A)) = Y _[f(A)]a (4.35)

i€V,

are subtraces of f(A) which now can be estimated stochastically by using sample

vectors
ol = Z xie; (4.36)

1€Vy

where x; € Z. Using p sample vectors for each subtrace, we overall need to
compute mp bilinear forms. Based on the small variance of the estimator for the
subtraces, we expect a small number of samples to be necessary in order to obtain
a good approximation. Note that for each subtrace the variance of the estimator
is given by
2
2 ) ([ (A)y]
(HISY,
1#]

which can be easily bounded by
2V|(|Ve] = 1)e?,

i.e., for some types of matrices, where we know |V;|, we can formulate an a priori
confidence interval for our estimator without computing a distance-d coloring.
The algorithm for such an estimator is summarized in Algorithm 4.6 for a given
distance d.

This approach is already used in lattice QCD for the inverse (see, e.g., [4] or [41]
and the references therein), where it is called dilution. Motivated by the decay
in matrix functions, this approach can be used for general matrices and general
functions. In addition, using decay bounds for matrix functions, we can formulate
upper bounds for the variances of the estimators, leading to a priori error bounds
for the estimator based on the confidence interval (4.31) in some cases. Amongst
others, the deviation of such bounds is discussed in the next section for an easy
example.
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4 Exploiting the decay in matrix functions

Algorithm 4.6: Stochastic estimator of tr(f(A)) based on a distance-d
coloring.

Input: Matrix A, function f and distance d.

Output: Estimator ¢ for tr(f(A)).

1 Compute the sets V4, ..., V,, with a distance-d coloring of G(A).
2 Set t =0.

3 for/=1,...,mdo

4 Compute sample vectors vﬁ”, o ,vl[ﬂ given by (4.36).

s |ttty o pA)l

6 end

4.4.1.1 Numerical examples

In this Section we demonstrate the quality of the proposed trace estimators for
our test matrices A" from (4.21) and AS™8 from (4.22) for f(z) = 271

Results for the Chebyshev approach

Example 4.27. We consider the matrix A = A*"™"8 of dimension n = 322. The
exact trace is approximately given by tr(A~!) ~ 178.95. For the Multilevel Monte
Carlo method based on the Chebyshev series, we choose L = 15 and s = 3, i.e., we
need to compute tr(Ps(A)) directly and the remaining L — s traces are computed
by the stochastic trace estimator. The left panel of Figure 4.15 shows the relative
error of the classical Monte Carlo approach compared to the Multilevel Monte
Carlo approach for increasing number of sample vectors. Note that we need to
compute L — s = 12 remaining traces stochastically, hence, the total number
of sample vectors are multiples of 12 for the Multilevel Monte Carlo method if
we use the same number of samples per trace. Additionally, the relative error
| tr(A™Y — tr(P3(A))|/ tr(A™1) is shown, which is comparable to the relative error
of the Monte Carlo estimator. Hence, we see that the additional (stochastically)
computed traces improve the relative error by around one order of magnitude. ©

Example 4.28. We consider the matrix from Example 4.26, i.e., A = A4 of
dimension n = 1000. The right-hand side of Figure 4.15 shows the results for
L =15 and s =1, i.e., the trace of P;(A) is computed directly and the remaining
traces are computed stochastically. We see that the Chebyshev approach leads to
slightly better estimators compared to the classical Monte Carlo method. However,
we also plotted the relative error for tr(P;(A)) which does already has an accuracy
of around 10~* because of the fast convergence of the Chebyshev series. Hence,
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Figure 4.15: Relative errors for the estimators of tr(A~!) based on the Chebyshev series
(MultiMC), for the classical Monte Carlo estimator (MC) and for the trace of the matrix
P,(A) with A = AshWing (Jeft) and A = Atridiag (right).

we do not benefit from the additional stochastically computed traces (not even for
s = 1) but quite the contrary, so the Multilevel approach is not profitable here. ¢

The two examples indicates that the Multilevel Monte Carlo based on the Cheby-
shev series leads to better results compared to the classical Monte Carlo method.
However, for fast decaying matrices already the trace of P;(A) with small s can
be an accurate approximation of the actual trace and the additional stochastically
computed traces can be destructive as illustrated in Example 4.28.

Results for the coloring approach

We repeat the experiments for the approach based on a distance-d coloring for
1

the same matrices and the same function f(z) = 27",
Example 4.29. We consider the matrix A = A*"ing of dimension n = 322. We
choose the distance d = 3, resulting in eight color classes, i.e., the total number of
sample vectors are multiples of eight if we use the same number of sample vectors
for each subtrace induced by the color classes. In the left panel of Figure 4.16
we see the relative error of the classical Monte Carlo method compared to the
approach based on a distance-d coloring for increasing (total) number of sample
vectors. Already for the small distance d = 3 we have an improvement of around
two orders of magnitude. o

Example 4.30. We repeat the experiments for the matrix A = A™488 of dimen-
sion n = 1000 considered in Example 4.26. We use the distance d = 5, resulting
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Figure 4.16: Relative errors for the estimators of tr(A~!) based on the coloring approach
(coloringMC) and for the classical Monte Carlo estimator (MC) for A = AShWing with
d =3 (left) and A = A¥™dia8 with d = 5 (right).

in six color classes, i.e., we need to compute six subtraces. The right-hand side
of Figure 4.16 depicts the results for the relative error compared to the classical
Monte Carlo estimator for increasing (total) number of sample vectors, where we
used the same increasing number of sample vectors for each subtrace. In this
example, already the distance d = 5 leads to an improvement of around three
orders of magnitude. Note again that for each subtrace, the variance of the Monte

Carlo estimator is given by
2 ) (A
1,J€V,
1#]
which can be easily bounded by using decay bounds for f(A). We now derive

a priori error bounds for the approximation based on the coloring approach for
A= Atridiag‘

For the matrix A = A48 we can use the decay bounds of Theorem 3.9 from [23].
Using an obvious coloring of G(A) with d + 1 colors, we obtain

2 Z [A71)7 <2 Z 2 g24009)

i,JEVp NI
1#£] i#]
S 402|w| Zqui
=1
2d
q
< 4C?
- [d + 1—‘ 1— g%

for each color class V,, i.e., we obtain an upper bound for the variance of the
stochastic trace estimator for each subtrace. Let tr,(f(A)) be a subtrace defined
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4.4 Approximation of the trace of matrix functions

in (4.35) and let Z;, be the Monte Carlo estimator of try(f(A)) with p samples.
Then the error of the approximation 7 := Zgill T, based on the (1 — «) percent
confidence interval (4.31) for the estimation of each subtrace can be bounded by

d+1 d+1

S =S tr(f(4)

(=1 /=1

d+1

|7 —tr(f(A)] = <Dl — tre(f(A)]
(=1

2 ) ([ (A)]2
= VP ijeVi

i
Wd)ye

et

This error bound together with the error bound of the classical Monte Carlo
Method is shown in Figure 4.16 as well. Both bounds are normalized in order to
compare them to the exact errors. The improvement of the approximation based
on the coloring compared to the classical Monte Carlo method is well captured by
the bounds. Note again that the bound for the error of the Monte Carlo method
is an a posteriori error bound since it uses the sample standard deviation as an
estimator for the actual standard deviation. o

<(d+1)

Concluding, these examples illustrate that it is possible to increase the accuracy
of the classical Monte Carlo method by using the decay property in f(A). We
considered an example where it is possible to formulate a priori error bounds for
the estimator by using decay bounds for the matrix f(A) in order to bound the
variance of the estimator. Those bounds can be formulated for all types of matrices
A where a coloring of G(A) is explicitly known. However, even if the accuracy of
the estimator can be improved for decaying matrices f(A), we still have a slow
convergence for increasing number of sample vectors. Vividly, the error curve is
only shifted downwards by a few orders of magnitude if we fix the numbers s
or d, respectively. Hence, in the next section we are looking for (non-stochastic)
methods which exhibit a faster convergence of the error for increasing numbers of
vectors.

4.4.2 Non-stochastic approximation

Similar to the classical Monte Carlo approach, we want to develop a method which
induces an approximation of tr(f(A)) as the sum of a small number of bilinear
forms vTf(A)v. In order to obtain a good accuracy, we again choose the vectors
based on the decay property in f(A) and a coloring of G(A), the graph of A.
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4 Exploiting the decay in matrix functions

For matrices with spectrum on a line segment we already noticed the fast con-
vergence of P,,(A) to f(A) for decaying matrices f(A). Hence the trace of the
approximation F,,(A) should result in a good estimator of tr(f(A)). The com-
putation of m matrix-matrix products might be to expensive in practice. Thus,
we are now looking for a way to compute tr(P,(A)) without computing P,,(A)
explicitly.

For a given degree m, we can compute a partition Vi, ...,V such that

d(i,j) >mifi#jandi,j € Vo for b =1,... k

via a distance-m coloring of |G(A)|. If we define

Uy ::Zei, te{l,....k}

i€V

then we see that

V Pr(A)ve = [Pu(A)]ij =D [Pu(A)]a

1,5€Vp 1€Vy

holds, since P, is a polynomial of degree m and therefore we have [P,,(A)];; = 0
if d(i,7) > m. Thus,

i.e., tr(P,(A)) can be computed via km matrix-vector multiplications.

Note that this approach can be combined with the Multilevel Monte Carlo method
based on the Chebyshev series introduced in the previous section. If the compu-
tation of P;(A) is too costly due to the required matrix-matrix products, then
one can compute tr(Ps(A)) with the approach described above. This is for ex-
ample reasonable, when the graph of A has no regular structure, i.e., when we
need to use the greedy approach for a coloring with cost O(A(G(A))™n). To
keep the constant A(G)™ small, one can choose a small degree m in order to
obtain a cheaply available approximation. If the resulting approximation is not
accurate enough, then one can add stochastically computed traces with small
variances. This hybrid method combines a non-stochastic approximation based on
a distance-d coloring and a Monte Carlo method.

For general matrices we can use a similar approach based on a distance-d coloring
of G(A). Assume we have exponential decay bounds for f(A). Then we can
determine a distance d such that

(Al < Cq"™ < e for (i, j) > d (4.37)
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4.4 Approximation of the trace of matrix functions

for a given threshold ¢ > 0. With a distance-d coloring of G(A) = (V, E) and
using (4.15) we find a partition Vi,. .., Vi of V with

d(i,j) >difi#jandi,je Vifor{=1,... k (4.38)
and we define

vei=Y e, Le{l,... k}. (4.39)

i€V

Then we have

and therefore

T(f(A) = o f(A)w (4.40)
with error
[tr(f(A) = T(FAN] =D D (A (4.41)

The computation of the proposed approximation 7 (f(A)) is summarized in Algo-
rithm 4.7.

Of course, the choice for the vectors v, is motivated by the error (4.41) since with
this choice the addends in (4.41) are very small in magnitude (smaller than €) and
the error can be easily bounded by

k

SN =S Wi - D (442)

(=1 ijEV, (=
i#£]

tr(f(A)) = T(f(A))]

IN

For matrices for which an explicit coloring of the graph is known, the bound
(4.42) represents an a priori error bound without actually computing a distance-d
coloring. If we assume that the size of the color classes is asymptotically given by
O(n/k), i.e., if the nodes are distributed uniformly among the color classed, and
if the number of colors k is independent of n, then the error bound (4.42) is of
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4 Exploiting the decay in matrix functions

Algorithm 4.7: Non-stochastic approximation of tr(f(A)) based on a
distance-d coloring.
Input: Matrix A and exponential decay bounds defined by a constant C
and a decay rate q.
Output: Approximation 7 (f(A)) of tr(f(A)).
Select € > 0.
Set d = log,(e/C).
Compute a distance-d coloring col : V' — {1,... k} of G(A).
Set T¢(A) = 0.
for /=1,....k do
Compute z; = v} f(A)v, with vy as in (4.39).
T(f(A))  TH(A) + 24

end

o N O oA W N =

order O(n?¢). The explicit representation (4.41) of the error is of great practical
interest and in the following we give a more extensive error analysis where we
discuss cases in which better error bounds than the trivial bound (4.42) can be
obtained.

If the decay bounds for computing the distance d stem from a bound for the error

of a polynomial approximation, e.g., as in the results in Section 3.2, then it is

possible to obtain a sharper error bound.

Theorem 4.31. Let A € C"*" and let f be defined on the spectrum of A. Assume
()| < 1F(A) = pm(A)]l2 < Cq*®P

for a polynomial p,, of degree m = d(i,j) — 1. Let Cq®) < ¢ for d(i,j) > d.
Then for the approzimation T (f(A)) defined by (4.40) we have

[tr(f(A)) = T(FAN] < D Vil IVil - T e (4.43)
(=1

Proof. First note that for a vector z € C" and a set V, C {1,...,n} we have the
relation

1/2
Sl < VIV (z w) < Wilela

1€Vy 1€Vy
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Hence,
AN = 3 Al — (A
i ko
= Z Z [f(A)]i; — [pm(A)]i5]
< Z VIVl = 1[[f(A)e; — pm(A)e;ll2
< Z VIVel = 1[f(A) = pm(A)]2
<D VIVil-T1e
— Vil e
Using
(/) - T <D D 1A
gives the result. O]

If we again assume a uniform distribution of the nodes among the color classes,
this improved error bound of Theorem 4.31 is of order O(n*2¢). Depending on the
coloring of G(A) it is possible to give O(ne) error bounds based on more detailed
information of the distances between the nodes in one color class. If we use the
coloring of Algorithm 4.3 in Section 4.1 for matrices which can be permuted to
a matrix with small bandwidth, we obtain the following improved error bound
depending on the distance d.

Theorem 4.32. Let f(A) € C™" be a matrix with exponential decay property
with respect to G(A), i.e.,

[f(A)]y; < CgttD)

for a constant C and a decay rate 0 < g < 1. Let T(f(A)) be defined by (4.40),
where the vectors v, are computed with respect to a coloring produced by Algo-
rithm 4.3 for a given distance d. Then

d

[ (f(A) = T A < 20077
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Proof. Based on (4.41) and using the decay bounds, the error can be bounded by

[tr(f(A) = TN <D D FAlgl <Y D Cat™, (4.44)
(=1 4,5V, (=1 14,5V,
i#j 1#]

with k = df+1 where [ is the bandwidth of the permuted matrix of Algorithm 4.3.

For ease of presentation, we assume that A does already have the bandwidth g
from line 1 of Algorithm 4.3, i.e., K = (1,...,n), otherwise we first apply the
corresponding permutation on A. Using Algorithm 4.3 we obtain the sets

n—=¥
ng{£+k(dﬁ+1),k:0,...,LWHJ}, (=1,...,d3+1.

Hence, a set of nodes V, can be written as
‘/g:{’wl,...,w‘vd}, le,,dﬁ—f—l
with
wg =L+ (k—1)dB +1).

Within a set V;, we have the distance relations
d(wi, wy) > i —jld, i,5€{1,...,|Vil},i#j (4.45)

which can be seen as follows.

Based on Lemma 2.11 of Section 2.2, for i, 5 € {1,...,|Vs|} withi # j the condition
(4.45) is equivalent to [A!"=719],, ., =0, where A is the adjacency matrix of G(A),
i.e., A is a binary matrix with the same off-diagonal sparsity pattern as A and full
diagonal. In particular, A is 3-banded, thus A"=714 is |i — j|d3-banded. Hence,
due to

wi —w;| = [0+ (i =1)(bF+1) = ((+(j —1)(Bd+1)| = [i = j[(dB+1) > |i — j|dp,

we have [Al=914], =0, ie., d(w;,w;) > |i — j|d.

Because of (4.45) we know that for every node w € V; we have d(w, w;) > 2d for
at least |Vy| — 2 nodes w; € V; \ {w}, d(w,w;) > 3d for at least |V;| — 4 nodes
w; € Vi \ {w} and so on. Hence we obtain

k k o) d
d(i,j) id _ 4q
E | E Cq“") < E \4 E 2Cq —2C’n1_qd.
/=1 z,qiw /=1 =1
i#]
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A similar O(ne) error bound can be formulated if G(A) is a regular D-dimensional
lattice and if the coloring of Theorem 4.4 is used. For this we need the following
lemma in order to bound the level sets in regular D-dimensional lattices.

Lemma 4.33. Let L5 (d) :=|{z € Z" : ||z||, = d}|, then L7 < 2DdP~!.

Proof. We already introduced the identity

Lp(d):=|{z€ZP : ||z||; < d}| = i (1;) (d+g— k:)

k=0
from [5, Theorem 2.7] in Section 4.1. With this formula we obtain

D

L) = Lot - Lo(a -1 = 3 () (T 21T

k=0

where we used (317) = () + (1):

We will now use a proof technique called double counting (see, e.g., [1, Section
20]) to prove that

SO
is equal to
]:é (1}3 ) (D 0: 1_ k) 9Pk, (4.47)

For this, we first give a combinatorial interpretation of equation (4.46), then
formulate an equivalent statement which at last results in equation (4.47).

Let X ={X1,...,Xp} be aset with D elements and let Y = {Y7,...,Y; 1} be a
set with d — 1 elements with X N'Y = (). Then (4.46) counts the number of ways
for choosing subsets A C X and B C X UY with |[Bl =D —1and AN B = 0.
This can be seen as follows.

If 0 < k < D is the number of elements in A, then (]]3) counts the number of ways
for choosing A. Since AN B = () there are D + (d — 1) — k elements left for the
set B. Thus, the number of ways for choosing B with |B| = D — 1 is given by

(d+g:’f_1). The sum over the number of elements in A gives (4.46).

Now, choosing such a B C X UY with |[B| =D — 1 and AN B = () is equivalent
to choosing subsets N C X and M C Y such that |[M|+ |[N| = D — 1 and
(NUM)N A = (. Hence, we now count the number ways of choosing subsets
ACX, NCXand M CY with [M|+|N|=D—-1and (NUM)NA=0.If

1 <k < D —1is the number of elements in M, then there a (i) ) ways for choosing
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M. The number of ways for choosing the left D — 1 — k elements of N out of Y
is given by (Dil—k)' Since (N U M) N A = () there are D — k elements left for A,
i.e., there are 2°~% ways for choosing A. The sum over the number of elements in
M gives (4.47).

As a last step, we need to bound (4.47), where we use

(Z) " (n —n]!f)!k! ) . k(n (—nk_—l)l!)!k! ) = k (n ; 1)’

(Z) < ’Z—T and 2" < (n 4+ 1)! which can be easily shown by induction. We have

DZID d—1 2Dk_]32‘1 D (D-1 d=1 \,p4
k)\D—-1-k = D-k\ k D—1-k

k=0
D-1 _ _ 1\D—1—k
<D 1 (D 1) (d—1) oD~k

‘~D—k\ k )(D-1-k)
D—1
D—=1\d-=1)"""*
=92D -9
> (") o
k=0
D—1
<2D <Dk_ 1) (d —1)P~+-1
k=0
= 2DdP1,

where the last equality stems from the binomial theorem for ((d — 1) +1)P~1. O

As a consequence of Lemma 4.33, we now know that for each node in a regular
D-dimensional lattice the number of nodes with exactly distance d can be bounded
by 2DdP~1. We use this for the following result.

Theorem 4.34. Let A € C™*" be a matriz where G(A) is a regular D-dimensional
lattice. Let f(A) have an exponential decay with respect to G(A), i.e.,

[f(A)]i; < Cgtt)

for a constant C' and a decay rate 0 < g < 1. Let T(f(A)) be defined by (4.40),
where the vectors vy are computed with respect to the coloring of Theorem 4.4 for
a giwen distance d > 1. Then

_ D-1 d—1
() - T <2000 ()
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Proof. Again, the error can obviously be bounded by

k k
|tr(f(A)) — <SS AN <> et (4.48)

=1 ,gew =1 ijeV
i#]
where the sets V; are computed with respect to the coloring (4.2) of Theorem 4.4.
One characteristic of the coloring (4.2) is that each color class represents a coarse
grid where the distances between the nodes in one color class are multiples of d
(see Figure 4.4). From Lemma 4.33 we know that for a D-dimensional grid, for
cach node the number of nodes with exactly distance 7 can be bounded by 2D "1,
thus

k k [e'S)
I ILED YD ST
/=1 Z,ji\/g /=1 =1
i#j

<20DnZzD L a1,

=1

The function g(i) = i?~1¢* with i > 1 attains its maximum at i = (D —1)/In(1/q).

Thus, it follows that
D-1
Pl < D—1
eln(1/q)

> . D-1\""&
QCDnZZ-Dflqz qz(dfl) < 20Dn <—) Zqz(dfl)
i=1

and

— eln(1/q)
D—1\"" g !
< 20D _— _
=20 n(eln(l/q)) 1 — g1

]

Note that the bound 2D3i”~! for the number of nodes with exactly distance
i is sharp for D = 1,2 but deteriorates for increasing dimension, so for large
dimensions a sharper bound can be used in order to obtain improved error bounds.
The numerical examples in the next section illustrate that the error of the proposed
approximations linearly scales with the dimension n of the matrix, i.e., O(ne) error
bounds are optimal for our approximation.

We now briefly discuss some aspects with respect to additional errors caused by
the computation of the bilinear forms v’ f(A)v via the Arnoldi or Lanczos process.
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4 Exploiting the decay in matrix functions

For the computation of the approximation 7 (f(A)) we need to compute k bilinear
forms where k is the number of colors in the distance-d coloring. In this case we
obtain an approximation 7;(A) of T¢(A), i.e.,

k

T(F(A) =) vl f(A)ve = > loel3el F(HD)er = T(£(A),

(=1

where HT(,Q are the matrices obtained by the Lanczos or Arnoldi process with
respect to A and vy, £ = 1,..., k. If we want to compute bounds for the error of
our approximation, we need to take into account that the bounds presented so far
only represent upper bounds for the error | tr(f(A)) — T (f(A))|. The actual error
of our approximation can be bounded by

[r(£(4)) = Ty(A)] = | 6(F(4) = TH(A) + T(4) = Ty(A)
< Jtr(F(A)) = Ty (A)| + [T;(4) = Ty (4],

i.e., we have an additional error of up to |7;(A) — 7~}(A)| If the conditions are
fulfilled to compute upper and lower bounds for the bilinear forms v? f(A)v with
the Gauss, Gauss-Radau or Gauss-Lobatto rule (see Section 2.1.2), we can give
upper and lower bounds TV (f(A)) and TZ(f(A)) for T(f(A)) as the sums over
the upper and lower bounds of the bilinear forms. Then, for an approximation

T(f(A) € [TE(f(A), TY(f(A))] we have
[T(f(A) = T(F(A))] < TV(F(A) — T*(f(A)).

In the next section, we give an example where we consider the additional er-
ror |Tr(A) — T;(A)|. In practice it should be sufficient to use the bounds for
the error |tr(f(A)) — T;(A)| to get a good impression of the convergence of the
approximation.

4.4.2.1 Numerical examples and comparison to previous approaches

In this section we demonstrate the efficiency of the proposed approximation of
the trace of matrix function based on a distance-d coloring, and then we discuss
the relation of the proposed method to other methods from the literature.

Numerical examples

It is clear that the approximation tr(P,,(A)) of tr(f(A)) is accurate if P,,(A) is a
good approximation of f(A), and several numerical examples for this approxima-
tion were already given in Section 4.2. Hence, in the following we will concentrate
on the coloring approach which can be applied to general matrices.
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Figure 4.17: Error |tr(A™1) — T7(A)| and error bound of Theorem 4.32 for A = Atridiag
for increasing dimensions n = 100, ...,1000 and distance d = 5 (left) and for increasing
distances d = 1, ..., 15 and dimension n = 1000 (right).

We will first discuss results for the matrix A = A" of moderate dimensions
in order to check the quality of the approximation and the corresponding error
bounds.

Example 4.35. We consider the matrix A = A" and f(z) = 27!, The
left panel of Figure 4.17 shows the results of the approximation for increasing
dimension and fixed distance d = 5. The (absolute) error bound of Theorem 4.32
perfectly captures the exact error curve of the approximation. We also depicted
the relative error and the relative error bound of the approximation and we see
that the relative error is almost constant for increasing dimension. Thus, the
error scales linearly with the dimension n, so it seems to be natural to have error
bounds which depend on the dimension n. On the right panel of Figure 4.17 we
fix the dimension to n = 1000 and increase the distances d. The z-axis represents
the number of colors in the corresponding distance-d coloring, which is just given
by d + 1 in the tridiagonal case, so we need to determine d + 1 bilinear forms for
the approximation of the trace. Note that this example was already considered
in Example 4.26 for illustrating the convergence of the classical Monte Carlo
approach, where the relative errors of the approximations linger between 10~2 and
1073 for increasing sample vectors. In contrast, using the approach based on a
distance-d coloring leads to a fast convergence of the approximation for increasing
distances d corresponding to increasing number of vectors. o

We will now consider two examples where we cannot compute the exact traces due
to the large dimensions of the problems, hence, we can only use the error bounds
to check the quality of the approximation.
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Figure 4.18: Error of the appyoximation of Table 4.8: Results for the approximation
tr((al — A)~1) for A = A4 based on a  of tr((ad — A)~1) (approx.) with A = A2
distance-d coloring compared to the Monte for increasing distances d and the error

Carlo approach depending on the number bound of Theorem 4.34.
of vectors k.

Example 4.36. We consider a regular 103 x 103 grid with lexicographic ordering
of the nodes {1,...,n}, n =10° and remove the edges (1,2) and (n — 1,n). The
corresponding adjacency matrix A = A*¥ is of dimension n = 10%. In Section 2.2
we introduced the resolvent

F(A) = (o — A)""

with @ > 1 and a ¢ o(A). This matrix function is often used for the analysis of
networks, because of the relation

(af —A) ™ = Z oD AT
i=0

i.e., the factor a scales walks with certain length in order to clarify that typically
short walks are more important than long walks. We now consider o« = 10 (note
that o(A4) C [—4,4]) i.e. walks with length i are scaled with (&)°. In network
analysis the trace of the resolvent is used as a normalization factor for centrality
and communicability measures of graphs.

For this graph we can apply the coloring of Theorem 4.4 for d = 1, ..., 10 resulting
in (d+ 1)? color classes, such that we can use Theorem 4.34 for an error bound.
For the approximation we need to compute the bilinear forms v (al — A)~'v for
(d 4 1)% vectors v. For the computation of the bilinear forms we use the Lanczos
approximation with respect to the matrix al — A and the function f(z) = 2%
For this matrix and function we can compute upper and lower bounds for the error
of the approximation of v (al — A)~'v* (see Section 2.1.2), i.e., we can compute
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Figure 4.19: Error of the approximation Table 4.9: Results for the approximation
of tr(A™1) with A = AShWing of dimension  of tr(A~") (approx.) with A = Aschwing of
n = 2'% based on a distance-d coloring com-  dimension n = 216 for increasing distances

pared to the Monte Carlo approach for in- ¢ and the error bound of Theorem 4.34.
creasing number of vectors k.

error bounds for the approximations of the bilinear forms. In this example we
stop the process if the computed error bound is smaller that 1071 and we use the
arithmetic mean of the computed upper and lower bound as our approximation.
Hence, the additional error of the approximation of the trace caused by the Lanczos
approximation is smaller than 1071° times the number of vectors. For this example
the number of iterates in the Lanczos process lies between 9 and 10. In Table
4.8 we see the results for increasing distances d, resulting in k = (d + 1)? color
classes if we use the coloring of Theorem 4.34. The error bounds in Table 4.8
are based on Theorem 4.34 and, e.g., for d = 10 we obtain the approximation
tr(A™') ~ 1.04 - 10° with an absolute error which is smaller than 5.9 - 1072,
i.e., the approximation is pretty accurate for an approximation with only 121
vectors. Using this approximation as exact trace, we can compute the error of
the approximations for smaller distances d. Figure 4.18 shows the error of the
approximations for increasing number of vectors. For comparison, we also depicted
the error of the classical Monte Carlo approach, again using the approximation
for d = 10 as exact value. We once again observe the classical convergence
behavior of the Monte Carlo approach: We obtain a pretty good approximation
for a small number of sample vectors but the error stagnates for an increasing
number of samples. In contrast, we have a fast convergence of the error for the
approximation based on the distance-d coloring of G(A). o

Example 4.37. As a next example we again consider the staggered Schwinger
discretization on a 2% x 2% lattice, which results in the matrix ASh¥ine from (4.22)
of dimension n = 21¢. In order to apply the error bounds of Theorem 4.34, we need
to use the coloring of Theorem 4.4 for D-dimensional lattices. Since now G(A)
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Figure 4.20: Cautionary example: Decay bounds of Theorem 3.18 for the 504th column
of A=1 (left) and error of the approximation of tr(A~!) compared to the Monte Carlo
approach (right) with A = AShWing of dimension n = 322.

is a pertodic two-dimensional lattice, the coloring of Theorem 4.4 only leads to a
distance-d coloring for G(A) if d is of the form d = 2° — 1. In Table 4.9 we have
the results for distances d = 1,5, 7,15 resulting in k = (d + 1)? color classes. The
k bilinear forms are computed with the Arnoldi approximation where the process
stops if two iterates differ by less than 107!°. For this example, the number of
iterations lies between 13 and 15. For d = 15 we need to compute 256 bilinear
forms which results in the approximation tr(A=1) ~ 1.15 - 10* with an absolute
error less than 8.6 - 1074, i.e., we obtain a pretty accurate approximation of the
trace. Using this approximation as exact value for tr(A~!), we see in Figure 4.19
the error of the coloring approach for d = 1,3, 7 compared to the Monte Carlo
approach for an increasing number of sample vectors. The approach based on a
distance-d coloring immediately results in better approximations than the Monte
Carlo approach. o

We conclude the numerical experiments with a cautionary example in order to
illustrate the limits of this approach.

Example 4.38. Let A = A*'Wing he the staggered Schwinger discretization of size
n = 322 with shift s = 0.1. The left panel of Figure 4.20 shows the exact absolute
values of the 504th column of A~! on the underlying grid, together with decay
bounds based on Theorem 3.18. Two problems with this example are apparent:
The constant of the decay bound is way to large compared to the exact entries of
f(A) and actually there is no decay in A~! which is at least well captured by the
decay bound. If we now use the approach based on a distance-d coloring, we see in
the right panel of Figure 4.20 that we do not benefit from this approach compared
to the Monte Carlo approach. In addition, the error bound is useless based on the
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4.4 Approximation of the trace of matrix functions

overrated bound for the entries of A~!. Hence, this example illustrates that this
approach is only reasonable and superior to the Monte Carlo approach, if there
is a substantial decay in f(A). In addition, for obtaining useful error bounds we
indeed need sharp bounds for the entries of f(A). o

Comparison to previous approaches

We will now discuss the relation of this method to some results from the literature.
The proposed approach is strongly related to a method for computing an approxi-
mation of the diagonal of the inverse of Hermitian matrices from [98], where it is
called probing. This method in [98] is based on the following proposition, where
D(A) denotes a diagonal matrix whose diagonal entries coincide with those of A.

Proposition 4.39. Let A € C™" and let V; € R"™® be a matriz with no zero
rows. Then
D(A) = D(AV,V,)D(V,V[)™ (4.49)

holds if each i-th row of Vs is orthogonal to all those rows j of Vs for which a;; # 0
holds.

Hence, the diagonal of a matrix A can be computed via the right-hand side
of (4.49) if A has an appropriate sparsity pattern. This proposition is used in
[98] for computing the diagonal of A~! by using the sparsity pattern of a sparse
approximation of A~!. Motivated by the Neumann expansion, the sparsity pattern
of the matrix AP is used where a suitable p is determined by computing and
analyzing one column of the inverse. The matrix V, is computed by using the
greedy graph coloring algorithm applied to the the graph G(AP). As a last step,
for computing A~'V;, a sequence of s linear systems has to be solved, where s is
the number of colors needed to color the graph G(AP). It is proposed in [98] to use
Krylov subspace methods to solve the sequence of linear systems. This approach
is closely related to the proposed trace estimator: As mentioned in Section 4.1,
the distance-d coloring problem for G(A) is equivalent to the distance-1 coloring
problem of G(A?). In our approach, the distance d was chosen with respect to
decay bounds for f(A), i.e., it is the smallest number such that Cq? < € for a
preassigned threshold € > 0. Now, if we have d = p, where p is the determined
number of the approach in [98], the columns of the matrix V; € R™™* coincide
with the vectors vy if the distance-d coloring of G(A) and the distance-1 coloring
of G(AP) coincide. In addition, we clearly have

tr(AV VD) = vaA vy

if vy are the columns of V, € R™**. Hence, we conclude that the methods result in
the same approximation if d = p and if we use the method from [98] for computing

141



4 Exploiting the decay in matrix functions

the trace of the inverse of Hermitian matrices. In [98] no bound for the error
of the estimator of the diagonal was given, such that there is no possibility to
check the quality of the approximation. Based on the fact that the approximation
was motivated by the error (4.41) instead of Proposition 4.39 we were able to
formulate error bounds based on decay bounds for f(A). Using the approach in
98] for the computation of the trace of matrix functions was also considered in
[95] for matrices A, where G(A) is a regular D-dimensional lattice. The authors
in [95] reveal the problem that if the distance d is changed then the vectors vy and
the corresponding bilinear forms must be recomputed from scratch. Hence, they
developed a method based on a hierarchical distance-d coloring of D-dimensional
lattices (see Section 4.1) where the graph is successive colored until all nodes
have different colors. The advantage of this approach is that one can increase
the distance d until a certain accuracy of the trace estimator is reached, and in
each step one can reuse previous computations. However, no criterion for the
accuracy of the computed estimator was given in [95] and therefore it is not clear
which distance d finally leads to a sufficient trace estimator. In contrast, since
we motivated the proposed approximation by the error (4.41), we were able to
formulate error bounds depending on the distance d. In addition, we have a
priori error bounds, i.e., bound without actually computing a distance-d coloring,
for D-dimesional lattices in Theorem 4.34. Thus, we can determine a suitable
distance d in advance such that it is not necessary to compute the approximation
for several distances d.
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Chapter

Conclusions

In the introduction of this thesis, we emphasized the two major problems in the
computation of matrix functions f(A) for large and sparse matrices A: The high
computational cost and the impossibility of storing the dense matrix f(A). In the
thesis we showed that the storage problem can be solved in several cases, motivated
by the existence of a sparse approximation of f(A) based on an exponential decay
of the entries in f(A). We then proposed ways for the computation of a sparse
approximation of f(A) with linear cost. In detail, we obtained to following results.

In Chapter 3 we provided conditions under which we can guarantee an exponential
decay in f(A) for special functions f and important classes of matrices A. The
results gave us sharp bounds for the entries |[f(A)];;| in many cases and we
illustrated the superiority of the newly developed bounds over the general results
from the literature in the considered cases. We also discussed the limitation
of the proposed bounds: The bound of an entry of f(A) only depends on the
corresponding graph distance in the graph of A and we presented an example
where this fact results in the overestimation of many entries of A~! for a specially
constructed tridiagonal matrix A. The classical decay bounds result in Toeplitz-
type bounds for banded matrices while it is not necessarily the case that f(A) is
a Toeplitz matrix. Hence, we gave a theoretical framework for the computation
of non-Toeplitz bounds in order to fix this problem. This approach requires the
knowledge of the complete spectrum of several submatrices of A, which is not
feasible in practice. Finding ways to efficiently compute non-Toeplitz bounds in
practical situations remains an interesting topic for future research.

The results of Chapter 3 reveal the existence of a sparse approximation of f(A)
with a dimension-independent error in lots of important special cases. This was
proven in Chapter 4 where we also discussed ways to compute such a sparse
approximation with linear cost. In addition, the decay in matrix functions was
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used for further important matrix computations, such as the computation of
f(A)v for a given vector v. We illustrated the strong relation between the decay
property in f(A) and the convergence of classical Krylov subspace approximations
of f(A)v. Although the computation of f(A)v is well studied for lots of functions
f (especially for the inverse), we discussed some approaches where the decay in
matrix functions could be further exploited for saving cost and/or storage. It
would be interesting to find other approaches which consider the decay in f(A)
for the efficient computation of the vector f(A)v.

Finally, we considered the computation of the trace of matrix functions. We
pointed out that the decay in f(A) can be used for Monte Carlo trace estimators,
as well as for approximations of the trace based on non-stochastic methods. Some
of the introduced methods were already considered in a similar manner in the
literature. With decay bounds, as presented in Chapter 3, we were able to supply
an error analysis for the proposed approximations. Improving decay bounds for
f(A) for certain types of functions f and matrices A automatically improves the
proposed error bounds for these approximations. On the other hand, in order
to obtain a more accurate error prediction, it would be interesting to see if one
can supply a more extensive analysis of the occurring errors for general matrices
similar to what was done for banded matrices or matrices, where the corresponding
graph is a regular lattice. This probably requires a more extensive analysis of
the distance-d coloring problem. Most of the proposed methods are based on a
distance-d coloring of G(A), the graph of A. There are lots of theoretical results
for this optimization problem but only few results are known concerning the
development of low-cost methods for the computation of a distance-d coloring and
an analysis of the resulting coloring. Hence, it would be of great practical interest
to fill this gap for general graphs, as this thesis illustrates the importance of this
special optimization problem in numerical linear algebra.

The decay of the entries of matrix functions is an interesting phenomenon from
the theoretical point of view. I addition, this thesis demonstrates that this topic is
practically relevant for important computational problems associated with matrix
functions. We hope that this thesis will help to rise the awareness of this frequently
appearing phenomenon and that the exploitation of this decay property and of
decay bounds of matrix functions will develop into a widely used and helpful tool
for further matrix computations and applications.
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Throughout this thesis, scalars and vectors are denoted by lower-case letters and
matrices are denoted by upper-case letters. In addition, the following notations

are used:

ai,j
AH
A(G)

the (i, j)-th entry of the matrix A

the complex adjoint of a matrix A

the adjacency matrix of a graph GG

the field of complex numbers

distance between nodes ¢ and j in a graph
the i-th column of the identity matrix

the (7, j)-th entry of the matrix f(A)

the graph of a matrix A

the the imaginary unit

the identity matrix

the imaginary part of a complex number z
the smallest eigenvalue of a Hermitian matrix A
the largest eigenvalue of a Hermitian matrix A
a polynomial of degree m

the set of polynomials of degree at most m
the field of real numbers

the negative real axis including 0

the real part of a complex number z

the spectrum of the matrix A

the complex adjoint of the vector v

the transposed of the vector v

the field of values of the matrix A

the complex conjugate of a complex number z
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