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Notation

Throughout this thesis, vectors are denoted by lower-case letters in bold font whereas
matrices are denoted by upper-case letters. While most of our notation can be consid-
ered standard, we mention the following to avoid potential confusion:

Notation regarding scalars

complex conjugate of s

floor function of s; largest integer n < s

set of extended complex numbers; C U {oco}
strictly positive real axis; (0, 00)
non-negative real axis; R™ U {0}

imaginary part of s

real part of s

continued fraction (see Definition 2.38)

Notation regarding functions

f[k}
L'(E)
Lio(E)
L{f}

O(f)

a{f}
NRE S,
XE

w{f}

kth derivative of f

set of functions that are integrable in £

set of functions that are locally integrable in E
Laplace transform of f (see Definition 2.1)

big O notation

abscissa of existence of £{f} (see Definition 2.3)
divided difference of f with nodes pu1, ..., u;
characteristic function of the set £

exponential order of f (see Definition 2.5)

ix



Notation

Notation regarding matrices

I
A~
Km(A,b)
K(A)
spec(A)
specp(T)
Tm(A)
W(A)

ith column of the identity matrix

identity matrix of size n (without index if obvious)
approximation to A~! (see Section 2.5.2)

mth Krylov subspace of A and b (see Definition 2.59)
condition number of A (w.r.t. the 2-norm)

set of eigenvalues of the matrix A

set of eigenvalues of the pencil T'(s) (see Definition 2.82)
CF-matrix (see Definition 3.1)

numerical range of A

conjugate transpose of A

transpose of A

Kronecker product

Kronecker sum; A9 I +1® B

element-wise (Hadamard) product; [a;;b;;]

. 1A 0
direct sum; [0 B]



1. Introduction

Given a matrix A € C"*", a vector b € C" and a function f : C — C, the action of a
matriz function is defined as

f(A)b,

i.e., as the product of the matrix function f(A) € C"*™ and the vector b. An impor-
tant example is the exponential function f(s) = exp(cs) because it arises, e.g., from
solving (matrix) differential equations [73]. Other examples include the square root in
machine learning [76] and other fields [7, 59], the sign function with applications in
quantum chromodynamics (theoretical physics) [32] and the logarithm, which appears
as the “entropy” for example in quantum statistical mechanics [10]. A naive approach
for computing f(A)b is to first evaluate f(A) and then multiply this matrix with b.
Of course, for increasing n, this becomes prohibitively expensive in terms of required
arithmetic operations or memory.

Although it is usually not considered a matrix function, the most common case is the
inverse f(s) = s~!, for which the action is the solution « of the linear system

Az = b.

This special case has many properties that are not present for other choices of f (e.g.,
the multiplicative inverse of f(s) coincides with its inverse function, f(s)~! = f~1(s))
but can be exploited for very efficient algorithms to compute A~'b that can be used
even for very large n. Important examples are the conjugate gradient method (CG) and
the generalized minimal residual method (GMRES). Both belong to the class of Krylov
subspace methods that project the linear system onto a subspace that is increased
in each iteration. Another important class is the class of multigrid methods, which
combine cheap iterative methods with a subspace correction. In contrast to Krylov
subspace methods, the subspace is constructed beforehand based on the structure of A
and remains fixed.

Extending these methods to other functions f is not always trivial. One approach is
to first replace f by a rational approximation r(s) ~ f(s). One can then use the partial

fraction expansion, i.e.,
L w
(2
r(s) =
S+ T;

assuming that r has only simple poles, to express r(A)b by the linear systems

(A+nD)z =b. (1.1)
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These systems can be solved using the standard methods mentioned above. Indeed,
specialized Krylov subspace methods allow one to solve all of these systems approxi-
mately for the price of one. On the other hand, multigrid methods need to solve each
system separately and are thus at a disadvantage.

Even rarer is the application of multigrid methods for arbitrary f for there is no gen-
eral multigrid method for f(A)b available. In contrast, the simplest Krylov subspace
method, the Arnoldi method, can be used for more or less any f. One problem that
Krylov subspace methods face, however, is that the computational cost increases with
each iteration, i.e., the size of the current subspace. Thus, the subspace needs to be
kept small in some cases—for example, because of an insufficient amount of available
memory. One approach is to restart the method, which is already widely known for
GMRES. Efficient and stable restarting algorithms require a suitable error representa-
tion, which is available only for certain classes of functions, however. In [40], such an
error representation and a restarting algorithm based on it were presented for analytic
functions. While this covers most of the relevant functions, the algorithm needs addi-
tional input from the user. In particular, one needs to choose a contour that depends
on f and A, which is usually not a trivial task. If f is a Stieltjes function and A pos-
itive definite (in the sense that £ Az > 0 for every & # 0), however, no hand-chosen
contour or similar input is necessary. In that sense, the algorithm can be considered a
“black-box” method (only) for Stieltjes functions.

In this thesis, we develop new ways for computing f(A)b. In addition to the theoret-
ical groundwork in Chapter 2, this thesis treats two topics: In Chapter 3, we present a
new representation of r(A)b, where r is a rational function given as a continued frac-
tion. We construct a block tridiagonal matrix T', which we call the CF-matriz. We
then show that we only need to solve one linear system with 7" to obtain r(A)b. How-
ever, each block of T has the same size as A, i.e., T € C™*™" ig much larger than
A. Thus, we need to carefully investigate whether the CF-matrix yields any computa-
tional advantage compared to existing methods for r(A)b, in particular Krylov subspace
and multigrid methods for Eq. (1.1). To this end, we present theoretical results and
numerical experiments.

Chapter 4 is the second part of this thesis. Here, we present a new error representation
for the restarted Arnoldi method if f is a Laplace transform or a complete Bernstein
function. Based on this representation, we discuss the necessary steps to develop a
new restarting algorithm that is efficient and stable. While our functions are analytic
and thus could be treated by the algorithm from [40], our method does not need a
hand-chosen contour. We only need that the numerical range of A is “far enough to
the right”, which for many f reads as A being positive definite. The class of Stieltjes
functions is also covered by our algorithm, so it can be considered a generalization of the
“black-box” approach of [40]. Moreover, we present a new error bound for the restarted
Arnoldi method, which proves that our algorithm converges at least linearly in some
cases. Numerical experiments illustrating the performance of our algorithm and error
bounds complete the chapter.



Many results in this thesis (though not all) have already been published: Parts of
Chapter 3 are based on [CF], whereas parts of Chapter 4 are based on [L]. However, we
also present new results accompanied by fitting numerical experiments. We give more
details at the beginning of the chapters.






2. Review of basic material

We start as usual with a review of known results. Throughout this thesis, we assume
familiarity with basic concepts of linear algebra and Lebesgue integration®.

As we are interested in computing f(A)b, we start by introducing the classes of
functions f most relevant in this thesis in Section 2.1. In Section 2.2, we describe
continued fractions, which we use to represent rational functions. Of course, we need
to know how f(A) is defined in the first place if we want to compute it. Thus, we state
its definition in Section 2.3. While there is a lot that could be said about methods that
compute f(A), we are interested only in f(A)b, for which more efficient algorithms
exist. The two main ideas that we consider here are the following:

o Project f(A)b onto a subspace and prolongate the projected solution back to the
original space. One particular way of doing this is using Krylov subspaces, which
is described in Section 2.4 and is the foundation of Chapter 4.

o Approximate the function f by a function that can be computed more easily,

ie, f~r = f(A)b ~ r(A)b. This is the foundation of Chapter 3, where
r(s) = % is a rational function that can be represented as a continued fraction.
We consider how to compute 7(A)b when r(s) is a rational function in Section 2.5.

We end the chapter by giving a short description of matrix pencils in Section 2.6 as
they are required in Chapter 3.

2.1. Relevant classes of functions

In this section, we discuss the classes of functions that we consider in Chapters 3 and 4,
but we make references in later parts of this chapter as well. In addition to their
definitions, relevant properties and connections are included.

Laplace transforms (Section 2.1.1) are the cornerstone of our discussion here and
in Chapter 4. We establish their connection to other classes of functions. We drew
inspiration from [6, 25, 80, 94] for this section.

'For more information about Lebesgue integration, see for example [77].
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2.1.1. Laplace transforms

Definition 2.1. The Laplace transform L£{f(t)}(s) of a measurable function f is de-
fined by the proper Lebesgue integral

LN = [ em-t)fd, sec (2.1)
0
whenever it has a finite value. In case the integration variable is clear, we write
L{f(t)}(s) or just L{f}(s).

Let us first consider necessary conditions for the existence of the Laplace transform,
i.e., for a finite integral in Eq. (2.1). One such condition is that f is locally integrable:

Lemma 2.2. Let f (and s) be such that

/000 exp(—ts) f(t) dt < co.

Then
T A
/ f(t)dt < o0
0

for every finite T >0, i.e., f € LL (R{).

loc

Proof. By the definition of the Lebesgue integral, we have

/oo exp(—ts)f(t) dt < oo <« /oo exp(—t Re(s))|f(£)| dt < co.
0 0

The Monotone Convergence Theorem (see, e.g., [77, Theorem 1.26]) tells us that the
integral on the right side is equal to

o) R T R
/0 exp(—tRe(s))|f(t)|dt = lim exp(—t Re(s))|f(t)| dt.

T—oo 0

The integrals in the limit are non-decreasing, so the limit can only converge to a finite
value if

T
| expl-the(s))l o)t < o0
0
for every finite T > 0. It easily follows (77, 1.24(a)]) that

exp(—T Re(s)), Re(s) >0,
1, Re(s) <0.

T . T
/ exp(—tRe(s))|f(t)| dt > cs/ lf()]dt, ¢s= {
0 0 >~

The integral on the right side is finite for every T if and only if f € LI (R)). O

The region of existence of Laplace transforms is generally a right half-plane in the
complex plane. We can thus describe the region of existence by a single number.



2.1. Relevant classes of functions

Definition 2.3. We call the number

a{f®)} = a{f} = inf{Re(s) : L{f}(s) exists}
the abscissa of existence of L{f}.

Theorem 2.4 ([25, Theorem 3.3]). The ezact region of existence of the Laplace trans-
form of f is either the open half-plane Re(s) > a{f} or the closed half-plane Re(s) >

a{f}.
The abscissa of existence can be bounded if f grows (at most) exponentially.

Definition 2.5. We call

w{ (1)} = w{f} = inf{w € R : f(t) = O(exp(tw)) as t — oo}
the exponential order of f.
Lemma 2.6 (cf. [6, Eq. (1.10)]). Let f € LL (RY). Then a{f} < w{f}.

Proof. Tfw{f} = 00, then the statement is trivial. If w{f} < oo, then for any w > w{f},
we can write |f(t)| < cexp(tw) for t > T" and some T" > 0, ¢ > 0. Now,

T o)
L{F)(s) = /0 exp(—ts)f(1) dt + / exp(—ts)f (1) dt.

T

The first integral has a finite value because f € L (Rd). We see from

loc
/Oolexp(—ts)f(tﬂ dt < c/oo exp(—t Re(s)) exp(tw) dt
T T

that the second integral has a finite value if Re(s) > w > w{f}. Since a{f} is by
definition the smallest number « such that £{f}(s) exists for Re(s) > «, it follows that

of f} < inf{w:w > w{f}} =w{f}. O
Actually, the abscissa is characterized by the antiderivative of | f |:

Theorem 2.7 ([6, Theorem 1.4.3], cf. [94, Ch. T1 §2.4, §3.2]). Let f € LL (RY) and

loc

limy o0 F'(t) if the limit exists,

0 otherwise.

F(t) = /0 ()] dz, sz{

Then? R
af f} = w{F(t) - Fso}

Including the constant F., might seem unnecessary at first sight. However, F(t) is a monotonically
increasing function, so w{F} > 0. By including F.., we enable negative values, too.
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Laplace transforms have some nice properties. From the definition, it immediately
follows that Laplace transforms are linear, i.e.,

L{etfi(t) +cafa()}(s) = 1L L{fi}(s) + 2L {f2}(s).

In addition, Laplace transforms are analytic functions and their derivatives are again
Laplace transforms.
Theorem 2.8 ([25, Theorem 6.1]). Let of f} < co. Then all derivatives of L{f}(s)
exist for Re(s) > af{f} and they are given by

" £ ; [n] n n g
o LU @) = LU} (s) = (F1)"L{t"f(1)}(s), meN.

Example 2.9. We have

- =(s—a)” fl = Re(a
e fg ep(an }o) = (=), Re() >0, a{f) = Re(a)

see [25, Table of Laplace Transforms|. Here, I'(/3) denotes the gamma function

r(8) = /0 TP lexp(—t)dt, Re(B) > 0,

which is a generalization of the factorial, i.e., I'(n) = (n — 1)! for n € N.

Before we discuss the other classes of functions that are relevant in this thesis (and
their relation to Laplace transforms), we remark on alternative definitions of Laplace
transforms.

Remark 2.10. Definitions other than Definition 2.1 have been considered in the liter-
ature. In [6, 25], Laplace transforms are defined as

w

lim | exp(—ts)f(t)dt,

w—00 0

i.e., as an improper Lebesgue integral. This allows for more functions f than Defini-
tion 2.1 but the additional limit complicates working with the transforms. In par-
ticular, the region of existence of f (now called the “region of convergence”) and
the one of | f | (“region of absolute convergence”) do not necessarily coincide any-
more, i.e., a{f} < a{|f|}. On the other hand, the two regions are identically equal,
a{f} = o{|f|}, in our case by the definition of Lebesgue integration. Note that our
definition is the special case where the above limit converges to a finite value not only
for f but also for |f| (see Lemma A.1 for more details). Thus, we can still use results
from [6, 25] if we apply them to | f| instead of f. Note also that proofs in [25] are often
given in terms of improper Riemann integrals but—as mentioned on p. 11 in [25]—“the
statements remain essentially unchanged”.
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Schilling et al. [80] use the proper integral

| el duto,
0

where p is a positive measure. This definition allows one to express every completely
monotone function (see Definition 2.22) as a Laplace transform, see [80, Theorem 1.4].
On the other hand, it does not include all possible Laplace transforms of Definition 2.1
but only those with non-negative f (see Lemma A.4). Thus, their results hold for us
(only) for non-negative f or for |f].

Relevant examples—such as those that we consider in Chapter 4—are usually con-
tained in all three definitions. Thus, we use our conceptually simpler definition of a
proper Lebesgue integral in this thesis: This way we can present the main ideas with-
out cluttering the proofs with technical details. Nonetheless, we briefly discuss the
relationship between the definitions and whether our main result (Corollary 4.8) holds
for those, too, in Appendix A.

2.1.2. Rational functions
Another class of functions we consider is the class of rational functions.

Definition 2.11. Let p and ¢ # 0 be polynomials. Then the function

(o) = B seC\fsiats) =0k

is called a rational function.

We might want to classify rational functions by the degrees n and m of the numekrator
polynomial and denominator polynomial. However, the simple example 7(s) = & =1
for k € N, s # 0 shows that these degrees are not unique for a given r.

Definition 2.12. Let r be a rational function. Let p and ¢ be polynomials of lowest
degree . and m, respectively, such that

p(s) _ o
i) "

Then we call (1, m) the degree of r.

Working with rational functions is often simplified by decomposing them into a sum
of simpler functions.

Theorem 2.13 (e.g., [89, Theorem 23.1]). Let r(s) = ES; be a rational function of

degree (n, m) with n,m > 0. Then r has the unique representation

k. my

()=o) £33 et
j=1i=1 J
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where q(75) =0, m = Z§:1 m; and po s a polynomial of degree ng < n. We call this
representation partial fraction expansion.

Several algorithms that compute the partial fraction expansion have been known for
a long time, see, e.g., [66]. If the polynomial part py vanishes, pg = 0, rational functions
are Laplace transforms (for large enough Re(s)). This is often used for solving simple
differential equations, see, e.g., [25, Chapter 15].

Corollary 2.14. Let r be a rational function. Then it can be written as

k. my
Wy i—
) = pols) + 30 3 o Ll el ()
j=1i=1 ’
for Re(s) > max;—; ., Re(r;).
Proof. Theorem 2.13 and Example 2.9. O

Rational matrix functions are usually not of interest by themselves but only as ap-
proximations of other functions. For instance, given a function f, the rational function
r that minimizes the maximum error in a region for a given degree (n, m) is sometimes
called the rational minimax approzimation to f, see [89, Ch. 24]. Another popular
choice of rational approximations is the class of Padé approximations, which we discuss
now based on [22, 89].

Definition 2.15. Let f(s) be analytic at €. Let r,,,, be a rational function of degree
(n,m) such that

|£(8) = rnm(s)] = O((s — )"F™ ),

i.e., the first n4+m+1 terms of the Taylor expansions of f and 7, ,, at £ coincide. Then
we call 7y, the Padé approzimation of degree (n,m) to f.

If it is possible, £ is typically chosen to be 0. Otherwise, £ = 1 is often chosen. Padé
approximations of varying degrees are sometimes ordered in a table

0,0 To,1 7T02 70,3
1,0 Tl T1,2
2,0 72,1

73,0

Because of this, the Padé approximations with degree (n,n) are called diagonal. Sim-
ilarly, a sequence {740, 7k+1,0, Tk+1,1, "k+2,1, - - - } of Padé approximations for k£ > 0 is
called a descending staircase [22, Eq. (4.3.1)]. Note that the first column of the Padé
table is just the sequence of the Taylor approximations of f. Moreover, the following
holds:

10



2.1. Relevant classes of functions

Lemma 2.16 ([22, Section 4.2]). Let ry m(s) = Zzzgzg be the Padé approrimation of

degree (n,m) for f(s). Then the Padé approximation of degree (m,n) for ﬁ s given

1 _ Qn,'m(s)
by 7‘n,'m(s) - pn,m(s) :

Padé approximations of different degrees may coincide. This can only occur if all
approximations inside a square block

Tnm T'nm+1 e Tn,m+k
Tn+1m Tn+lm+1  ---  Tntlm+k
Tnd+km Tn+km+1 -+ Tndkmtk

coincide, however, see [22, Theorem 4.2.1].

2.1.3. Other classes of functions

Two-sided Laplace transforms

Definition 2.17. The two-sided Laplace transform of a function f € Ll (R) is defined
by the proper Lebesgue integral

/00 exp(—ts) f(t) dt

— 0
whenever it has a finite value.

Compared to the Laplace transforms from Definition 2.1, two-sided Laplace trans-
forms extend the domain of integration to negative numbers (see [25, Chapter 24]). To
distinguish two-sided Laplace transforms from the Laplace transforms of Definition 2.1,
we may call the latter one-sided. The two-sided transforms can be interpreted as the
generalization of the Fourier transform

/OO exp(—tiw) f(t)dt, weR,

—0o0
to complex values for w. From basic properties of Lebesgue integrals, it follows
0

/ h exp(—ts) f(t) dt = /0 Ooexp(—ts) F(t)dt + / exp(—ts)f(t)dt

= LL{F (1)} (s) + L{f (1)} (—s)

whenever the integral on the left or the two on the right are finite (cf. [77, Theo-
rem 1.32]). Thus, if we want to evaluate two-sided Laplace transforms, we can fall back
to algorithms for one-sided ones. However, both £{f(t)}(s) and L{f(—t)}(—s) need
to exist for the same value s. The exact region of existence is thus the strip a{ f (1)} <
Re(s) < —af{f(—t)}, possibly including Re(s) = a{f} or Re(s) = —a{f(—t)}. Note
that the one-sided Laplace transforms are the subclass of the two-sided ones with

f(t) =0 for ¢t < 0.

11
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Entire functions

Definition 2.18. A function f is entire if it is analytic on the whole complex plane.
An entire function is of order one if

loglog M
limsupw =1, M(r)=max|f(s)|.

r—00 IOgT ‘S‘:T‘
See [15] for more information about entire functions.

Example 2.19. The most prominent example of an entire function is the exponential
function f(s) = exp(as) with a € C. It is easily verified that it is also of order one.

Laplace transforms are analytic in their region of existence. Consequently, if a{ f } =
—o0, then L{f} is an entire function. One way to construct such functions is by
restricting the region of integration to a finite interval.

Lemma 2.20. Let T > 0 be finite and f € L'([0,T]). Then

T ~
/0 exp(—ts)f(t)dt < oo

for every value of s € C.

Proof. This immediately follows from

T . T R
/ exp(—tRe(s))|f(t)]dt§cs/ Foldt, e = 0
0 0

1, Re(s) > 0.

{exp(—TRe(s)), Re(s) < 0,

Corollary 2.21 ([25, Theorem 6.2]). Let T > 0 be finite and f € L'([0,T]). Denote by
X(o,1)(t) the characteristic function of the interval (0,T). A Laplace transform of the
form

A T A~
LU xiom) (B} (s) = /0 exp(—ts) f(£) dt
is an entire function.

We are interested in entire functions when we do polynomial interpolation: If one
interpolates an entire function such that the maximum error is minimized, one can show
that this error converges superlinearly to 0 when increasing the degree of the polynomial,
see, e.g., [37]. This has been used when analyzing the convergence of the (restarted)
Arnoldi method, see Theorem 2.70. We give a variation of this in Section 4.4.1.
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2.1. Relevant classes of functions

Completely monotone functions

Definition 2.22. A function f : RT — Rar is called completely monotone if all its
derivatives fI"(s) exist for s € Rt and

(=1)"fl(s) >0 forall se RT,neN.

See [80, Chapter 1] for more information. It immediately follows from Theorem 2.8
that many Laplace transforms are completely monotone.

Lemma 2.23 ([25, Theorem 31.9], [80, Theorem 1.4]). Let f>0andaf{f} <0. Then
L{f}(s) (restricted to s € R") is a completely monotone function.

Example 2.24. The function f(s) = s~! = £L{1}(s) is completely monotone.

An important property of completely monotone functions is their closure under mul-
tiplication.

Lemma 2.25 ([80, Corollary 1.6]). Let f(s) and g(s) be completely monotone functions.
Then the product f(s)g(s) is also completely monotone.

Integrals of a completely monotone function can be bounded from below and from
above by Gaufl quadrature rules, see [46]. Based on this, one can compute a posteriori
error bounds for the restarted Arnoldi method for f(A)b, see Theorem 2.72.

Stieltjes functions

Definition 2.26. A function f: C\R; — C defined by

F(s)=b+ /OOO tpff)s dt

with b > 0 and p > 0 such that

/ &dt<oo
o t+1

is called a Stieltjes function.3

Since (t+s)~! = L, {exp(—t7)}(s) for Re(s) > t, Stieltjes functions can be interpreted
as iterated Laplace transforms:

Lemma 2.27 ([80, Theorem 2.2]). Every Stieltjes function f has a restriction to
Re(s) > 0 of the form
f(s) = b+ L{L{p}()}(s).
3Stieltjes functions are often defined more generally, see, e.g., [12, 80]. This is done by using other

measures than p(t)dt. As we restrict ourselves to the measure f(t)dt for Laplace transforms in a
similar way (cf. Remark 2.10), we use this simpler definition here.

13



2. Review of basic material

Note that if g = L£L{p} is completely monotone, then L£{g} is also completely mono-
tone. From Lemma 2.23, we immediately arrive at the following corollary:

Corollary 2.28 ([80, Theorem 2.2]). A Stieltjes function (restricted to RT ) is a com-
pletely monotone function.

We also have the following result regarding Padé approximations:

Lemma 2.29 (][22, Theorem 4.2.3]). Let ry, m, and i be two Padé approzimations to
a Stieltjes function f. Then 1y m = 14 implies (n,m) = (k,£). In other words, Padé
approximations to Stieltjes functions are pairwise distinct.

Example 2.30. The function f(s) = s~ /2 is a Stieltjes function with b = 0 and
p(t) = w1t~ 1/2 [13, §14.15].

The restarted Arnoldi method (Section 2.4.2) has been described in [39, 40, 41, 49,
81] for Stieltjes functions. In Chapter 4, we extend their method to Laplace transforms.

Bernstein functions

Definition 2.31 ([80, Definition 3.1]). A function f: Rt — R{ is called a Bernstein
function if all its derivatives fI"(s) exist in R* and

(1)t fll(s) >0, neN.
In other words, its derivative is completely monotone.
Bernstein functions have the following integral representation.
Theorem 2.32 ([80, Theorem 3.2]). A function f: Rt — R{ is a Bernstein function

if and only if it has the Lévy-Khintchine representation, i.e.,

f(s)=a+bs+ /0 (1~ exp(—ts)) du(t),

where a,b > 0 and p is a measure such that

/OO min(1, £) du(t) < co.
0

This integral representation shows that Bernstein functions can be extended to the
right half-plane:

Corollary 2.33 ([80, Proposition 3.6]). Every Bernstein function f has a holomorphic
extension to Re(s) > 0.

In what follows, we do not differentiate strictly between the original function f and
its extension. We also consider only the following subclass of Bernstein functions.

14



2.2. Continued fractions

Definition 2.34. A Bernstein function f is called complete if the measure p in the
Lévy-Khintchine representation has a completely monotone derivative with respect to
the Lebesgue measure, i.e.,

f(s)=a+bs+ /000(1 — exp(—ts))u'(t) dt.

Complete Bernstein functions are closely related to Laplace transforms and Stieltjes
functions:

Lemma 2.35. Let f be a complete Bernstein function. Then its derivative [’ is
essentially a Laplace transform, more precisely,

fl(s)=b+ /OOO exp(—ts)ty' (t) dt = b+ L{tu'(t)}(s).

Proof. In the proof of Theorem 3.2 in [80], it is shown that

() =b+ /O " exp(—ts)t dpu(t)

if f is a Bernstein function with b and p as in Theorem 2.32. O

Theorem 2.36 ([80, Theorem 6.2]). Let f be a complete Bernstein function. If a =0
and if i’ can be represented by a Laplace transform u'(t) = L{g}(t), then s~1f(s) is a
Stieltjes function (restricted to Re(s) > 0).4

Conversely, if f is a Stieltjes function, then sf(s) (restricted to Re(s) > 0) is a
complete Bernstein function.

Example 2.37. The function f(s) = /s is a complete Bernstein function with a,b =0
and /' (t) = (2¢/m)~1t73/2, [80, Section 16.2, No. 1].

It turns out that complete Bernstein functions can be treated exactly as Laplace
transforms in the restarted Arnoldi method, see Section 4.1.2.

2.2. Continued fractions

In Chapter 3, we introduce a new method for evaluating rational matrix functions. For
this, we need to represent rational functions as continued fractions. Before we can do
this, however, we need to define continued fractions first without reference to functions.
This section presents well-known results about continued fractions that can be found,
e.g., in [22, 54]. In parts, we use a similar description as in [CF].

We use the extended complex numbers Co, = C U {00} with the usual arithmetic
conventions.

4Using a more general definition for Stieltjes functions, this holds for all complete Bernstein functions.
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2. Review of basic material

Definition 2.38. Given two (finite or infinite) sequences {c¢;}{, and {b;}{, with
¢i,bi € C and o € NU {oo}, we define the functions z; : Coo — C for i =0,1,... to
be

20(s) =bo + s, zj(s) = blcis for j > 1,
j

and denote their compositions (with 0 as starting argument) by
gi =200210--02(0) € Coo.

We call
Ja if « € N,
g =

lim; ,ng; ifa=o00

the formal continued fraction of ({c;}s,, {bi}{ ), which we write as

g:2b0+K<?).
i=1 N !

We further call the elements ¢;, b; and g; the ith partial numerator, partial denominator
and approximant, respectively.
If « € N, we may call g finite; if @« = oo, we may call g infinite.

While we allow division by 0 by working within C.,, the approximants (and in turn
the formal continued fractions) are only defined if the term % does not occur. It is
common in number theory to assume that ¢; # 0 for all ¢ to avoid this (e.g., [54,
§12.1]). It will be useful later on to include cases where ¢; potentially vanishes, so we
do not assume this. Note, however, that if g; is defined and ¢; = 0 for some i < j, then

95 = gi—1-

Definition 2.39. Let g be the formal continued fraction of {c¢;}{, and {b;}5. If the
term % appears in an approximant g;, we call g; undefined, otherwise defined.

o If g is finite and g = g, is defined, then we call g a (finite) continued fraction.

e If g is infinite and has only a finite number of undefined approximants, then we
call g an (infinite) continued fraction and take the limit only over all defined
approximants.

While Definitions 2.38 and 2.39 seem somewhat abstract, they enable the simple
representations
g:bo—i-K(Z) bt — L cc.
-\ b 2
=1 b +

b2—|—...
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2.2. Continued fractions

for an infinite continued fraction g and

m ; c
gmzbo+K<Z)=bo+ lc € Coo
=1 ‘ b1 + 2

ba +
_|_C£
bm

for both an mth approximant and a finite continued fraction.

Lemma 2.40 (][54, Corollary 12.1b]). Let g be a continued fraction. Then the approz-
imants are simple fractions g,, = %, where the numerator and denominator fulfill the
recurrence relation

AR SEN o R P
q-1 0 qo 1 dm dm—1 Im—2

Corollary 2.41. Lemma 2.40 also holds if gy, is undefined in the sense that the recur-
ston yields py, = 0 and ¢, = 0 in that case.

Proof. 1f g, is undefined because b,,, = ¢, = 0, then the statement immediately follows
from the recursion. Otherwise, let

Cit+1
t; = :zi+1o---ozm(0),
Ci+2
bit1 +
bito +

Cm

—i—bm

where i < m is chosen as large as possible such that b; +t; = ¢; = 0. Then t; is defined
and we can write

C1
9m = bo +
by + @
by
o
b; +t;

This is again the case where the last fraction is %, so we have

[ m] = (bi + t:) [p"‘l] +ei [pi‘z] = 0. O

m qi—1 qi—2

We mention some results that are useful later on: Another way of evaluating a finite
continued fraction is by solving a linear system.
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2. Review of basic material

Theorem 2.42 (71, Theorem 1], cf. [CF, Theorem 3.1]). Let gm = bo+ K, (g—z) # 00

be a finite continued fraction. If the entries of the tridiagonal matriz

b1 72
oy o
., 6 Cme

fulfill
Bi=b;, i1=1,...,m,
-y, =¢y, T =2,...,m,
then T, is non-singular and
gm = bo +c1(Tp ' )11 = bo + cre] Ty, ley.

Remark 2.43. We have g, = oo if and only if T}, is singular, see [CF, Remark 3.2]. If
we assign e] T)1e; = oo for a singular matrix T},, then the above equation still holds
for g,, = oo.

There is a way to multiply the partial numerators and partial denominators by con-
stants without changing the approximants.

Lemma 2.44 ([54, Eq. (12.1-11)]). Let

be a continued fraction. Then its approzimants coincide with the ones of

_ s (di—1dici
7=h+ K (%)
i=1 v

with dg =1 and d; # 0, i.e., we have g; = §; and g = g.
Analogously, we can transform the matrix 7}, in Theorem 2.42:

Corollary 2.45 ([CF, Corollary 3.3]). Theorem 2.42 still holds if T,, is multiplied by
any two non-singular matrices from the left and the right as long as ey is a right and

left eigenvector, respectively, of these matrices with reciprocal eigenvalue:
H;'e; = e
¢ 1 1 — —
TH-1 = )\! T} — gm =bo+ e-ermlel =bo + eI(HETer) 1631-
€1y = €1

In particular, using diagonal matrices D = diag(1,da, ..., dy,) for Hy and H, is equiv-
alent to expanding the continued fraction as in Lemma 2.44.
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2.2. Continued fractions

It will turn out useful to reduce the length of a continued fraction.

Lemma 2.46 (][22, Eq. (1.5.3)]). Let a be even and
(0%
&
g=by+ K <b)
, i
=1
be a continued fraction. Define the continued fraction
~ a;
g=by+ K <d2>
. i
=1
with a1 = c1ba, di = co + b1by and

_ C2i—2Ci—1b2; C2i—1b2i

. di = c2i + baj_1bo; + , 1> 2.
b?i—? bQZ'_Q

a; =

Then every approzimant of g coincides with every other approximant of g, i.e., go; = G;
fori>0. We call g the contraction of g.

The connection between continued fractions and rational functions becomes apparent
if we replace the partial numerators and denominators ¢; and b; by polynomials ¢;(s)
and b;(s). Then p;(s) and ¢;(s) in the recursion of Lemma 2.40 are polynomials, too.
This means the approximants are the rational functions g;(s) = z 28 Now we also see
why we did not demand that ¢; # 0 in Definitions 2.38 and 2.39: For non-constant
polynomials ¢;(s), we can find at least one value of s such that ¢;(s) = 0 but an
approximant g;(s) is not necessarily undefined in this case.

If the approximant g;(s) is undefined for some value s, however, then p;(s), ¢;(s) =
0 by Corollary 2.41. We can easily avoid this situation by considering the rational
functions g;(s) only for values of s such that ¢;(s) # 0. This way, we also have g¢;(s) €
C for all remaining s. Thus, a pair of polynomial sequences ({c;(s)}5;,{bi(s)}5 )
interpreted as a continued fraction generates a sequence of rational functions {r;(s) =
9i(s) }izo-

One might wonder now which continued fractions yield interesting rational functions.
We briefly discuss this here (based on [CF, 22]). We are interested in rational functions
as approximations to other functions. In Section 2.1.2, we introduced the Padé approx-
imations as examples. It turns out they are closely connected to continued fractions.

Definition 2.47. A continued fraction of the form

bo—f‘K(Ciil), by € C, CiE(C\{O}, n; € N,
=1

is called a C-fraction. If n; = 1 for all 4, then the C-fraction is called regular.
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2. Review of basic material

Theorem 2.48 ([22, Theorem 4.3.1]). Let S = {ry0, k11,0, "h+1,1,Th42,15--- }, k >
0, be a descending staircase of Padé approximations to a function f. If every three
consecutive elements of S are distinct, then there exists a C-fraction

oo
CiS
T’k,o(s) + Sk K <ZT> , G 7é 0,
i=1

such that its mth approximant is the (m + 1)st element of S for all m > 0.

Applying the contraction from Lemma 2.46, we immediately obtain the following
modification.

Corollary 2.49. Let 11 (s) denote the diagonal Padé approzimations to a function f.
If ri ko # Tk k41 for all k, then there exists a continued fraction

Cc1S

. . 2
00 —C2—2C27—1S
1+es+ K2 (m

70,0 +

, ¢ #0,
)

such that its mth approzimant is the diagonal Padé approximation 1 m(s).

The condition 74 # ri41,k+1 is fulfilled, for example, if f is a Stieltjes function, see
Lemma 2.29.

Of course, other kinds of continued fractions also yield approximations to functions.
Describing them in detail would go beyond the scope of this thesis. We refer to [22,
Part III] for many examples of continued fractions whose approximants g,,(s) converge
to functions for m — oco.

We do not cover how to construct continued fractions in detail and only give some
pointers: The coefficients of C-fractions can be found from Taylor series using the
qd algorithm [22, Section 6.1]. So-called Thiele fractions [22, Section 6.8] allow the
construction of interpolating rational functions. If a rational function r(s) = % is

already given as a fraction of two polynomials, then one continued fraction is of course

just g1(s) = 0+ q(’; ()SJ)FO. One might, however, want to find longer continued fractions

where the partial numerators and denominators have lower degrees than p and ¢. One
way to achieve this is to apply the Fuclidean algorithm on p and ¢ ([53, §6.3 IIL]).
Here, we start with polynomial long division such that

p(s) a(s) 1

—< =bo(s) + —= =bo(s) +

as) P g TR e
a(s)
where a(s) is a polynomial of degree smaller than that of ¢(s). Iterating on the resulting

rational functions %, we obtain a continued fraction. Specifically, if r(s) has degree

)

(n,n’), then this results in

r(s) = 28 pis) + }:% < . > , (2.2)

with m <n/, see [62].
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2.3. Definition of matrix functions

2.3. Definition of matrix functions

Throughout this work, we are interested in computing the action of a matrix function
on a vector, i.e.,

f(A)b,

where A € C™"*™ and b € C". Before we discuss numerical methods in the next section,

we need to define f(A) first. This section states the common (and for analytic functions

equivalent) definitions of the matrix function f(A) as given, e.g., in [56, Section 1.2].
Let us start by recalling the Jordan canonical form.

Definition 2.50. A matrix
J(p,m) = plp, + Sy, € C™T

with

pecC, S,= R € cmxm

is called a Jordan block.

It is well known that every matrix A € C™*™ has a Jordan canonical form, i.e., it can
be written as

L

A=2JZ7", J=@DJ(nj,m;) €C", Z e,
j=1

where p; € spec(A) are eigenvalues of A and 2521 m;j = n. The symbol & denotes
the direct sum. Let us denote the pairwise distinct eigenvalues of A by Aq,...,As. The
index nj of an eigenvalue A is the size of the largest Jordan block containing it, i.e.,

np=max{m;:pu; =X\, j=1,...,0}, k=1,...,s.

Definition 2.51. We call a function f defined on the spectrum of the matrixz A if the
values

f[l]()\k), 'L’:()’...’nk-—l’ k:l"”’s

exist.

Definition 2.51 informs us about the conditions f has to fulfill such that f(A) is
defined. We see this in our first definition of f(A):
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2. Review of basic material

Definition 2.52. Let f be defined on the spectrum of A = ZJZ~!'. Then

4
f(A)=Zf(NZ" = ZED F(J(pj,m;))Z " and
j=1

[ F(1) W) .. Lol
F I (agomy)) = U '
S ()
I f(y)

It immediately follows that matrix functions commute, i.e., f(A)g(A4) = g(A)f(A).
The Jordan canonical form is rarely used in computations, however, as it can be very
sensitive to perturbations. Though in the special case that A is normal, i.e., unitarily
diagonalizable, it follows from Definition 2.52 that f(A) = Z diag(f(u1), - ., f(1un))ZH.
Thus, in this case, f(A) and f(A)b can be computed by using the well-conditioned
eigendecomposition of A. Typically, the computational burden scales like O(n?) so this
approach is only feasible for small matrices. We use this direct computation of f(A)
when A is a small Hermitian matrix in Section 4.2.3.

Another way of defining f(A) is by expressing it as a matrix polynomial. While they
are, strictly speaking, a class of matrix functions, their definition immediately follows
from the basic operations® already defined on matrices.

Definition 2.53. Let f be a function defined on the spectrum of A. A function p that
fulfills ' '
PO =), i=0,.. -1, k=1,...,s,

is said to interpolate [ at the spectrum of A.

Definition 2.54. Let f be a function defined on the spectrum of A. Further, let p be
the unique polynomial of degree less than ), _; ny that interpolates f at the spectrum
of A. Then p is said to be the Hermite interpolating polynomial and

Theorem 2.55 ([56, Theorem 1.12]). Definition 2.52 and Definition 2.5} are equiva-
lent.

While Definition 2.54 might seem numerically more practical than Definition 2.52
at first sight, note that the interpolating polynomial p depends not only on f but
also on the eigenvalues of A. Moreover, this approach would require O(n?*) floating
point operations (O(n) matrix-matrix multiplications each of which costs O(n?)) and
is numerically unstable, see [56, Section 4.8] and [43].

5Namely addition, scalar multiplication, matrix-matrix multiplication.
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2.3. Definition of matrix functions

Expressing f(A) as an interpolating polynomial is still helpful for the theory discussed
in Sections 2.4 and 4.4. Note that any polynomial that interpolates f at the spectrum
of A yields f(A) = p(A) (see [56, Theorem 1.3, Remark 1.5]). We can construct a
polynomial, e.g., without knowing the indices ng:

Lemma 2.56 ([56, Remarks 1.5 and 1.6]). Let u1,...,u, denote the eigenvalues of A
including algebraic multiplicity. Let

Ay U

be the divided difference of f with nodes i1, ..., ;. Then the polynomial
q(s) =Y Ay i (s —pa) (s — 1)
j=1

interpolates f at the spectrum of A and q(A) = f(A).
If, in addition, the algebraic multiplicities coincide with the indices for all eigenvalues,
q s the Hermite interpolating polynomial from Definition 2.54.

Proof. Let m(\;) denote the algebraic multiplicity of the pair-wise distinct eigenvalues
Ak. By construction of ¢ by a Newton form, we have

dOw) = IO, i=0,...,mO) -1, k=1,....s,

see, e.g., [16, Eq. (7)]. As the algebraic multiplicity is a bound for the index, i.e.,

q interpolates f at the spectrum of A. It now follows from [56, Theorem 1.3] that

q9(4) = p(A) = f(A).
For the second statement, we have the hypothesis ny = m(\;) and thus

an = Zm()\k) =n.
k=1 k=1

On one hand, the Hermite interpolating polynomial p is unique and of degree less than
> n—1 nk; on the other hand, ¢ has degree n — 1. It follows that ¢ = p. ]

The previous two definitions solely assumed f is defined on the spectrum of A. Here
we assume that f is analytic. Such functions can be represented as a Cauchy integral,
which allows for the third and last definition:

Definition 2.57. Let f be analytic in and on a closed contour I' enclosing spec(A).

Then )
f(A) = 3 F(sI — A7 f(s)ds.

23



2. Review of basic material

Theorem 2.58 ([56, Theorem 1.12]). If f is analytic, then Definition 2.57 is equivalent
to Definitions 2.52 and 2.5).

The functions we consider in this thesis are all analytic, so Definition 2.57 is applicable
and we use it theoretically in Section 4.4.1. Numerically, however, one would need to
find a suitable contour and quadrature rule, which depend on both f and A. For
example, [23] discusses the case that I' is a simple circle and the repeated trapezoidal
rule is used. See [52] for a more elaborate example.

2.4. Krylov subspace methods for general matrix functions

In this section, we consider approximations based on Krylov subspaces. Our description
is guided by [78, 81]. We first define the subspace.

Definition 2.59. The mth Krylov subspace of A € C"*™ and b € C" is given by
Km(A,b) == span(b, Ab, A%b, ..., A" 1b) = {p(A)b:p € Pp_1},
where P,,_1 is the set of all polynomials of degree at most m — 1.

To evaluate f(A)b, we project f(A)b onto the subspace K,,(A,b) for increasing m
until some convergence criterion is fulfilled.

2.4.1. The Arnoldi approximation

To construct an approximation f,, to f(A)b, we need to construct a basis for I, (A4, b)
first. For numerical stability, we want an orthonormal basis and this is usually obtained
using the Arnoldi process, which is described in Algorithm 1. The idea is to start
with v, = mb and iteratively construct new basis vectors by orthogonalizing Av;
against the previous basis vectors vy,...,v;. In Algorithm 1, we use Modified Gram-
Schmidt for orthogonalization. We do not discuss other variants and refer instead to
[78, Section 6.3.2].

The Arnoldi process yields the matrix V,,, € C"*™, whose columns contain the or-
thonormal basis vectors vi,...,v,, for K,,(A,b), and an upper Hessenberg matrix
H,, = [hi;] € C™*™. They fulfill the Arnoldi relation [78, Eq. (6.6)]

AV = Vi Hn + Bt m Ot 1€4- (2.3)

From H,, = Vn';' AV,,, we see that for Hermitian A = AH the Hessenberg matrix H,, is
Hermitian, too, and thus tridiagonal. But if h; ; = 0, the vector v; is already orthogonal
to w; in Algorithm 1. If we simplify the Arnoldi process according to this, we arrive
at the Lanczos process. We describe it in Algorithm 2, where we overload the function
ARNOLDI from Algorithm 1. Note that the Arnoldi process has an increasing number of
inner products 'vi-"’wj in each iteration and so becomes more expensive as the iteration
proceeds. In contrast, there is only one inner product (for ¢ = j) in the Lanczos process,
which leads to a constant amount of computational work per iteration.

24



2.4. Krylov subspace methods for general matrix functions

Algorithm 1 Arnoldi process [78, Algorithm 6.2]

1: function ARNOLDI(A, b, m)

2 v = HlTHb

3 for j=1,...,mdo

4 w; = A’Uj

5: fori=1,...,5 do

6 hm‘ = vf'wj

7 L w; = w; — hi,jvi

8 hjt1; = [lwjll2

9: if hj+17j =0 then

10: _ break

11: V41 = 'wj/thrLj

12: Vm = [’01, - ,’Um], Hm = [hi,j}i,jzl,...,m
13: | return Vi, Hp, hypy1m, Ums

Algorithm 2 Lanczos process [78, Algorithm 6.15]

1: function ARNOLDI(A = A" b, m)
_ 1

2 (%] —Wb

3 for j=1,...,mdo

4 if 5 > 2 then

5 wj=Avj = hjiv50

6 else

7 L w; = A’Uj

8 hjj = vjw;

9 wj = wj — hj;v;
10: hjv1j = hjjv1 = |lwjll2
11: if hj-l—l,j =0 then
12: _ break
13: V41 = wj/hjﬂ,j
14: Vm = [’Ul, ... ,'vm], Hm = [hi,j}i,j:17...,m
15: return Vi, Hy, bt 1,m, Ums1
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2. Review of basic material

Remark 2.60. Hermitian matrices are not the only matrices that yield short recur-
rences in the Arnoldi method, i.e., where only a limited number of diagonals of the
Hessenberg matrix H,, is non-zero. See [34] for a full characterization.

We obtain an approximation to f(A)b from the Krylov subspace by evaluating the
function at the Hessenberg matrix:

Definition 2.61. Let f be defined on the spectrum of A and on the spectrum of H,,.
We call the approximation

FAb R £ = Vinf (Vg AVin) Vb = |[bl|2Vi f (Hin)e1. (2.4)
the Arnoldi approzimation to f(A)b.

As justification for this approximation, consider the following theorem:

Theorem 2.62 (e.g., [30, Theorem 2.4]). Let Vi, Hp, hipt1,m and ve,q1 result from
the Arnoldi process for A and b. Then

[1bl[2Vin f (Him)er = [[b]|2Vimg(Hm)er = q(A)b,

where q is the Hermite interpolating polynomial that interpolates f at the spectrum of
H,,.

Theorem 2.62 tells us that using the Arnoldi approximation means we use the spec-
trum of H,, instead of the spectrum of A to construct the interpolating polynomial.
Therefore, the approximation is close to the correct solution if the m eigenvalues of the
Hessenberg matrix (the so-called Ritz values) are close to the n eigenvalues of A. From
H,, = VHAV,,, it follows that the eigenvalues lie in the numerical range of A4, i.e.,

spec(Hy) CW(A) = {aH Az : ||z||, = 1}.

As we also have spec(A) € W(A), the Arnoldi approximation Eq. (2.4) is a reasonable
approach. Furthermore, we know that the eigenvalues of H,, eventually become eigen-
values of A. In other words, the Arnoldi approximation is exact after a finite number
of iterations:

Lemma 2.63 ([78, Proposition 6.6], [56, Section 13.2.2]). There exists a smallest num-
ber m* < n such that IKCpyx11(A,b) = Ky (A, b). This is the first j for which hjq1; =0,
i.e., the Arnoldi process is feasible up to m* and only then breaks down.

We also have

spec(Hy+) C spec(A4),  f(A)b = [[bl|oVins f(Hpx e,
i.e., the Arnoldi approximation is exact for m*.

Typically, we can only perform a small number of iterations mpyax < m* (see below),
so we are more interested in how fast the Ritz values converge to eigenvalues of A. We
do not discuss this here and refer instead to [79, Chapter 6] and [63].
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2.4. Krylov subspace methods for general matrix functions

Remark 2.64. When discussing Krylov subspace methods, one often assumes exact
arithmetic. This can be problematic especially for the Lanczos process: In finite-
precision arithmetic, the assumed orthogonality of the basis vectors can be gradually
lost. In this case, H,, is not the orthogonal projection of A onto span(vi,...,vn).
Round-off errors can thus influence the convergence of the Ritz values to the eigenval-
ues of A. See [70, Section 4] for an overview of theoretical results.

The Arnoldi approximation has the advantage that it needs A only for the matrix-
vector products Awv;. Thus, it can be applied to cases where A is not explicitly stored.
It is of particular use for sparse matrices, where the cost of a matrix-vector product is
only O(n).

However, we need to store the matrix V,,, which is generally a full matrix. This is true
even when A is sparse or Hermitian (or both).® For large n, we might be able to store
a sparse matrix A, but we are able to store V;,, only for a small number of iterations
m due to limited memory. Moreover, in the non-Hermitian case, the iterations become
more expensive with every iteration, which constitutes a computational hazard. There
are several approaches to remedy this:

e In the Hermitian case, one can use the two-pass Lanczos process. The idea is to
construct the Krylov subspace twice. First, we compute the Hessenberg matrix
H,, without storing V,,,. Then, when the size m of the subspace is deemed suffi-
ciently large for a good approximation, we evaluate y = f(H,,)e;. We compute

m
P =Vny =Y _yjvj,
j=1

where y; is the jth element of y, by constructing the subspace again; this time to
obtain the contributions of each basis vector v; to the approximation f,,. Doing
so avoids storing V,,, but doubles the number of matrix-vector products, which
are usually the dominant computational cost.

A problem is finding a reliable criterion for when to stop increasing m since the
approximation f,, is not available after every iteration. In addition, the cost
of evaluating f(H,,) still increases with m. If a large number m of iterations
are needed, then the loss of orthogonality (Remark 2.64) can also slow down
convergence.

e We can replace the Krylov subspace by some other subspace so that a small
number of iterations is sufficient for a good approximation. In particular, we
want to mention rational Krylov subspaces [48]

mel(A)_lK:m(Aa b),

5We discuss an exception in Section 2.5.1.
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2. Review of basic material

where ¢,,,—1 is a polynomial of degree m — 1, and—as a special case—the extended
Krylov subspace [61]

A" K (A, b) = K (A, b) + K (A, A'b).

Instead of polynomial approximations to f(A)b, one now obtains rational ap-
proximations, which promise higher accuracy. The disadvantage is that one needs
to solve shifted linear systems (A + sI)~'b, which might necessitate a Krylov
subspace method on its own, cf. Section 2.5.

o Recently, [50] presented a method, which partially avoids the orthogonalization in
the Arnoldi process by using a randomized subspace embedding (see, e.g., [67]).
The representation of f(A) via a Cauchy integral (see Definition 2.57) is used to
reduce the problem f(A)b to shifted inverses (A+ sI)~b. Then, Krylov subspace
methods for inverses are accelerated by a sketch-and-solve approach similar to
[74].

e Another approach is given by restarting the Arnoldi process, which was first de-
scribed in [30], cf. [88]. Here, one approximates the error of the Arnoldi approxi-
mation by another Arnoldi approximation and continues like this iteratively. We
discuss this in more detail in the following.

2.4.2. The restarted Arnoldi method

Suppose that we are only able to run mpyax iterations of Arnoldi. As explained above,
this might be due to a limited amount of memory or because the orthogonalization
becomes too expensive in later iterations in the non-Hermitian case. In both cases,
the underlying problem is the number of basis vectors v; that increases with m. The
Arnoldi approximation Eq. (2.4) might still be far from the exact solution, i.e., the
norm ||€y,,... ||2 of the error
Em = f(A)b_fm

is larger than the desired accuracy. The idea behind restarts is to express the error g,
after m iterations’ again as a matrix function times a vector,

em = fP (AP,

Then we can start a new Arnoldi process to approximate this quantity. If the resulting
Arnoldi approximation

FEABE ~ £ = 62V, 2 O HED)er

is close to the exact error f®(A)b?) then f,, + f,(g) is close to f(A)b. Doing this
iteratively, we obtain a series of approximations

fAbrdP =dlV 4+ f0 k=273, ...,

"Restarts are not restricted to mmax and can be applied for smaller m. Because of this and for
notational simplicity, we write m instead of Mmmax.
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2.4. Krylov subspace methods for general matrix functions

where d,@,{) = fS}L) = f,, is just the original Arnoldi approximation to f(A)b and fﬁ,’f)

for k > 2 is the Arnoldi approximation to
FB(A)B® = -1 = r(A)b — kD).

For simplicity, we assume here and in the following that the same number of iterations
m is chosen for all Arnoldi decompositions and call m the restart length.
Of course, we need representations for f(k) and b®) as without them we cannot

implement this method. We state the resulting algorithm (c alled restarted Arnoldi
-1

method) in Algorithm 3 under the assumption that b®*) = ||b|| v! +1 This is the case

in all known approaches, see, e.g., [L, 1, 29, 30, 40, 59].

Algorithm 3 Generic restarted Arnoldi method for f(A)b (see [L, 30, 40])

1: function RESTARTED__ARNOLDI(f, A, b, m)

2 V(l) H,(n), hﬁnll > &Ll = ARNOLDI(A, b, m)

3 dy) = fi) = [BllVi F(HS)er

4 for k =2,3,... until convergence do

5: Determine the error function f*) such that elh=b = ||bl2f®) (A)w TSJFP.
6 V(k), (k) hf,’fll mo vfff}rl = ARNOLDI(A, vﬁ,’;}), m)

7 = [Ibll2Vii 1O (H5)er

g dﬁr’f) =d )+ f

9 return dgf)

(k)

The approximation dy,” from the restarted Arnoldi method is still a polynomial
approximation:

Lemma 2.65 (see [30]). Let Wy, = [Vn(ll) e Vn(f)]. Let Yy, be defined by the recursion

T
(k—1)m
Tim = | (1) IR

T, = HD.
m—+1 mele(k Dm H

Then
) = bllsWimf (Thm)er = [b]aWima(Tam)er = a(A)b,

where q is the Hermite interpolating polynomial that interpolates f at the spectrum of

Tim-
Proof. Combine Eq. (3.14) with Theorem 2.4 in [30]. O
Considering this characterization, it is not surprising that we can always represent

) via divided differences:
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2. Review of basic material

Theorem 2.66 ([30, Theorem 2.6]). Define

BT ®)
M = [T
j=1

Let QEk), e ,05,’?) be the eigenvalues of Hy(,ff) including algebraic multiplicities. Then the

error of the restarted Arnoldi approximation to f(A)b after k > 1 cycles is

Egrli) — f(k+1) (A)b(k+1)
with %+ = (|b]lo0¥), | and

FED(s) =4 BA Gy w FPT
(077,00 5]

It is well known that working with divided differences is prone to numerical in-
stabilities (see, e.g., [69]). It has been observed that this instability can prevent the
convergence of the restarted Arnoldi method. Consequently, other error representations
(or slightly modified restart algorithms) have been developed in [1, 30, 59]. Yet, none
of the known approaches fulfills all of the following properties:

o Numerically stable.
o Generally applicable (i.e., for all kinds of functions and all kinds of matrices).

o Efficient (i.e., the cost of evaluating one cycle in Algorithm 3 is dominated by the
Arnoldi decomposition and consequently bounded for k — o).

An error representation that comes close to fulfilling all three requirements was pre-
sented in [40]. There, a representation based on an integral representation of f was
developed.

Theorem 2.67 ([40, Corollary 3.5]). Let the analytic function f : @ — C have the

integral representation
9(t)
s) = dt
1) /r t—s

with a path T' C C\Q and a function g : I' — C. Let w) (t) = det(tI — Hfg)) and 77(,?;)
be as in Theorem 2.66. If further W(A) C Q, then

f(k+1)(s> _ (k) 9(t) (t— s)_1 dt,

m - Y

provided the integrals exist.
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2.4. Krylov subspace methods for general matrix functions

After choosing a suitable quadrature rule, this error representation allows for stable
and efficient restarts for many practically relevant functions f. In particular, Theo-
rem 2.67 includes the case where I' is a closed contour with W(A) in its interior. Then
g(t) = f(t)(2mi)~L, cf. Definition 2.57. When applying Theorem 2.67, choosing I and
the quadrature rule typically requires detailed knowledge about W(A). For Stieltjes
functions, however, the situation simplifies.

Theorem 2.68 (|L, Theorem 2.1], cf. [39, Theorem 2.1, Eq. (2.4)]). Let f be a Stieltjes
function (Definition 2.26), i.e.,

Assume that W(A) N (—o0,0] = @. Let 1/),(7{) (t) = e;rn(HT(,{) +tI)"te;. Then

e (H W) | oo ([T 0) -+
j=1

Proof. While the theorem was already stated in [L, Theorem 2.1] and slightly modified
in [39, Theorem 2.1, Eq. (2.4)], no full proof was given in either case. Furthermore, the
error representations in [L] and [39] differ by a factor of (—1)¥. We include the proof
here to show that the one in [L] is correct.

We use the fact that Theorem 2.67 includes Stieltjes functions in the following way:
We start from the integral representation of f and use the transformation 7 = —¢. Then
we see that f has the integral representation assumed in Theorem 2.67,

o0 0 —r 0 _ —T
f(s):/o ffidt:/ ’;(_T)de/ 7_p(_8)d7,
with I' = (—o00,0] and ¢(t) = —p(—t). Thus, it holds by Theorem 2.67
FED(s) = /Oo wm (k)( )(t —8)7 dt
_ (7) -
- / T (-t —s)"tdr

= )/ t ) e

by using again the transformation 7 = —t for the second line and renaming 7 = ¢ in
the third line. Next, note that

77(1{) (4) ()
(j)( t) = hm+1m m( tl — H( )) = _hm+1m m(tI+H( )) €1
Wen (—

= —h0 b (8).
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The first equality is easily verified by Cramer’s rule and was already stated, e.g., in [40,
Eq. (3.20)]. Applying this in the integral above yields the theorem’s statement. O

Remark 2.69. We assume that the number of iterations m in each restart cycle is a
constant. It is, however, possible to assign each cycle j an individual restart length m().
Then, one might wonder how to choose k and m® ..., m® such that the number of
matrix-vector products Z?Zl mU) is minimized while ||€(® ||y is below the desired toler-
ance. One might expect that choosing m) = mp.y as large as possible yields the best
result. However, it was observed in the context of restarted Krylov subspace methods
that increasing m can hurt [31]. Numerical experiments by Marcel Schweitzer (personal
communication, University of Wuppertal, Oct 2022) show that for the algorithm in [40]
(i.e., using Theorems 2.67 and 2.68), it can in some cases be beneficial to choose

0 {mmax if § odd,

m else

with mmax > m instead of M = muyax. This topic is probably related to the Forsythe
conjecture [33, 36] but has not received much attention in the literature and goes beyond
the scope of this thesis.

2.4.3. Error bounds for the restarted Arnoldi method

Lemma 2.65 reveals that the restarted Arnoldi method approximates f(A)b by interpo-
lating f at the eigenvalues of Yg,,, i.e., the eigenvalues of diag(Hqgll), cee H,(,]f)) We know
from Lemma 2.63 that the eigenvalues of H,(f ) are eigenvalues of A if m is large enough,
in which case the approximation is exact. If m is not large enough and we increase
k instead, the eigenvalues of Ty, do not converge to the eigenvalues of A, however.
Thus, even for km > n, we do not obtain the exact solution from the restarted Arnoldi
method. It can still be attractive if we get numerically close to the exact solution after
a reasonable number km of matrix-vector products. Thus, an important question is
whether we can obtain convergence results.

A priori bounds

We start with a priori error bounds, i.e., bounds that are useful before starting a
calculation. They generally show that under certain conditions
lim d¥) = f(A)b.
k—o00
While a priori bounds also bound the rate of convergence, they can be very pessimistic
in this regard. We give two error bounds relevant for our investigation.
As Lemma 2.65 shows us that we effectively interpolate f, one might be inclined to

apply results from interpolation theory. The first result is for entire functions of order
one (see Definition 2.18).

32



2.4. Krylov subspace methods for general matrix functions

Theorem 2.70 ([30, Theorem 4.2]). Let f be an entire function of order one. Let sﬁ,’f)
denote the error of restarted Arnoldi after k restarts with restart length m. Then there
exist constants C' and v such that the error satisfies

,Ykmfl

(B)|.,, — Y ot A—
lem’ll2 = [[f(A)b —dy[|2 < C(k:m— 1

Essentially, this shows that we have guaranteed superlinear convergence to the exact
solution for entire functions®. The term v¥"~1 however, tells us that this behavior
might emerge only after a large number of matrix-vector products km if v > 1.

If we restrict ourselves to Stieltjes functions and Hermitian positive definite matrices,
we have at least linear convergence.

Theorem 2.71 ([39, Theorem 4.3]). Let A be Hermitian positive definite and f be a
Stieltjes function. Denote by k(A+tI) the condition number of A+tI. Define fort >0

 VR(A+t) —1 1 B 2
q(t)—\/m+l, Ym (1) = <1.

t) =
cosh(mlogq(t))  q(t)~™ + q(t)™
The error of the restarted Arnoldi method then fulfills

1€W|s < Cym(to)*.

Here tg > 0 is the left endpoint of the support of p(t),

C = [[bll2v/K(A) f (v AminAmax)

and Amin and Amax are the smallest and the largest eigenvalue of A, respectively.

A posteriori bounds

A posteriori bounds are computed while the algorithm is executed. As they are com-
monly close to the exact error norm, they can be used as a stopping criterion. In [41,
81], one such bound was presented for Stieltjes functions. Reusing an intermediate
result of theirs, we later show that it holds for many Laplace transforms, too.

Assume we use the restarted Arnoldi method for f(A)b for some function f and
Hermitian positive definite matrix A. If we express the error as the action of a matrix
function, then

leWI3 = (el

= (o) M D (A 0D (4)0®)
= (W) (FED(A) 20l

8Tt is mentioned in [30] that the error bound can be generalized to entire functions of other orders.
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Functions of the form v{'g(A)vy for some vectors vy, vy and a matrix function g(A)
are known as sesquilinear forms, which correspond to bilinear forms in the real case.
In [46], it is explained how to compute bilinear forms or bounds for them using the
Lanczos process. Based on this, one can derive the following result:

Theorem 2.72 (cf. [41, Theorem 4]). Let A be Hermitian positive definite and g be a
completely monotone function. Denote by H,, the tridiagonal matrix obtained from the
Lanczos process applied to A and v after m steps. Let

7 Hm hm-i—l,mem

Hyy = H 2 T -1
" herl,mem hm+1,mem(Hm_aI) €m

with 0 < a < minspec(A). Then

el g(Hm)er < v"g(A)v < el g(Hpm)er.

Proof. The statement essentially coincides with Theorem 4 in [41] if g is a Stieltjes
function. However, their derivation only uses that Stieltjes functions are completely
monotone and it contains our statement as an intermediate result. In particular, com-
bine Eq. (11), Theorem 1 and Theorem 2 in [41]. O

The bounds of [41] follow by noting that if f is a Stieltjes function, then ) g
again a Stieltjes function by Theorem 2.68. Moreover, we know that Stieltjes functions
are completely monotone by Corollary 2.28 and that the product of two completely
monotone functions is again completely monotone by Lemma 2.25.

Corollary 2.73 ([41, Theorem 4]). Let A be Hermitian positive definite and f be a
Stieltjes function. Denote by Hy(,]f) the tridiagonal matrix from the restarted Arnoldi
method for f(A)b after k cycles with restart length m and by 67(7]1671) = f(k)(A)vgf) the

error after k —1 cycles. Let I;ng) be the modification of Hy(,ff) as in Theorem 2.72. Then

IF® ED)eallz < leB ™Vl < 1F P (HG e 2.

In practice, we need to compute the Hessenberg matrix from the Lanczos process for
A and vgsﬂ ). This does not incur any additional cost, however, for that is exactly what
we do if we want to continue the restarted Arnoldi method for an additional restart
cycle. We also need a suitable value for a. If the smallest eigenvalue of A is not known,
one can use an estimate, e.g., the smallest Ritz value, and multiply it by a safety factor
0 < ¢ < 1. In essence, we can bound the error of the previous cycle basically for free.

2.5. lterative methods for rational matrix functions

In this section, we summarize some methods used for computing f(A)b when f = r
is a rational function. In Chapter 3, we compare our new method to such methods.
Theorem 2.75 is also used in Section 4.4.
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2.5. Iterative methods for rational matrix functions

We restrict ourselves to the partial fraction expansion (Theorem 2.13): For any ra-
tional function r, we find
k. my A
r(A)b = po(A)b+ Y > wji(A— 1)~ (2.5)
j=1i=1
for some po, k, m; and w;; according to Theorem 2.13. For evaluating r(A)b, we now
need to evaluate po(A)b, which is trivial, and terms of the form (A — 7;1)~*b. These
can be written as
(A—’le)_ib = (A—TjI)_l e (A—le)_l b.

Vv
7 times

It is thus sufficient to discuss how linear systems
x=M'b — Mx=>

can be solved.

Before we start, however, a note on the partial fraction expansion: While methods
for linear systems can be used for rational functions via the partial fraction expansion,
that does not mean that this is necessarily the best way. If the rational function is
given in the form of two polynomials r(s) = %, we could in principle evaluate r(A)b

as
r(A)b = p(A)(g(A)7'b) = q(A) " (p(A)b),

which leads to only one linear system we need to solve. In some cases, this is a suitable
approach. The partial fraction expansion offers some advantages, however: First, for a
large matrix A and a large degree of ¢, it is prohibitively expensive to explicitly form
q(A). For some methods like Krylov subspace methods, we only need it implicitly,
i.e., its matrix-vector products g(A)wv, but these products can be much more expensive
than, say, the product (A—7;I)v. Second, the condition number of ¢(A) might be much
larger than the one of A or (A — 7;1). Third, the partial fraction expansion approach
is embarrassingly parallelizable: The sums

m;
Z UJjJ'(A - le)iib
i=1

for j = 1,...,k can be evaluated separately from each other. Moreover, we explain in
Section 2.5.1 that Krylov subspace methods can solve these systems very efficiently.
2.5.1. Krylov subspace methods for the matrix inverse

We already discussed in Section 2.4.1 how the Krylov subspace I, (A, b) can be used
for an approximation to f(A)b. We now consider f(s) = s~!. Then, the Arnoldi
approximation to the problem

r=A"'b = Ax =10
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is given by
x = ||bllaVinH, ey

This is known as the full orthogonalization method (FOM). Note that it is often custom-
ary to provide an initial guess xq if f(s) = s~! and to construct the Krylov subspace
with the residual 7o = b — Axq instead of b. We assume in the following that gy = 0.
Thus ro = b.

FOM as we have described it here is rarely used in practice. It suffers from the same
problem as the Arnoldi approximation in general: the arithmetic and memory cost both
increase with m. Restarts are possible since as a simplification compared to the general
case, the error function can be formulated immediately using the residual:

Lemma 2.74 ([78, Proposition 6.7]). Define ¥, = e H,. e for m > 1. The residual
Tm =b— Az, of FOM fulfills

Tm = _hm-i-l,me”me'Um—&—l'
Now we can easily see that
em=AT"b—x, = AT (b — Axy) = A = R 1| [bll20m AT 01,

so we have

k
195 = (DN (TT A8 ) s
=1

in Section 2.4.2 with 1/)%) =e) (Hr(,i))_lel (cf. Theorem 2.68). However, one of the two

m
following variants of FOM is usually used instead.

Conjugate Gradient

The Conjugate Gradient method (CG) is a variant of FOM for Hermitian positive defi-
nite matrices. As the matrix is Hermitian, we can use the Lanczos process (Algorithm 2)
instead of the Arnoldi process (Algorithm 1) to construct the Krylov subspace. The
algorithm for CG is optimized by exploiting this short recurrence and the fact that f(*)
is only a scaled version of f: The approximation x,, is obtained as a cheap update
Ty = -1 + Y,,, where y,, (and thus x,,) is obtained without explicitly inverting
H,,. In fact, H,, and V,, are not explicitly formed or stored. This means the amount of
work per iteration is constant and only a small amount of memory is needed. See, e.g.,
[78, Section 6.7] for more details. Note that the only changes are algorithmic. Mathe-
matically, CG is still equivalent to FOM (for Hermitian positive definite matrices).

One can show that with CG the error in the A-norm is minimized (e.g., Lemma 2.79
or [47, Theorem 2.3.2]) and decreases strictly monotonically with each iteration (e.g.,
[64, Theorem 5.6.1]). Moreover, one can show the following bound that was used for
Theorem 2.71:
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2.5. Iterative methods for rational matrix functions

Theorem 2.75 ([39, Theorem 3.1], [47, Theorem 3.1.1}). Let A be Hermitian positive
definite. Denote by Amax and Amin its largest and smallest eigenvalue, respectively, and
by k(A) = dmax jts condition number. Then the error e, after m steps of CG for

min

Ax = b fulfills
lemlla < vmlllla

with
B 1 k(A)—1

" cosh(mlogq)’ T RA) +1

Since cosh(mloggq) = %(qm + ¢~ ™), we can also write this statement in the more
familiar (but less tight) form

m

lemlla _ , (VA -1

lzlla = \V/r(A)+1)
One should keep in mind that—like the Arnoldi method—FOM and CG compute the
exact solution after a finite number of steps. Error bounds such as Theorem 2.75 can
thus be very pessimistic. In particular, while a large condition number x(A) implies
a large bound, it does not imply a large error. See, e.g., [65, Section 3.1.1] for more
details. Moreover, CG often shows superlinear convergence (e.g., [64, Section 5.6.4]).
Considering the low computational and memory cost, too, we see that there is no reason
to use restarts for CG. See [64, Section 5.9], [70, Section 5] for overviews of the behavior
of CG in the presence of round-off errors.

Generalized Minimal Residual

If the matrix A is not Hermitian positive definite, then the A-norm does not exist.
The Generalized Minimal Residual method (GMRES) (see, e.g., [78, Section 6.5]) uses
the Krylov subspace to minimize the residual norm ||r,,||2 instead: If the matrix A is
non-singular, then this is equivalent to minimizing the error in the A" A-norm,

[rmllz = [[Aemll2 = \/ E’r'-T'LAHAEm = |lemll a1 -

The method is related to FOM in the following way: In FOM, we solve the linear system
Hpy,, = ||bll2e1. If H,, is non-singular, then the unique solution is y,,, = ||b|2H,, e;.
This can also be expressed as solving the least-squares problem y,,, = argmin, || [|b[|2e1 —
H,yll2.? In GMRES, we extend H,, to

— H
H,, = m
" [e;hmﬂ,m]

and solve the least-squares problem arg min,||[|b||2e1 — Hpy||2 instead. We refer to [78,
Section 6.5.3] for some implementational aspects. As the matrices H,, and H,, differ in

If H., is non-singular, the unique minimizer vy, yields ||||b|lze1 — Hmny,,||2 = 0.
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essence only by the entry Ay,y1,, the residual norms produced by FOM and GMRES
are closely connected. See, e.g., [78, Section 6.5.7] for more information.

Since it relies on the Arnoldi process, the computational burden of GMRES increases
with each iteration. While it deviates slightly from the Arnoldi approximation in Sec-
tion 2.4.1, it is still possible to use restarts: Given the approximation x,, from GMRES,
one would try to solve the system A(x — @,,) = 7y, in the next cycle.

Multi-shift variants

The partial fraction expansion offers another advantage for Krylov subspace methods.
Let us assume for illustration that m; =1 for all j in Eq. (2.5). Then we only need to
solve

(A—71)""b

for k values of 7;. The Krylov subspaces are, however, shift-invariant,
Km(A—1I,b)=Kn(A—1I,b)=--=K,(A—1I,b) =K,(ADb).

This is easily verified from (A — 7;1)b = Ab — 7;b € K2(A,b). Because the Krylov
subspaces coincide for all linear systems we are interested in, the computed basis of the
subspace of one system can be reused for the other ones.!® Constructing the solution
for all systems is thus only marginally more expensive than constructing the solution
for a single system. In particular, we only need one matrix-vector product (instead of
k) to extend the subspaces. Variants of Krylov subspace methods that exploit this are
occasionally called multi-shift. See [84, Section 14.1] for an overview.

We see from Lemma 2.74 that the residual from FOM is collinear to the last Arnoldi
vector vy,4+1. This does not change by introducing a shift. Thus, the Krylov subspaces
for several shifted systems also coincide after restarts. A multi-shift variant of restarted
GMRES is (only) possible if one relaxes the minimization properties for the shifted
systems, see [38].

2.5.2. Algebraic multigrid methods

Multigrid methods are another way of solving linear systems. They can be classified as
either geometric or algebraic. The geometric and original point of view comes from the
discretization of a differential equation which defines the linear system. In geometric
multigrid methods, this system is solved with the help of smaller systems that arise
from coarser discretizations. Here, we focus on algebraic multigrid, which does not need
a geometric interpretation but uses the same terminology. We do not include many
practical details as we are mostly interested in the theoretically best possible way of

0The interpretation here is that we evaluate the function f(s) = s~* at several matrices A — 7;1 and
it turns out their subspaces coincide. Another interpretation is that we evaluate several functions
fi(s) = (s — 7;)~" at the same matrix A. This way it is clear that only one basis is needed but
algorithms such as CG and GMRES are traditionally described for f(s) = s™* without any shift.
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2.5. Iterative methods for rational matrix functions

constructing such a method. As is customary, we assume that A is symmetric positive
definite. For more information about multigrid methods, we refer to [90] for geometric
multigrid and to [95] for algebraic multigrid as starting points.

For illustration purposes, we describe two-grid methods first: Multigrid methods
are easily obtained by recursing on two-grid methods. A two-grid method has two
components:

e Smoother: This is an iterative method that initially decreases the error of the cur-
rent approximation at low computational cost. However, using only this method
would be too expensive, e.g., because asymptotically it decreases the error only
very slowly.

o Coarse-grid correction: The coarse-grid correction computes an approximation to
the error by restricting the residual to a lower-dimensional space, solving for the
error there and prolongating it back to the original space. Typically, one effectively
applies an A-orthogonal projection to the error. The subspace is chosen such that
(hopefully) the smoother coupled with this correction converges fast.

Both components update the iterate x; according to
Tp41 = Tf + j(A)_l’r‘k, k>0, (2.6)

where 7, = b — Az is the residual. J(A)~! € R™ ™ is a matrix that approximates
A~l. For smoothers, J(A)~! is typically defined by its inverse J(A) = (J(A)~!)~1L.
For a coarse-grid correction, J(A)~! is a projector and thus singular. In this case, we
consider J(A)~! a single symbol.

Smoother

We assume that a stationary method is used, i.e., we can write the error as €41 =
EF*ley with the error propagator E = I — J(A)"'A. These are typically splitting-
based methods like Jacobi or Gauf-Seidel: One defines two matrices M, N such that
A= M — N and M is non-singular. Then the method is obtained by setting J(A4)~! =
M~!in Eq. (2.6). Note that we can construct any non-singular matrix M in this way.
A good splitting-based method tries to set N close to 0 while ensuring that M can be
cheaply inverted.

Example 2.76. We can easily represent the common splitting-based methods using
the element-wise (or Hadamard) product ®:

Jacobi:  J(A)=A0I,
1
GauB-Seidel:  J(A)=A06
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2. Review of basic material

The respective block methods can also be represented in this way. For example, the
block Jacobi method with block size 2 would lead to

1

assuming that n is even.

We see that splitting-based methods are stationary from

er1 = ATb—xpy g = AT — gy, — T(A) Ly,
=€ — j(A)_lAEk
= Eek = Ek+1€0.

11

Now consider some!! norm of the error. We have!2

lexll = 1B eoll < I|E*|l[loll;
lim || 2 [/% = p(E).
k—o0

Consequently, for large k, we expect that a stationary method behaves according to
the spectral radius p(FE) of the error propagator. This leads to the following famous
theorem.

Theorem 2.77 (e.g., [78, Theorem 4.1]). Let p(E) < 1. Then the splitting-based
method converges for any right-hand side b and initial guess xg.

Many results exist that guarantee p(E) < 1 for different methods and classes of
matrices. See, e.g., [96, Chapter 4].

For small values of k, however, we usually see a better reduction of the error norm
than p(F). The reason is simple: The modulus of many eigenvalues lies far from p(E)
and closer to 0. Generally, the initial error €y contains contributions from eigenvectors
with eigenvalue close to 0. Thus, we observe an initial rate of convergence close to 0.
However, with each iteration, these contributions become less significant,'® which is
why the rate of convergence can slow down significantly.

Remark 2.78. In geometric multigrid (for elliptic partial differential equations), the
eigenvectors of E/ with eigenvalues close to 0 correspond to high frequencies, i.e., their
value changes quickly when going from one variable to the next. Consequently, the
problematic eigenvectors and the error after a few iterations look geometrically smooth,
hence the name “smoother”.

HFor now, it does not matter which norm is used.

2The limit is known as the Gelfand formula, see, e.g., [58, Corollary 5.6.14].

3For a formal description of this effect, see the Power Method (e.g., [79, Section 4.1.1]) for eigenvalue
approximation.
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2.5. Iterative methods for rational matrix functions

Motivation for a coarse-grid correction

We saw that the rate of convergence of typical stationary methods is often very close to
1 for large values of k. Using only such a method would therefore not be a good idea.
The problem is that the error g is composed mostly of a subset of the problematic
eigenvectors. An idea for solving this is to orthogonalize the error against the problem-
atic eigenvectors. This would necessitate the error itself but if we knew the error, we
would also have solved the linear system. Instead, we apply a projection to the residual
i = b — Az, which can be readily calculated.

Let us assume that the matrix J(A) = M of the smoother is symmetric, M = M.
As A is symmetric positive definite, we know that the generalized eigendecomposition

MQ = AQD

yields @ such that QTAQ = QQTA = I and a real diagonal D, see Theorem 2.86. The
columns of @) are eigenvectors of the error propagator FE, i.e.,

MQ=AQD «— QD '=M14Q — (I-M14)Q=QA
with A =1 — D~'. We can thus rewrite the error in terms of the residual,
€1 =T — M TA)e, = (I — M 1A)QQ T Aey, = QAQ 7.
Let us now consider the error in the A-norm:

ler1llh = efs1dertn = riQAQTAQAQ Ty, = [[AQ 3.
Since
)\1'0}—’)“]6
AQTrk‘ = ;
)\nvlrk
an eigenvalue )\; of E contributes to the A-norm of the error only if v]ry # 0. This
motivates the orthogonalization of the residual r; against problematic eigenvectors

before applying the smoother. We achieve this by the Galerkin approach. We state it
here more generally for the complex case.

Lemma 2.79 ([90, Corollary A.2.1)). Let xo be an approximation to Ax = b. Let
V € C™J with j < n, rank(V) = j. Define

Ac =VHAV e ¢

and let further
Tr1 = Xg+ VAEIVHTO (2.7)

with the residual 1o = b— Axy. Then the resulting residual r1 is orthogonal to range(V),
i.e.,
VHT’l =0.
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2. Review of basic material

In addition, if A is Hermitian positive definite, then the error propagator
E=1-VA;'VHA

is an A-orthogonal projector onto the complement of range(V'), i.e., the error is mini-
mized in the A-norm:

le1lla = [[Eeolla = min[leo — Vyl[a.
yeCi

Since A¢ is of smaller size j < n than A, the matrix Ag is called the coarse-grid
operator while the matrices V and VH = VT are called the interpolation and restriction
operator, respectively, when used in a multigrid context. Note that the coarse-grid
correction Eq. (2.7) is of the form Eq. (2.6) with 3(4)™! = VA;'VT. Note also that
I — VAElvTAH A = 1, i.e., the coarse-grid correction cannot increase the A-norm of
the error.

Coarse-grid correction in practice

Consider the error propagator E of a smoother. Let us assume the eigenvalues A; of
E (and accordingly its eigenvectors v;) are ordered such that |[A;| > -+ > |\,|. Let j
be the largest number such that |\;| > 6 is above some threshold 6 ~ 1. If we choose
V such that range(V') contains all eigenvectors v;, i = 1,...,7, with large absolute
eigenvalues, then the smoother is accelerated by the coarse-grid correction Eq. (2.7).
However, we assume that A is large and sparse and we usually have j = O(n). It follows
that this approach is far from practical:

e We do not know the eigenvectors v; and calculating them would usually be pro-
hibitively expensive.

e Even if we knew the eigenvectors, the approach would still be too expensive.
Setting V' = [v1 ... v;] would generally result in a full matrix. Thus, if j = O(n),
then the cost for storing V' and for matrix-vector products with V would be O(n?).

e Similarly, even for sparse V, the coarse-grid operator Ac might be dense. Its
inversion would then be again too expensive.

Many algorithms to construct V' and Ag such that they are sparse have been published.
We do not go into details and refer instead to [90, 95] for overviews.

It is worth noting, however, that the best possible convergence rate of a two-grid
method is still determined by the eigenvalues of the smoother. We state this more
precisely in Theorem 2.80. For this, we need the matrix M = M(M + M"T — A)~1MT.

It can be interpreted as the symmetrized smoother because M = M " and
(I-MTAI-M'A)=T-M T (M+M"—AM 'A=1-MA

Accordingly, if M = MT, then M corresponds to two applications of M. We assume
that ||[I — M~'A| 4 < 1, i.e., that the smoother converges strictly monotonically in the
A-norm.
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Theorem 2.80 ([18, Lemma 1]). Let V € R™J be full rank. Let ||[[—M~1A|4 <1 and
M=M(M+MT—A)~"IMT. Denote by \y > --- >\, and vy,...,v, the eigenvalues
and A-orthogonal eigenvectors of I — M~YA. Then the minimal convergence rate of the

two-grid method
E(V)=(I-MTA)(I-VA'VTA)

is given by
min | B(V)[3 = Ay

and it is obtained whenever

range(V') = span(vi, ..., v;).

Multigrid method

A multigrid method is obtained by recursing on the two-grid method: The coarse-grid
correction needs to solve the linear system

ACyk = VTTk‘,

where Ac is sparse. This system can be solved by choosing a suitable smoother coupled
with a coarse-grid correction that is defined via Ac instead of A. Continuing in this
manner, we eventually obtain a matrix that is small enough that we can solve its linear
system by a direct method. Note that this means we do not invert A¢ exactly and only
use an approximation y; to y;. This might lead to slower convergence than anticipated
from the finest two-grid method. It does not essentially alter the argument, however.
For example, as long as g, is close enough to yy, i.e., ||y, — Urlla < [|[yslla, the approx-
imate coarse-grid correction still cannot increase the error ey, see [90, Lemma A.2.2].

2.6. Matrix pencils

This section gives a short introduction to matrix pencils and is inspired by [CF, 87].

Definition 2.81. Let T(©, 7(1) ¢ C"*" be two matrices. Then the function T : C —
C™*™ defined by
T(s) =T — 571

is called a (matriz) pencil.

Notice that we can write the eigenvalue problem of a matrix 7 as
TOy =70 «— (T — 71w =0,

where T(O) — 71 is a special case of a matrix pencil with 7(}) = J. Matrix pencils,
therefore, give rise to generalized eigenvalue problems

(TO — 7Ty =0 = Ty =770y,
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2. Review of basic material

Definition 2.82. A number 7 € C is called an eigenvalue of the pencil T'(s) = T —
sTW) if there is a non-zero vector v such that

(T — 77M)p = 0.

Then v is called an eigenvector of T. The set of all eigenvalues of a pencil is called its
spectrum specp(T).

Remark 2.83. Typically, one also says that the pencil 7" has an eigenvalue at infin-
ity, 7 = oo, if T(W is singular [87, Chapter VI]. We explicitly do not include co in
Definition 2.82.

The determinant of a pencil can be identically zero. We classify pencils accordingly:

Definition 2.84. Let T'(s) = T(©) — sT() be a matrix pencil. If det(7(©) — s7(M) = 0
(that is det(7T(®) — sT7(M) = 0 for all values of s), then we call T singular, otherwise
regular.

We solely encounter regular pencils in this thesis. For regular pencils, the Jordan
canonical form generalizes to the Weierstrass canonical form.

Theorem 2.85 ([87, Chapter VI, Theorem 1.13|, cf. [CF, Section 4.2]). Let T'(s) =
TO — s7M with 7O, 7O € CP*n pe q reqular matriz pencil. Let 7; denote the
eigenvalues of T. Then there exist non-singular matrices U,V € C™*™ such that

J(O) - SIn(o)

U(TO —sTO)WV = (JO & L) = s(L,0 & TV) = { I sJ
() —

with the Jordan matrices

ko kl

— —

0 1
JO =@ I (5,0, IO =P J0,n).
j=1 j=1
Here, n() = Ef’zl n}i) fori=0,1 and n©® +nM) =n. J(-,.) denotes a Jordan block
(see Definition 2.50). This decomposition is known as the Weierstrass canonical form.
We know that a Hermitian matrix can be unitarily diagonalized. For pencils, a similar
result holds:

Theorem 2.86 ([87, Chapter VI, Theorem 1.15]). Let T(®) € C™*" be Hermitian and
TM € C™" be Hermitian positive definite. Then the eigenvalues 7; of the pencil
TO — sTD are real and its eigenvectors v; can be chosen to be T™W -orthogonal. That
is, there exists a non-singular matriz QQ = [vi,...,v,] and a real diagonal matriz
D = diag(m;) satisfying

T7OQ =1TWQD

and

QRTWQ =1 =QQ"T™.

44



3. CF-matrices

In this chapter, we develop a new way of expressing the action of rational matrix func-
tions r(A)b based on continued fractions and then examine if this new representation
offers any computational advantage. Of course, we compare it to what we discussed
in Section 2.5, i.e., to the linear shifted systems (A — 7;1)"'b (generated by the par-
tial fraction expansion) to which we apply a Krylov subspace method or a multigrid
method.

For the idea presented here, we were inspired by work [17, 75] in the context of
“Quantum Chromodynamics” (QCD), i.e., theoretical physics, where the sign function
of a matrix is approximated using continued fractions.

We have already published a large part of the results in this chapter in [CF]. However,
many parts are new or have been completely rewritten. We summarize the major
changes: We slightly changed the representation by starting from a continued fraction
for r(s) instead of one for 7(s) !, see Remark 3.12 for a comparison. This simplifies the
resulting matrices and our proofs. We included a new subsection about Krylov subspace
methods (Section 3.2.3). The proofs in Section 3.2.4 were simplified (Theorem 3.21)
or modified to yield a stronger result (Theorem 3.24). The numerical experiments in
Section 3.3 were adapted to fit the rest of the chapter. In particular, we present new
experiments regarding multigrid methods in Section 3.3.3.

3.1. Introduction

The main concept discussed in this section is the CF-matriz, which enables us to rep-
resent the action of a rational matrix function by a single matrix inverse.
3.1.1. Basic properties

We again consider continued fractions as rational functions as in Section 2.2. Let g,
be the finite continued fraction
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3. CF-matrices

On the other hand, let us define the tridiagonal matrix

Tnls) = ( Y (8) =

Oém(s) Bm(s)

with polynomials oy, 5;, v;. We know from Theorem 2.42 that we can express a (con-
stant) finite continued fraction via the inverse of a tridiagonal matrix. The same holds
for continued fractions that contain polynomials. In particular,

gm(s) =bo(s) + cl(s)eITm(s)_lel,

if gim(s) is defined and

i(s) =bi(s), i=1,...,m,

_al(s)’Y’L(S) = Ci(s)7 1= 27 , M
Now we want to evaluate the continued fraction at the matrix A. If we interpret
gm(s) =r(s) = % as a rational function, we can write 7(A) = g, (A). The definition

of continued fractions extends easily to matrices:

9(4) = bolA) + e1(4) (b1 (A) + ea(A) (ba(A) +...) ) (3.2)
— p(A)g(4)! = r(A),

How does this translate to the matrix 7,,(s)? Its elements are polynomials in s, so
Tn(A) should be a matrix with polynomials in A as its elements.

Definition 3.1. Let A € C™**™ be a matrix and

= K (515)

i=1

be a finite continued fraction that is defined on the spectrum of A. Let c;(s), Bi(s), 7i(s)
be polynomials that fulfill Eq. (3.1). Then the CF-matriz of g, (s) and A is defined as
the block tridiagonal matrix

Bi(A) 72(A)

P L N e
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3.1. Introduction

Having defined T},,(A), we now show how to obtain g,,(A) from its inverse T},,(A)~!.
For this, we use the block UDL decomposition. Compared to the related LDU decom-
position, the UDL decomposition is somewhat uncommon but it is by no means a new
concept, see, e.g., [35].

Lemma 3.2 (cf. [CF, Lemma 3.6]). Let T,,,(A) be a CF-matriz. Let all matrices 3;
defined by

Zm = Bm(A)a Zl = /BZ(A) - ’72+1(A)2;+11a2(14)> T =m — 17 ceey 17

be non-singular. Then T,,(A) has the block UDL decomposition

Tm(A)=UDL,

where D = diag(Xq,..., %) and

-In 72(14)22_1 ] [ In ]

Yolan(A) I,
. - |™ 2(A)
I, 'Ym(A)ErTml

I Iy ] I Satam(A) I

Proof. This is easily verified by direct calculation. O

Theorem 3.3 (cf. [CF, Theorem 3.7]). Let T,,(A) be the non-singular CF-matriz of
gm(s) and A € C™*". Let r(s) = gm(s) be defined on the spectrum of A. Then

gm(A) = bo(A) + c1(A)(e] @ I)Tr(A) " (e1 ® I),
where ® denotes the Kronecker product and ey is the first unit vector in C™.

Proof. We first assume that all ¥; of the UDL decomposition of T;,,(A) (Lemma 3.2)
are non-singular. Then we have

T.(A)'=wWwpL)y' =L 'D UL
Because of the block structure of L and U, one quickly verifies that

Uer®l)=e®I, = U ler®I,) =e @I,
(el @) L=e] @I, = (e] ®L,)L7 ' =€l @1,.

From this, we see that

(eI ® In)Tm(A)_l(el ®I,) = (eI ® In)D_l(el ® In) = Efl-
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3. CF-matrices

The matrices ¥; can be interpreted as rational functions in A. Matrix functions in the
same matrix commute with each other (see Section 2.3), so we have by construction

21 = Bi(A) = 12(A)T5  ag(A) = bi(A) — e2(A) %5

Continuing similarly for the other >;, ¢ = 2,...,m, we see that
gm(A) =bo(A) + cl(A)Zl_l =bo(A) + c1(A)(e] @ L) T (A) (e ® I,,),
cf. Eq. (3.2).

If any ¥3; is singular, we use a continuity argument: Let A. = A 4+ el with € > 0. It
is clear that spec(A¢) = spec(A) + €. A rational function is holomorphic everywhere
except for a finite set of points (its poles). As g, (s) is a rational function defined on
the spectrum of A, g,,(A¢) is also defined for small enough € and

gm(A) = lim g, (Ae).

e—0

Similarly, even if ¥; = r;(A) is singular for some i, there are small enough € such that
all 7;(A¢) are non-singular because spec(A¢) and the set of poles of all r;(s) are both
finite sets. For these €, we know from the above that

gm(Ae) = bO(Ae) + (Ae)(e-lr & In)Tm(Ae)_l(el & In)
and it follows

gm(A) = lim gm(Ae) = bO(A) +ca (A)(elT ® In)Tm(A)il(el ® In)' O

e—0

Corollary 3.4. Let gn(s) = r(s) be a continued fraction and let T,,(A) be the non-
singular CF-matriz of gm(s) and A. Then

r(A)b = by(A)b + c1(A)(e] @ L,)T,(A) L (e; @ b).

We saw in Corollary 2.45 that the representation of g, by the tridiagonal matrix 7T,,
remains valid after multiplying the latter by matrices that have e; as eigenvector. This
easily extends to CF-matrices:

Corollary 3.5. Let A # 0 and Hy, H. € C™*™ be matrices such that
H[lel = )\61,
el H 1= \"lte.

Then Theorem 3.3 still holds if Ty, (A) is multiplied by Hy ® I and H, @ I from the left
and the right, respectively. That is

gm(A) = by(A) + c1(A)(e] @ I)Tm(A)  (e1 ® I,)

with
Ton(A) = (Hy @ 1Ty (A) (H, @ ).
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We now express T,,(A) as a sum of Kronecker products, which will help further
investigations. Let us shortly return to the scalar case T),(s). We know that BZ-(] ) = bgj )
and that the degrees of all o; and ~; are bounded by ¢. We can thus write T;,,(s) as a
polynomial with matrix coefficients. To this end, we define the tridiagonal matrices

B%J) ,}é])
, U)  pl)
T},{) - a2 6.2 (J) < mem’ ] - 07"'767 (33)
. ’Ym
o) By

where the elements are the coefficients of the polynomials

¢ ¢ ¢
ails) =Y a’sl Bi(s) =D 87, qils) = Y. (3.4)
§=0 j=0 §=0
Consequently, we can write
)4
Tin(s) = ZT}nj)sj.
j=0

We extend this idea to the matrix case:

Lemma 3.6. Let T be defined as in Eq. (3.3) with Eq. (3.4). The CF-matriz T,,(A)
can be written as the sum of Kronecker products, i.e.,

0
To(A) =Y T @ A,
j=0

Proof. This follows immediately from

St A A

S A vt A

’ Zgzo %SZ)AJ'

Sl Al Y A A
Ej)Aj ’yéj)Aj

agj)Aj Béj)Aj

I
M~
I

l
=Y 1Y e O
=0 ERR LUl R

o ai B A
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()

Note that —a;(s)7i(s) = ¢;i(s) does not imply that —c; ()

%(j ) = ¢;”’, thus the matrices

Tn(s) and T are not unique for a given continued fraction g, (s), cf. Corollary 2.45.
Moreover, it turns out that most of the following holds for any matrix 7'(A) of the form
Z§:0 TW @ Al i.e., for arbitrary TU) that are not necessarily connected to a known
continued fraction. Because of this and for the sake of notational simplicity, we use an
index m in the following only if we want to emphasize that the matrix is constructed
from a continued fraction g,.

The representation with Kronecker products allows us to connect the spectrum of
T(A) and the spectrum of T'(s) for particular s.
Lemma 3.7. Let T'(A) = Z§:0 TW @ AJ with TW € C™ ™ qnd A € C"™™. Let \; for
1=1,...,n be the eigenvalues of A. Then

spec(T'(A)) = U spec(T'(\i)).-
i=1

Proof. Let A = ZJZ~! be the Jordan canonical form of A. As similarity transforma-
tions do not change the eigenvalues, we have

l
spec(T(A)) = spec((I ® Z) (AT ® 7)) = spec (Z TU) @ Jj).
j=0

It is known that there exists a (perfect shuffle) permutation matrix P such that
A®B=PBxAP!

for any square matrices A and B, see [44, Eq. (1.3.5)] or [57, Eq. (4.3.12)]. Applying
this similarity transformation, we have

4 l
spec(Z TU) & Jj> = spec(Z J® T(j)>.
§=0 j=0

Note that J7 ® T is block upper triangular. The eigenvalues of such matrices are
those of their diagonal blocks:

L n ¢
spec <Z JI® T(j)> — U spec <Z(Jj)i,iT(j)>-
Jj=0 i=1 0

J=
The diagonal entries of J7 are just )\f This means Z?ZO(JJ.)Z‘JT(J’) =T(N). O
In Theorem 3.3, we had to assume that 7,,,(A) is non-singular. We use Lemma 3.7

to show that it is sufficient to have the rational function be defined on the spectrum of
A.

Corollary 3.8. The CF-matriz T;,(A) of gm(s) and A is non-singular if r(s) = gm(s)
is defined on the spectrum of A.

Proof. As r()) is defined for all eigenvalues A by hypothesis, we know det(7},,(\)) # 0
by Theorem 2.42 and thus det(7),(A)) # 0 by Lemma 3.7. O
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3.1.2. Construction

We saw that we can write any matrix continued fraction as
gn(A) = bo(A) + c1(A)(e] ® 1) Tn(A) " (e1® L)

with T,,,(A4) = Zﬁ:o T ® A7 for some £. We now give some examples (similarly to [CF,
Section 4.1]) for the structure of 7;,,(A) for some kinds of continued fractions. These

examples illustrate that often we only need the first two terms T,g? ) and T,(,} ), which is
advantageous: While we might not need to store T,,(A) explicitly, we generally want
to avoid higher powers of A even implicitly.!

Example 3.9 (Regular C-fractions). In the approximant of a regular C-fraction (Def-
inition 2.47)

am(s) = o+ I (22).
=1

the partial denominators are all 1. Because of this, we have f;(s) = 1. For the partial

numerators, we can choose a;(s) = —¢;s and ~;(s) = 1 so that —a;(s)y(s) = ¢;s. This
results in
Tn(s) =TO —TWs — T,,(A) =TV oI -TV A
with
1 1 0
Tr(’g): 7 T,r(nl): ()]
1 . .
1 ¢m O

Here, we chose the subdiagonal to contain the coefficients ¢;, but we could as well choose
0) 0)

the superdiagonal, i.e., we could take the pair (T,(n )T, (Téz1 ))T instead of T,(n , T,(n1 ).
Since Padé approximations 7 4/(s) can often be represented by C-fractions (The-
orem 2.48), we can represent ry /(A) by a CF-matrix T),(A) in this way. However,
increasing m increases only either the degree of the numerator k or the degree of the
denominator &’. Using a contraction, we can increase both at the same time but still

only need the first two terms 7% , 7Y for T, (A).

Example 3.10 (Contracted regular C-fractions). We use the contraction Lemma 2.46
of the regular C-fraction before constructing the CF-matrix (cf. Corollary 2.49). The
approximants are

1S

m —C2i—2C2i—18> )
1+ s+ Ko (m)

gm(s) = by +

!This follows a similar argument as the comparison between expressing a rational function as the
quotient of two polynomials or via the partial fraction expansion in Section 2.5.
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We choose «;(s) = /c2i—2¢2;—15 = 7¥i(s). Then we have
Ton(s) =T —TWs — T, (A) =TV el -TM A

with
Ty = I,
. S ;
Ve2c3 c3teq Jeacs
T = (-1) - Vcacs  c5+cg

\/ C2m—2C2m—1
i Ve2m—2C2m-1  C2m—1 1 Com |

Thus, if c9;_9c9;—1 > 0 for ¢ > 2, both Tég) and Tr(nl) are symmetric, so T,,(A) is
symmetric if A is symmetric. Another possible choice is a;(s) = c2;—15 and ;(s) =
C2i—25 that does not yield symmetric matrices but avoids the introduction of imaginary
numbers if Coi_9C2i—1 < 0 but ¢; € R:

=(0
TO =1,

., . -
B c3 c3+tcy c4

M = (-1)- s c5+co

Coam—2
C2m—1  C2m—1 1 C2m |

Note that the T\ and T\ are similar to each other: We define D = diag(di, ..., dm)

with
dlzl, di+1: &dl, i:17...,m—1.
V C2i+1

Then we verify that
DTWD =T (D@ DTH(A)(D '@ 1) =Thyh(A).

m

Example 3.11 (Continued fractions by the Euclidean algorithm). In Eq. (2.2), we saw
that we can write every rational function as a continued fraction by using the Euclidean

algorithm: N
r(s)-p(‘*)—bo<s>+i}:<1( )

Assume that the degree of b;(s) is at most 1 for every i = 1,...,m, ie., bi(s) =
bgo) — bgl)s. Then

1
bl(s)

Ton(s) =T —TWs — T,,(A) =TV el -TM oA
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3.1. Introduction

with ©)
by’ -1

-1 b(l)

By Corollary 3.5, we can modify this CF-matrix to be symmetric if A is symmetric.
For example, we define

Dy, = diag((-1)/2, .. (=173,
Dy = diag((_l)L(0+1)/2J’ o (_1)[(n+1)/2j)'

We have Dre; = e; and e-erR = eI, so Corollary 3.5 is applicable. Thus, we can use
_ o ;
(0% 1
1 (=1

DT Dy = ’ :

DTV Dy = diag((—1)°{", ..., (=1)" ()

or, alternatively,

DRI\ Dy, = ‘ ;
.

—1 (=11

DrT\VDy, = DTV Dg.

Strictly speaking, we cannot call (Dy, ® I)T,(A)(Dr ® I) a CF-matrix of r(s) be-
cause every second diagonal entry of Dy T,,(s)Dr has the wrong sign. However, (D, ®
T (A)(Dr ® 1) is still a CF-matrix of an expanded continued fraction that is equiv-
alent to r(s), see Lemma 2.44 and Corollary 3.5.

Remark 3.12. We have been constructing CF-matrices such that the terms by(A) and
c1(A) need to be evaluated separately. They can be included by noting that

gm(5) = bo(s) + fil (bgg) _ 1
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3. CF-matrices

Accordingly, we can write

gn(A) = (e] @ NTnra(A) H(er @)

with, e.g.,
- 0 7 -
—I bo(A) c1(4)
~ —I b1(4A) (A
Tm+2(A> = 1‘(. ) 2.(' ) . c C(m+2)n><(m+2)n.

-1 bm—l (A) Cm—1 (A)
-1 b (A) |

Similarly, assume we have the inverse of a rational function given as a continued fraction,

1
r(s) = o)
Then
T’(A) = gm(A)il = (e'll' & I)Tm.H(A)il(el & I)
with
[bo(A)  c1(A) l
—I bl (A) CQ(A)
Tm+1 (A) = - - .. c C(m—&-l)nx(m—l—l)n.
-1 bmfl(A) Cmfl(A)
—1I bm(A) i

We took this approach in [CF]. Note that it increases the size of the CF-matrices by one

block. Moreover, for contracted regular C-fractions, T,%l _)H

i.e., we cannot symmetrize the matrix as we did before.

has a zero on its subdiagonal,

3.2. Search for numerical methods

We established that we can evaluate the action 7(A)b of a rational matrix function
r(A) = gm(A) by

r(A)b = bo(A)b + c1(A)(e] ® [)Tin(A)" (€1 ® b)

and what the matrix T;,,(A) can look like. The evaluation of p(A)b, where p is a
polynomial, is straightforward. This is why we need to investigate only the step (eI ®
DT, (A)~(e; ® b). In this section, we investigate numerical methods for solving this
linear system, i.e., for

Th(A)x =e; ®b.
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3.2. Search for numerical methods

Further, we assume that
T(A)=TO 1 -TV @ A

As was shown in Section 3.1.2, this restriction covers, e.g., regular C-fractions and thus
Padé approximations (recall Theorem 2.48). Consequently, we retain many interesting
rational functions. In addition, higher powers of A would increase the number of non-
zero elements and the cost of matrix-vector products, both of which one wants to
avoid for iterative methods. Furthermore, T;,(s) = 7 — s7V is now a pencil (see
Section 2.6). In our analysis, we use its Weierstrass canonical form (Theorem 2.85),
which requires the pencil to be regular. This is, however, not a restriction:

Lemma 3.13. Let T,,(s) = T — s be a pencil and the rational function r(s) =
el Tn(s)"tey be defined on the spectrum of A. Then Tp,(s) is regular.

Proof. As r(s) is defined on the spectrum of A, we have det(T},()\)) # 0 for any eigen-
value A of A. This means det(7},(s)) # 0. O

When constructing numerical methods involving a matrix, one should try to exploit
as much structural information about it as possible. This is especially true in our case
because T),,(A) is larger than A by a factor of m. This is why our analysis focuses
on the assumption that we want to exploit the Kronecker product structure of 75, (A).
Of course, we could instead just apply a black-box method to T,,(A)x = ¢ (where
c =e; ®b), eg., a generic algebraic multigrid method. We cannot rule out that in
some cases this would yield some advantage compared to more refined approaches. On
the other hand, we also have no reason to believe this. This is all the more true if
the partial fraction expansion of g,,(s) is available as it is usually easier to work with
several small matrices (like A — 7;1) instead of a single large one (like T},,(A)).

As before, we write the index m only if we want to emphasize that the matrix is
constructed from a continued fraction. For a generic pencil T'(s) = T — sT(M), the
matrix T(A) then denotes evidently T(A) =T @ I - TW © A.

3.2.1. Partial fraction expansion

As we have discussed in Section 2.5, we can efficiently evaluate r(A)b using the partial
fraction expansion:

k. mj

r(A)b = po(A)b+ > Y wji(A—7,I)"'b. (3.5)

j=11i=1
We also know that r(A)b = (e] @ I)T;,(A)"!(e; ®b), which implies that

k. my

(e] @ NTn(A) ' (e1 @b) = po(A)b+ D> > wjs(A—7I)7'b.
Jj=11:1=1
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3. CF-matrices

In cases where both the partial fraction expansion and a continued fraction expansion
of a rational function are known, the two approaches thus are in direct competition. We
now show how the partial fraction expansion can be retrieved from any regular pencil.

Theorem 3.14 (cf. [CF, Theorem 4.1] and [14, Theorem 3.1]). Let T(s) = T — s7(1)

be a regular pencil. LetU, V and J(7j, mg.o)) J(0, m(l)) be the matrices and parameters
of its Weierstrass canonical form, i.e.,

vrOv =JO &1 o, UTOV =1 o &JOV

with the Jordan matrices

ko kl

— —

JO =@ J(r,m”), TV =@ s0,m).

J=1 J=1

Let uw =Ue; and v’ = e]V. Denote by ul) and v9), j =1,... ko + ki, their blocks
corresponding to block j of the Weierstrass canonical form. Deﬁne

wj; = —(v(j))T (Sm§0) )i_
(k0+j))T (Sm(l))iu(koJrj)
j

ul®),

oji = (v

with the matrices

0 1
Sm — B C- c (mem
o
0
from Definition 2.50. Then
by ™Y . m®P 1
IT() e =33 T £35S
7j=1 =1 j=1 =0

Proof. The Weierstrass canonical form implies

T(s) ' = V((JO = sI) & (—sJD + 1)U,

so we have

elT(s)ler = v  ((JO —s)71 & (—sJW + 1) (3.6)
For any Jordan block J(u, m) = puI + Sy, we know that
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3.2. Search for numerical methods

cf. Definition 2.52. As J(p,m) — sI = J(u — s, m), this gives

/kO\ /ko\mlgo)—l 1
_ 0)y— - '
JO —sn =P J(r; —s,m) 1 = a7 (5,0)
= =i BT ’
ko mS-O)
- (S,®)"

It follows similarly

=0j,i

Theorem 3.14 tells us that whenever we have a two-term CF-matrix for r(A), we also
know how to construct the partial fraction expansion Eq. (3.5): We need to construct
the Weierstrass canonical form of the pencil T;,,(s). Similarly to the Jordan canonical
form, this computation can be prone to numerical instability. We do not expect this to
be a problem, however: If the continued fraction is a contracted regular C-fraction and
has only positive coefficients, then 7, TSA? ) = I and T,Sil ) is symmetric, see Example 3.10.
The Weierstrass canonical form now degenerates to the eigendecomposition of a real
symmetric matrix, which is a perfectly well-conditioned problem. More generally, if
one of T, ,S? ) or T&l ) is Hermitian positive definite and the other Hermitian, then we can
invoke Theorem 2.86 and the Weierstrass canonical form is again well-conditioned. Note
that for two-term CF-matrices obtained by the Euclidean algorithm (Example 3.11),
the pencil can again be made symmetric. By not including the polynomial part in the
CF-matrix, we can also force T, 7%1 ) to be non-singular by Theorem 3.14.

We are not aware of any relevant rational function that yields a two-term pencil
but whose partial fraction expansion is ill-conditioned. Because of this, we assume in
the following that the partial fraction expansion is available. Thus, we compare our
CF-matrix approach for r(A)b with Eq. (3.5).
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3. CF-matrices

Remark 3.15. In [CF, Example 5.1], we argued that one can sometimes avoid complex
arithmetic with the CF-matrix. The argument went like this: If 7O, 7MW A and b are
real, then we can solve T(A)~!(e; ®b) using only real arithmetic. However, specp(T(s))
is not necessarily a subset of the real numbers. If it is not, then A — 7;1 is a complex
matrix for some 7; € specp(7T'(s)) and we have to use the more expensive complex
arithmetic.

In the special case of Krylov subspace methods, this argument is moot: As the
Krylov subspace is shift-invariant, one can still construct it without relying on complex
arithmetic by just using the matrix-vector products with A instead of A — 7;1. The
cost-critical part of the algorithm then uses only real numbers. Another counterpoint
is valid for all methods: Under our assumptions, the eigenvalues 7; come in complex
conjugate pairs since the pencil is real, i.e.,

(T — TjT(l))’U =0 = (T — ?jT(l))ﬁ =0.
If we have solved
r = (A — TjI)_lb,

it is not necessary to solve
y=(A-7I)""b,

for the solution y is just the complex conjugate of x, i.e., y = ®. This way, we obtain
the solution of two systems effectively for the price of one. It is thus questionable
whether the CF-matrix approach would yield a significant speedup merely by avoiding
complex arithmetic.

3.2.2. Generalized Sylvester equation

The linear system T(A)x = e; ® b is equivalent to a matrix equation. We state the
connection and shortly discuss whether this insight offers a solution method.

We define the vectorization vec(X) of a matrix X = [x1...x,] € C"*™ as stacking
the columns x; € C™ atop of each other, i.e.,

1
vec(X)=| ¢ | eC".

Lm
The vectorization and the Kronecker product have the following well-known connection:

Lemma 3.16 (|57, Corollary 4.3.1]). Let A € CP*", B € C"™*? and X € C"*™. Then
vec(AXB) = (BT @ A) vec(X).

With this, we can rewrite the linear system involving the CF-matrix:
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3.2. Search for numerical methods

Lemma 3.17 (cf. [CF, Corollary 4.3]). Let

4
T(A)=> TWgA.
=0

Then the solution x of the linear system
T(A)CC =e1®b

is the vectorization x = vec(X) of the matriz X fulfilling
é . .
> AIX(TUNT = bef.
§=0

IfT(A) =TOI-TW® A and TW is non-singular, we obtain the matrix equation
X(TONT(r)=T — AX = be] (TM)~T. (3.7)

Matrix equations of the form
XB—-AX =C, (3.8)

where A, B, C' and X are matrices with compatible sizes and X is unknown, are called
Sylvester equations. We see that Eq. (3.7) is a Sylvester equation. For singular T @),
we have

X(TNT — AX (T = be],
XBO — AxBW =,

which can be called a generalized Sylvester equation.

One might now wonder if solution methods for (generalized) Sylvester equations offer
any benefit for our case. Algorithmic approaches for such matrix equations are reviewed
in [83]. The two main ideas presented there are the following:

« Compute the eigendecomposition of the matrix BT = (TM)~17©) This leads
to shifted linear systems with the matrix A, i.e., to the partial fraction expan-
sion according to Theorem 3.14. The Schur decomposition? is mentioned as an
alternative but involves more shifted linear systems than the eigendecomposition.
Since we assume that the partial fraction expansion is available, we do not gain
anything from this approach.

e Project the equation onto a subspace. One defines the residual

Ry = X.BY — Ax,BY — C

2The Schur decomposition yields a triangular matrix S = UAU" with unitary U.
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3. CF-matrices

and demands that VkHRk = 0, where range(V}) is some subspace. One obtains
the smaller generalized Sylvester equation

v;,BO — (v Av,)v,.BY = vHC

by choosing X = VY%, hoping that X, ~ X. For the subspace, it is suggested
in [83] to use the block Krylov subspace

KH(A,C) = range([C, AC, ..., A*1C)).
Note that in our case, range(C) = span(b), so
KF(A, C) = range([b, Ab, ..., A¥~1b]) = (A, b),

i.e., the block Krylov subspace for the Sylvester equation is just the regular Krylov
subspace for A and b. Moreover, this approach is the same as the Galerkin
approach (cf. Lemma 2.79) applied to the linear system T(A)x = e; ® b, i.e.,

I @ VINT(A)I @ Vi)y, = T(V'AVi)y, = e1 @ Vb, y;, = vec(Y}).
We discuss this in the next subsection.

In essence, we can fall back to the familiar case of a linear system without losing any
information or benefit.

3.2.3. Krylov subspace methods

A straightforward idea to solve the linear system involving the CF-matrix is to use
a subspace projection. As T,,(A) is larger than A but has Kronecker structure, it is
reasonable to use a structured subspace of the form range(I ® V},) = range(V})™, where
Vi, € C"*F with k < n. The matrix V}, and the subspace range (V) can also be used for
a subspace projection for the systems of the partial fraction expansion approach. We
now show that these two approaches are in fact equivalent.

We assume for now that the subspace has a basis in the form I ® Vj, with VkHVk =1.
Then (I ® VT,,(A)I @ Vi) = T(VHAVL).

Lemma 3.18. Let Vi, € C** such that VkHVk =1 and eITm(s)_lel 1s defined on the
spectrum of VkHAVk. Let b e C" and

x, = (I @ Vi) Tn(VHAV) e © VD).

Then
o R |
(ef ® Dap =Y Y wiiVe(VIAV, — D) " Vb + > > 0 Vie(V7AVL)'D (3.9)
j=1 i=1 j=1 i=0

with wj;, 0j; as in Theorem 3.14 for T'(s) = Tin(s).
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3.2. Search for numerical methods

Proof. We have
(el @I @ V;) =e] @ Vi =Vile] ®I).

This means that

(ef @ DNy = Vi(e] @ DT (VHAVL) L (e1 @ DV
W _y

(0)
ko ™y ki ™
= Vk (Z Z wj,i(VkHAVk - TjI)_Z + Z Z Vk: AVk )VkHb,
j=1 =0

j=1 i=1

where the last equality follows from Theorems 3.3 and 3.14. Expanding the bracket
yields the statement. O

Lemma 3.18 tells us what a projection method on the CF-matrix looks like when writ-
ten via the partial fraction expansion. Consider the opposite direction: We apply a pro-
jection method to the shifted linear systems and the polynomial part of the partial frac-
tion expansion of r(A)b; for each system and each power of A, we use the same subspace
range(V%). Then we obtain exactly the right-hand side of Eq. (3.9). Thus, Lemma 3.18
says there is no difference between the subspace range(I,, ® Vj) = range(Vj)™ in the
CF-matrix approach and the subspace range(V}) in the partial fraction expansion ap-
proach.

There is also no advantage when considering the number of computational operations.
Applying I®V}, to T),,(A) is as expensive as applying Vi to A. But solving the projected
problem can be more expensive with the CF-matrix. For the sake of simplicity, let us
assume that there is no polynomial part (k; = 0) and no higher power inverses ( § ) =1
for j =1,...,ko). Then we have to solve ky = m systems of the form

(VHAV, — ;1) 7'V

for the partial fraction expansion approach. The number of operations for solving one
such linear system is O(k®) with @ > 1 and « depending on the method. The total
cost follows as O(mk®). On the other hand, for the CF-matrix approach, we have to
solve one system of the form

T (VA AV e @ VD).

Here, the total cost is O((mk)®) = O(m®k®). This is the same as O(mk®) only in the
best case a = 1 and worse for a > 1.

The above also holds for the special case range(Vy) = Ki(A4,b). Of course, the sub-
space range (I, ® Vi) = Kr(A, b)™ is not the standard Krylov subspace K (T;,(A), e1 ®
b) for the system T),(A)x = e; ® b. So let us compare these two.

Lemma 3.19. Let T(A) = TO @ I —TW @ A with T, 71 € C™*™ and m > 2. Let
k be the smallest number such that K.41(A,b) = Kr(A,b). If k < mk, then

ICk(T(A)v e ® b) g ’Ck(Av b)m
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3. CF-matrices

If £ > mk, then
Ki(T(A),e1 ®b) C K,.(A,b)™

Proof. We first show that every block of a vector v € Ki(T'(A),e1 ® b) is an element
of Ki(A,b). For this, we show by induction that

T(A)'(e1 ®b) = Zvll ® Alb

(4)

for some vectors v;” € C™ for every ¢ > 0. The case i = 0 is trivial. Assume now that
the above equation holds for some i. Then we have

T(A)"*(e; ® b) <Z v @ Alb )
= (T @ 1) <Z v\ @ A’b) — (1M ® A) <Z v\ @ Alb)
=0 =0
7 i+1
TOv" @ Alb — 3" TWe” @ Alb
=0 =1

— 70y, ( ®b+z T(O) (2) _ 7y () )®Alb T“M;“@Alﬂb
=1
i+1

= Z vl(iﬂ) @ Alb
1=0

with ;
Ty, 1=0,
vl(z'+1) _ T(o),vl(i) T1 )'Uz(l)l’ l=1,...,1,
—T Wy, l=i+1.

This concludes the induction process.

By applying this knowledge to our vector v € Ki(T'(A),e1 ® b), we can write it
similarly as a sum of Kronecker products with A’b. Specifically, there are constants ¢(*)
for i =0,...,k — 1 such that

k—1 k—1 1 k—1k-—1 k—1
v — C(i)T(A)i(el(@b):ch(i)’vl(z)(@/llb:zz (4) ()®Alb Z'Ul@Al
i=0 =0 [=0 =0 i=l =0
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3.2. Search for numerical methods

As this holds for every block, it follows that Kp(T'(A4),e; ® b) C Ki(A,b)™
What is left to prove is the inequality of the sets for the case kK < mx. We use a
dimensional argument:

dim(Kx(T(A),e1 ® b)) < k < min{mk, mr} = dim(Kr(A4,b)™)
i.e., the subspace Ky (T(A),e; ® b) is smaller than KCx(A,b)™. O

Therefore, we expect the subspace Ki(A,b)™ to always yield better approximations
than KCx(7),(A),e; ® b). Both subspaces need exactly k& — 1 matrix-vector products
with A to be constructed and we assume that these products are the dominating cost.
Accordingly, we do not expect any computational advantage from using K (T}, (A), e1 ®
b).

The situation is less clear if the residual is less structured. For example, this is the case
for a non-zero initial guess or restarts since Tp,(V;TAV)) "1 (e1 ® V;'b) is generally not
a Kronecker product. But then for a matrix-vector product of T,,(A) and the residual,
we need up to m matrix-vector products of A (corresponding to the m blocks). This is
in contrast to the partial fraction expansion approach, where we need only one product
with A to increase the Krylov subspace even after restarts.

Still, one might hope that some method converges significantly faster if applied to
T(A). In this regard, it is interesting that we can easily connect the spectrum of T'(A)
with the ones of A — 7;I in some cases.

Lemma 3.20. Let T(O, 71 € C™*™ be such that they are simultaneously triangular-
izable and T'(s) = TO — sT7W) s a reqular pencil. Let 7j for j =1,... ko < m denote
the eigenvalues of T'(s) (with ko as in its Weierstrass canonical form). Then there exist

c; € C\{0} such that .
0

U cjspec(A — 7;1) C spec(T'(A)),
j=1

where the set equality holds if TV is non-singular.

Proof. Since T, T are simultaneously triangularizable, there exists a U such that
UTOU! and UTMU! are upper triangular. Let ¢j and v for j = 1,...,m denote
the diagonal elements of UT( QU1 and UT(M U1, respectively. We apply the similarity
transformation with U ® I to T'(A). As the resulting matrix is block upper triangular,
we have

m
spec(T(A)) = U spec(p;l — P A).
j=1
Assume that there are k non-zero elements of ;. We reorder the ordered pairs (¢;, ;)
such that these elements appear first. Then we can write

k
spec(T U —1);) spec(A U {¢;}.
7j=1

] j=k+1
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3. CF-matrices

Note that T() is non-singular if and only if there is no j such that ®; = 0, in which
case the union on the right is empty.
What remains to show is that k = kg and % = 7j. For this, we apply U to the

eigenequation of the pencil T'(s),

(70 — 7MYy =0,
(UTOU—t —suTMWU—(Uw) = 0.

The equation is fulfilled if and only if the matrix on the left side has an eigenvalue 0.
But this matrix is upper triangular. Thus, we are looking for those values for s such
that the diagonal has a zero element, i.e.,

qu —$1ﬂj =0.

If 4; = 0, then the equation is only fulfilled if ¢; = 0. But then we could choose any s,
which would contradict the hypothesis that the pencil is regular. Consequently, there
are k values for j left to investigate. For those, we find k eigenvalues of T'(s) as 7; = %
There are no other eigenvalues, meaning k = kg, since there are no other possibilities
to fulfill the equation and the initial similarity transformation with U did not change
the eigenvalues. 0

While the spectrum of T'(A) by itself does not provide us full insight into the behavior
of potential Krylov subspace methods, we can still make two observations: The matrix
T'(A) can only be positive (or negative) definite if all A — 7,1 are positive or negative
definite. This is not sufficient, however, as the ¢; might have conflicting signs or be
complex. Moreover, some convergence results for Krylov subspace methods use spectral
information. For example, the error bound for CG given in Theorem 2.75 uses the
condition number x(T(A)) = maxy, . espec(T(A)) AM;I (for Hermitian positive definite
T(A)). As this ratio is not changed by multiplying both eigenvalues with a constant,
Lemma 3.20 implies that ~(T(A)) > max; k(A — 7;1), so we obtain at best the same
error bound for T'(A) as for A—7;1. Of course, we have assumed here that 7O, 7MW are
simultaneously triangularizable. This is not a farfetched case, however: An important
class of continued fractions is the class of contracted C-fractions. For those, we can
choose T = 1 (Example 3.10), which is simultaneously triangularizable with any 7
by using the Jordan canonical form of the latter.

We conclude that the CF-matrix does not seem to offer benefits when working with
Krylov subspace methods.

3.2.4. Multigrid methods

In this subsection, we want to investigate if it is possible to construct a multigrid method
for the CF-matrix approach that beats a good multigrid method for the partial fraction
expansion approach. We explained in Section 2.5.2 that we need two components for
a multigrid method: a simple iterative method called the smoother and a subspace
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3.2. Search for numerical methods

projection called the coarse-grid correction. We know that the best possible conver-
gence rate and the according subspace is characterized by the eigendecomposition of
the smoother, see Theorem 2.80. Therefore, we aim to relate the eigendecompositions
of the two approaches.

As a reminder, we want to solve the linear system

T(A):E =e1®b
and consider iterative methods of the form
Tpy1 =z, + I(T(A) 7y

for the smoother. The matrix J(7T(A)) needs to be cheap to invert but still a good
approximation of T'(A)~L.

Consider the Kronecker product structure of T(A) = T @ I —TM @ A. As the first
dimension m is assumed to be much smaller than the second dimension n, we expect
that changes in the first Kronecker factors would not help much. For example, if we
choose

ITA) =TT -T6TM)w A,

then J(T'(A)) is block diagonal and thus easier to invert than the block tridiagonal
matrix T(A). Indeed, this is just the block Jacobi method. However, we have to
invert the m shifted matrices T © )I T; (1)A at each iteration. Using the partial fraction
expansion, we would also need to Solve up to m shifted systems but only once, so the
above is usually not a reasonable approach.

Hence, we want to investigate changes in the second Kronecker factor. As the matrix
I can be trivially inverted, we assume that J(I) = I and only consider modifications
J(A) of A:

IT(A) =TO @I —TW @ I(A) = T(I(A)).

However, if we only modify A, then J(A) can also be used to construct the smoothers

Yjkr1 = Yjp +I(A - D), G=1,... ko,

for the shifted systems

of the partial fraction expansion (Theorem 3.14): We only need to set J(A — 7;1) =
J(A) — 7;1. This is fairly common: For example, it is fulfilled if J(A — ;1) yields
the diagonal of A — 7;I (resulting in the Jacobi method) or the lower triangular part
(resulting in the Gauf-Seidel method). So we ask ourselves: Can the smoother for
T'(A) behave better than the smoothers for A — 7,17 We relate the spectra of their
error propagators in the following theorem:
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3. CF-matrices

Theorem 3.21 (cf. [CF, Theorem 4.7]). Let T(s) = T©) — sTW be a regular pencil
and assume that T(J(A)) is non-singular. Let

E[T(A)] =1 - T(3(4))"'T(A),
BlA=7l] =1~ (3(A) =)~ (A=7I), j=1,.. ko,

where T; are the eigenvalues of T(s). Let further S = {0} if T is singular; otherwise
let S be the empty set S = &. Then it holds

ko
spec(E[T(A)]) = U spec(E[A — ;I]) U S.

Proof. Clearly, spec(I — M) =1 — spec(M) for every matrix M. It is thus sufficient to
prove

ko
SpeC(T(j(A))_IT(A)) = U spec((J(A) — TjI)_l(A — Tj[)) us
j=1

with S = {1} if T is singular and S = & otherwise. Let
UT(s)\V=JO-sD&I-sJV) = vrOv=g0&1, vrWv =14
be the Weierstrass canonical form of T'(s). We then have

UeNTA)Vel)=JYénel+IdJM)eA
—(JO@I+ToA)dIoI+JVgA)

and similarly for T'(J(A)). We define

y=(V'®Ie,
DO = (JO @I —Te3A)) ' (JOI-IxA),
DO =(IeIl-JVeiA) el -JVgA).
Note that T'(J(A)) non-singular implies that J© @ I + I @ J(A) is non-singular. With
the help of these definitions, we apply the following similarity transformation to the

eigenequation T(J(A))~'T(A)x = \x:

V3o DTEA) YUt (UQDTA)(V @Iy =My,
(D© & DMy = Ay.

From this, we obtain

spec(T(I(A)) T (A)) = spec(D) U spec(DM).
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Note that J(©  JO) and I are upper triangular, so (U @ IT(A)(V @ I) and (U ®
IT(3(A))(V ® I) are block upper triangular. Moreover, the inverse and products of
block upper triangular matrices are again block upper triangular. This means that both
DO and DM are block upper triangular. Thus, we can determine their eigenvalues by
considering each of their diagonal blocks. The diagonal blocks of D are of the form

(51 = 3(A)) " H(rl — A) = (3(A) — ;1) (A = 750).

Hence, it follows that
ko
spec(D©) = U spec((J(A) — ;1) (A — 7;1)).
j=1

The set S is obtained from DM, We see that its diagonal blocks are I,, (because J)
has only 0 on its diagonal), so it yields the eigenvalue 1 if it exists. However, we know
that

urOv =16 g0

and that U and V are non-singular by definition. Consequently, the singular block J(1)
and by extension D) exist if and only if T(!) is singular. O

Remark 3.22. It is assumed in Theorem 3.21 that T'(J(A)) is non-singular. This
is equivalent to assuming that 7'(s) is non-singular for every eigenvalue of J(A) by
Lemma 3.7. If T'(s) = T;,(s) is constructed from a continued fraction r(s) = gm/(s),
then this is also equivalent to assuming that r(s) = e{T,,(s) ‘e is defined on the
spectrum of J(A).

Let us assume that 7(Y is non-singular. Then Theorem 3.21 tells us that the smoother
for T'(A) behaves exactly as if we combined all smoothers for A — 7;I into one method.
Ergo, the CF-matrix does not offer any benefit. If 7)) is singular, the error propagator
might have in addition the eigenvalue 0. But inspecting the partial fraction expansion
tells us that this case only occurs if a polynomial part is included in 7T'(s). Hence, this
0 does not offer any advantage since we could also reduce the size of T'(s).

Of course, we know from Theorem 2.80 that not only the eigenvalues but also the
eigenvectors are important. For example, E[T(A)] could have a cheap and sparse ba-
sis for its eigenvectors with large eigenvalues while E[A — 7;I] do not. However, the
eigenvectors are also closely connected. To prove this, we first mention a simple lemma.

Lemma 3.23. Let a,c € C™ and b,d € C". If
a®b=c®d#0,

then a and ¢ are collinear.
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3. CF-matrices

Proof. Reading the equation componentwise yields
al-bj:cidj, izl,...,m,jzl,...,n.

Choose j such that b; # 0. Then

d.
a; — f]Cl’.
bj
Since this holds for every ¢ = 1,...,m, we see that a and c are collinear. ]

Now we can show a correspondence between eigenvectors of the error propagators.

Theorem 3.24 (cf. [CF, Corollary 4.8]%). Let the assumptions of Theorem 3.21 hold.
Letv#0e€C™, w#0€C" and A # 0 € C. We have

ETA)(vow)=wew

if and only if
T(t)v =0 and E[A— 7Ilw = \w.

Proof. We rewrite the two eigenequations as generalized eigenvalue problems: Shifting
a matrix does not change its eigenvectors. We use 4 = 1 — A to remove the shifts in
the error propagators. We also put T'(J(A)) and (J(A) — 71) to the right side of the
equations, which yields the following equivalent statement:

T(A)(v®@w) = pT(I(A))(v®w)

if and only if
T(r)v=0 and (A—71)w = pu(J(A) — 71)w.

We now prove the forward direction: Starting thus from the upper equation, we have
TOp @ w—TWv @ Aw = T Vv @ w — uTWo @ I(A)w,
1-wWTOv0w=TWv® (A - pI(A)w.

Assume for now that 7 v # 0. Then we can apply Lemma 3.23. On one hand, this
means that T(Yv = 7T7Mv for some constant T # 0, from which we get

TWy £0, T(r)v=0.
Using this, we obtain

(1—p)rTWv@w=TMv® (A - uJ(A)w,
(1—p)Tw =(A—pJ(A))w.

3 As far as our analysis concerns, Corollary 4.8 in [CF] is much weaker than the result presented here
in Theorem 3.24: There, only the backward direction of the equivalence is considered for only a
subset of regular pencils. Note that the result in [CF] does not require A # 0 but the corresponding
eigenvectors are of no interest to us anyway.
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We put the terms multiplied by p to the left side and the others to the right side. This
yields
wI(A) —m1Hw = (A— 1w

on the other hand and thus proves the statement for T(Ov % 0.
Let us now consider what happens if T(0v = 0. In this case,

0=TWo® (4 - puI(A)w.

But TMwv = 0 cannot be true because otherwise T'(s)v = 0 for every s and we assumed
that T'(s) is a regular pencil, so we find (A—pJ(A))w = 0. This situation is included in
the statement with 7 = 0. We have thus proven the statement in the forward direction.
The other direction is verified by retracing our steps for the case T(Vwv # 0. However,
we do not need to treat the case (v = 0 differently this time. O

How does that translate to a coarse-grid correction? We know by Theorem 2.80
that the best subspace for the coarse-grid correction is given by the subspace that is
spanned by eigenvectors with problematic eigenvalues of E[T(A)]. We want to exploit
the Kronecker product structure and consequently use a basis of the form I ® W for
this subspace. But Theorem 3.24 tells us that the subspace with basis W eliminates the
same eigenvalues in E[A — 7;I]. Consequently, any such coarse-grid correction for the
CF-matrix approach induces a coarse-grid correction for the partial fraction expansion
approach that behaves equally well. We have thus found no reason to use the CF-matrix.

Remark 3.25. The smoothers we have considered here fulfill 3(T'(A4)) = T(3(A)), i.e.,
only the matrix A is modified for the inversion. This is a fairly abstract description
of an iterative method, so one might wonder if there is a connection to any of the
common smoothers like the Jacobi method or the Gau-Seidel method. As mentioned
in the proof of Lemma 3.7, we can always switch the order in the Kronecker product
by permutation. Specifically, there always exists a permutation matrix P such that

PTANPT = P(TO T -TW @ 3(A)PT =TT - 3(4) 0TV,

see [44, Eq. (1.3.5)], [67, Eq. (4.3.12)]. Now, if we take only the diagonal of A, i.e.,
J(A) = I ® A, then PT(J(A))PT is block diagonal and inverting a block diagonal
matrix is what happens in the block Jacobi method. The resulting smoother for T'(A)
can thus be interpreted as the block Jacobi method for a specific—and maybe not
intuitive—choice of blocks. Similarly, if we take the lower triangular part of A, then
PT(3(A))PT is block lower triangular and we obtain the block Gauf-Seidel method for
the same choice of blocks.

3.3. Numerical Experiments

Our investigations in Section 3.2 offered no explicit method for the CF-matrix to beat
the partial fraction expansion. As we focused on exploiting the Kronecker product
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3. CF-matrices

structure of T'(A) before, we try standard methods instead. Specifically, we want to
examine numerically two ideas in this section:

1. When solving the shifted systems of the partial fraction expansion, one might
want to exploit the shift-invariance of the Krylov subspace and apply a multi-
shift solver. Preconditioning these systems is not a trivial task since the precon-
ditioned Krylov subspaces should ideally also be shift-invariant (see, e.g., [2]). On
the other hand, with the CF-matrix we only need to solve one system and thus
are free to choose any preconditioner. Not explicitly accounting for the block
structure of T'(A), standard preconditioners could help our approach be advanta-
geous compared to the partial fraction expansion approach. We investigate this
in Sections 3.3.1 and 3.3.2.

2. Algebraic multigrid methods are more or less black-box methods, i.e., the coarse-
grid hierarchy is constructed automatically from the entries of the matrix. Such
methods may work better with T'(A) than with A — 7;1. We check this in Sec-
tion 3.3.3.

The following numerical experiments were run on a laptop with Intel® Core™ i7-
8650U and 16 GB. They were implemented in the programming language Python (Ver-
sion 3.8.15) using the package SciPy [91] (Version 1.10.0). Where appropriate, we used
functions from its module sparse.

3.3.1. Preconditioned CG

We want to investigate if CG with a standard preconditioner can give better perfor-
mance applied to T(A) compared to the matrices A — 7;1. We choose the regular
C-fraction

1—2a

. .
cis . = 1 =2.4,...,

g(s):bo+K(’T) with byp=1, a =a, Ci:{f(ﬁf%a i = 3,5
i1 I =99,

This way, we have g(s) = (s + 1) for |arg(s + 1)| < 7 and its approximants yield
corresponding Padé approximations, see [22, Eq. 11.7.1]. We build the symmetric CF-

matrix by using the contraction gio(s) of go(s) (Example 3.10) for « = —1. This
results in
3 1
7O = 1y, TW = L2 c RI0X10_
9 4 o
1 2

To obtain an approximation for s~1/2 instead of for (S—I-l)_l/ 2 we use A—I as argument,
which gives
T(A) = (TO+TW o1 -7V g A.
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3.3. Numerical Experiments

For A, we choose the discrete 2D Laplace operator on a square grid of size N = 100
with Dirichlet boundary conditions. That is,

A=Ay @A eRVN 4 = |70 T € RVXN, (3.10)

where @ denotes the Kronecker sum defined as
AeB=A®I,,+1, ®B

for two matrices A € C"*™ and B € C"2*"2,

As (TO)=1(TO 7MYy = (TMW)~1 4 T, the shifts 7; of the partial fraction expansion
can easily be obtained by computing the eigenvalues of T(}). Note that 7; < 0 and
that the matrices A — 7;1 and T'(A) are symmetric positive definite. We apply the CG
method to the systems T(A)"'(e; @ b) and (A — 7;1)~'b with b = e; and zero initial
guess. We also choose a target accuracy of 107!2 for the relative residual norm and a
maximum number of 200 iterations.

The relative residual norms are plotted in Fig. 3.1 on the left side. Since we shift the
spectrum of A away from 0, most of the shifted systems are well conditioned and CG
finishes after a few iterations. With the CF-matrix, this performance is not attained
by the CG method. Instead, it behaves similarly as with the slowest converging system
A— Tj].

We now construct a sparse incomplete LU factorization as a preconditioner to speed
up the convergence of CG. To be more precise, we use the function spilu() of the SciPy
package (with a fill factor of 40), which yields an ILUTP preconditioner, see, e.g., [78,
Section 10.4.4]. The CG method for T'(A) now converges after only 9 iterations. Of
course, we had to invest additional CPU time to construct the preconditioner. For
a fairer comparison with the partial fraction expansion, we precondition each of the
matrices A —7;I in the same way. The resulting residuals are plotted in Fig. 3.1 on the
right side. We see that even the slowest case needs only about half as many iterations.

One might argue that constructing several preconditioners for A — ;I could turn out
to be more expensive than a single one for T(A). We do not want to give a detailed
analysis of the CPU time as that depends heavily on the implementation. However,
preconditioning and solving all systems (A —7;1 )~1b took about 0.5s in total, while the
same for T(A)!(e; ® b) took about 32s. This is a large difference in speed, especially
considering that we do not exploit the shift-invariance of the Krylov subspace. From
this example, it seems that it is not trivial to find a preconditioner such that working
with the CF-matrix becomes more efficient than working with the shifted matrices.
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107 1
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relative residual norm
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Figure 3.1.: Convergence curves for solving T(A)"!'(e; ® b) (marked line, -©-) and
(A — 7;1)71b (unmarked lines) with the CG method. The counterclock-
wise ordering of the unmarked lines corresponds to increasing values of 7;
and thus increasing condition numbers x(A — 7;1). Left: without precon-
ditioner. Right: with ILUTP.

3.3.2. Preconditioned GMRES and complex shifts

Perhaps the situation changes if A and T(A) are not symmetric positive definite. We
consider the C-fraction

00 . 1 .
¢ . (20 —2)7", i=2/4,...,
s) =by+ (—) with bg=1, c1=-1, ¢ =
9(s) = bo 5 1 0 ! ' {—(2@‘)1, i=35,...,

which yields g(s) = exp(—s), see [22, Eq. (11.1.3)]. This time, we have ¢;c;11 < 0, so we
cannot construct a real symmetric (1) as before. From the contraction gio(s) = g20(s),
we construct the CF-matrix as in Example 3.10. We have

o=
O Nl
o=

70) — To, 71 — (-1) S B € RL0X10.

L 38 h

We also switch to a non-symmetric (though related) choice for A, namely the 2D
convection-diffusion operator with first-order upwind discretization. With the step size
h = (N +1)~! for a square grid of size N = 100 on the unit cube, the direction vector
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Restart cycle
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relative residual norm
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global iteration iteration

Figure 3.2.: Convergence curves for solving T(A)~!(e; ®b) (marked line, -6-) and (A —
7;1)71b (unmarked lines) with the GMRES method with restart length
20. Left: without preconditioner. Right: with ILUTP, no restarts were
necessary.

[1,—1] and a diffusion coefficient of € = 1073, this implies

A=ch2A @ Ay +h Ay @ AT e RVXN? 4, — |71 e RNXN.

-1 1
The matrix A; is defined as in Eq. (3.10). The right-hand side b = e; and the zero

initial guess remain unchanged.
Instead of the CG method, we use the GMRES method with restart length 20 for

T(A)"'(e; ® b) and (A — 7;1)~1b, where
T(A)=TO @1 -TW @ 4, 7 €specp(T® — sTM) = spec((TV) ).

Note that the shifts 7; are all complex numbers that come in complex conjugate pairs.
Because of this, we only need to solve five systems of the form (A — 7;1)7!b, see
Remark 3.15. The relative residuals without and with ILUTP are plotted in Fig. 3.2.
We see that GMRES with T'(A) converges only very slowly, while GMRES with A — ;1
finishes in the third restart cycle. With preconditioning, all systems converge within a
couple of inner iterations.

For the systems involving A—7;1, however, we need complex arithmetic. On the other
hand, solving with T'(A) is done completely in real arithmetic. As we have discussed in
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Figure 3.3.: Convergence curves for solving T(A)"!'(e; ® b) (marked line, -©-) and
(A — 7;I)7'b (unmarked lines) with PyAMG. The counterclockwise or-
dering of the unmarked lines corresponds to increasing values of 7; and
thus increasing condition numbers k(A — 7;1). Left: Black-box approach
(solve() is used for every system). Right: Structured approach (a coarse-
grid hierarchy for A is used for all systems).

Remark 3.15, this could manifest itself by an increased run time for GMRES with A—7;1
if the implementation does not exploit the shift-invariance of the Krylov subspace. This
is the case for us, so it might be interesting to look at the CPU times: For T'(A),
constructing the preconditioner and solving with GMRES took about 31s, while for all
5 systems of the form A — 7,1, it took about 0.3s in total. This difference in speed is
comparable to before and does not speak in favor of the CF-matrix approach.

3.3.3. AMG

Lastly, we choose the function solve() from the package PyAMG [9] (Version 4.2.3)
for a black-box algebraic multigrid method. We use matrices similar to the ones of
Section 3.3.1: The pencil T(s) € R19%19 and the CF-matrix T'(A) are constructed in
the same way, so implicitly we again try to approximate A~12p. For A, however, we
choose the Laplace operator now on a 3D cubic grid of size N = 30, i.e.,

A=A10A @A € RN?xN?

with A; as in Eq. (3.10). The relative residuals for b = ey are plotted in Fig. 3.3 on
the left.

We do not encounter anything new here: While the method converges fast with the
CF-matrix, it converges even faster with the shifted systems. If we consider the CPU
time, then the black-box method for the CF-matrix took about 23s whereas for the
shifted systems, it finishes after around 14s. So while still faster than with the CF-
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matrix, the partial fraction expansion approach does not seem to work as well with
PyAMG.

We can also verify Theorem 3.24 using PyAMG. For this, we choose the Jacobi
method as smoother and obtain a coarse-grid hierarchy for the matrix A from PyAMG.
(There are several construction methods available. We chose smoothed aggregation.)
This is used for every shifted matrix A — 7;I. Lifting the coarse grids of A using
the Kronecker product (see Section 3.2.4 and cf. Section 3.2.3) and choosing the block
variant of the smoother, we also have a coarse-grid hierarchy for T'(A). The relative
residuals are plotted in Fig. 3.3 on the right. We see that the multigrid method for
T(A) behaves only marginally better than the slowest one for A — 7;1. We expect
that the small difference in the rate of convergence vanishes for a larger number of
iterations: After all, the plot implies that a significant portion of the error still comes
from faster-converging systems.
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4. Restarts for Laplace transforms

We discussed in Section 2.4.2 that restarting the Arnoldi approximation to f(A)b is
not always a trivial task. Thus far, numerically stable and efficient algorithms are only
known for some classes of functions f. In this chapter, we show how to make efficient
and stable restarts possible for one- and two-sided Laplace transforms and complete
Bernstein functions.

Here is our roadmap: In Section 4.1, we develop a new representation of the error
function for Laplace transforms and discuss how it can be extended to the other two
classes of functions. With this theoretical basis, we explain in Section 4.2 how the
restarted Arnoldi method with our error representation can be implemented such that
it is indeed stable and efficient in practice. Numerical experiments are presented in
Section 4.3. Section 4.4 focuses on error bounds: The new error representation allows
us to develop a new a priori error bound, which proves the convergence of our method
for some classes of matrices. In addition, we explain how to obtain an a posteriori error
bound. We illustrate the practical behavior of these bounds in Section 4.5.

We have already published most of our findings in [L] and Sections 4.1 to 4.3 are
based on this. The content of Sections 4.4 and 4.5 has not been published yet, however.

4.1. A new representation of the error function

We start with the error representation. As a reminder, if we want to approximate f(A)b
using the Arnoldi approximation f,, after m steps, we obtain the error

em = f(A)b = fr, = [(A)b — [|bl|l2Vin f (Hm)er.
We now want to find a function f®(s) and a vector b® such that
em = fA (AP,

Once we have found them, we can approximate the error again using the Arnoldi ap-
proximation. We show how to find f®(s) and b® if

£(s) = L{f}(s) = /0 " exp(—ts) f(t) dt

is the Laplace transform of some function f. We want f® to be a Laplace transform,
too, so that we can apply restarts iteratively.

The derivation of the new representation is the subject of Section 4.1.1. We discuss
how to translate our result to related classes of functions in Section 4.1.2. This section
is based on [L, Sections 3 and 4].
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4. Restarts for Laplace transforms

4.1.1. Laplace transforms

How do we find a new representation? Looking at the error for a Laplace transform
o " oo R
e = / exp(—tA)bf (1) dt — b2V / exp(—tHyy)ey f(t) dt
0 0 A
= [ (explta0 — BV exp(—tHn)en) (1)
0 )
= / Eexp,m(t)f(t) dt’
0
we see that we have to integrate the error

Eexpm(t) = exp(—tA)b — ||b]|2 Vi, exp(—tHp,)e: (4.1)

for the matrix exponential exp(—tA)b. The idea is to find an integral representation for
Eexp,m that contains exp(—tA) and then manipulate the resulting double integral such
that we obtain a new matrix Laplace transform. The following representation fulfills
our demands and has been known for many years, see, e.g., [27, p. 44] or [92, Proof of
Theorem 3.1].

Lemma 4.1 (cf. [L, Lemma 3.1]). Let A€ C"*", b e C". Let Hy,, Vin, hpnt1.ms Um+1
be generated from their Arnoldi process (Algorithm 1). Then

cosnn(®) = ~hns1nlbll: | DU O A)ons19() dr
where €cxp,m(t) is defined as in Eq. (4.1) and
g(1) = e exp(—THp)e
is the (m, 1) entry of exp(—7H,,).

Proof. While the lemma has been used before, it is usually mentioned only en passant.
Because of this and for completeness, we give a proof here. We define

Y(t) = exp(=tA)b,  y,,(t) = |[bll2Vin exp(—tHpm )er
so that €cxpm(t) = y(t) — y,,(t). The derivative with respect to t is
Eexpan(t) = Y/ (t) — Y (t) = —Ay(t) + [|bl|2 Vi Hrn exp(—tHpp )€1
If we insert the Arnoldi relation Eq. (2.3) into the rightmost term, it changes to

||b||2VmHm eXp(_th)el = ||b||2(AVm - herl,mUerle;rn) eXp(—th)61
= Ay, (t) — [|bll2hmt1,mVm419(1).
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Inserting this back into &gy, ,,,(t), we see that

Eoxp.m(t) = —Aexpm (t) = [[bll2hm+1.mVm419(t).

We now have an initial-value problem with €exp m(0) = b—b = 0. We solve it using the
Laplace transform. Note that €exp m(t) and g(t) are of exponential type, i.e., we have
w{€exp,m} < s and w{g} < s for large enough s. For such s, we can apply the Laplace
transform to the above equation, which results in

ﬁ{eéxp,m}(s) = _A‘C{Eexnm}(s) - HbH2hm+1,mvm+1£{g}(3)‘
We know that

L{eexpm}(5) = sL{€cxpm} () = Eexpm(0) = sL{Eexpm} ()

from the Differentiation Theorem for Laplace transforms, see [25, Theorem 9.1]. By
combining these two equations, we can write

(s + A)L{gexpm}(s) = —[|bll2homi1,mVm+1L{g}(s),
L{€exp,m}(s) = —|bll2hm+1,m(s] + A)_l'vaL{g}(s).

As (sI + A)7! = L{exp(—tA)}(s) (see Example 2.9), we are looking for a function
€exp,m(t) whose Laplace transform is the product of two Laplace transforms. According
to [25, Theorem 10.1], we obtain the convolution

t
Eexpn(t) = —Frms1m D2 /O exp((r — 1) AYvmi1g(r) dr,

which proves our assertion. O

Theorem 4.2 (cf. [L, Theorem 3.2]). With the definitions of Lemma 4.1, let f(s) =
LA{f}(s) with measurable f be a Laplace transform. Assume that the numerical range
W(A) of A is within the interior of the half-plane of existence, i.e.,

f} < min_Re(s).
af f} JSin, e(s)
Then the error €y, == f(A)b — ||b||2Vinf (Hpm)e1 can be represented as
em = ~hmirml[Bll2L{f P} (A vmrr with  fP(1) =/ f(t+7)g(r)dr.
0
Proof. Starting from the known equality for the error of a Laplace transform

Em = /OO exp(—tA)bf(t) dt — ||b]|2Vrm /oo exp(—tHyp)e1 f(t) dt
0 0

= /0 Eexp.m () f (1) dt,
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we insert the representation of €cxp,m from Lemma 4.1 and obtain

e’ t R
m;:—hm+mnwmg4 téfxpﬂf—tﬁﬁvm{wﬁﬁf@ﬁhdt

In order to have the exponential of A only in the outer integral, we use the transforma-
tion z =t — 7 for the inner integral so that

[e%¢] t
= hminlbll [ [ exp(-za)oninglt — 2)f) dzt
0 0
= —tmeamlbl [ [T ep(-z Aol - 2 fOxp ) dedr. (42
0 0

Here, we used the characteristic function

1, (t,2) € E, . 9
t,z) = with E={(t,z) e R“: t > z > 0}.
(. 2) {0, i er {(t.2) )

We show in a separate proof in Corollary 4.6 that we can interchange the order of
integration. Hence

em = —hms1mllbl2 / exp(—2A) U1 / gt — 2)f(E)x(t, =) dt dz
0 0

= —hm+17m\|bH2/ exp(—zA)vm+1/ g(t —2)f(t)dtdz.
0 z

If we transform back, i.e., use 7 =t — z for the inner integral, we have

| st-aiwa /Ow<>f<z+f> — fO(),

which means we proved our assertion. O

What remains to show is that we can indeed interchange the order of integration.
We use the following variant of Fubini’s Theorem.

Theorem 4.3 (adapted from Theorem 8.12 in [77]). Let f(t, z) be a measurable function

and
/X/Y‘f(tvz)\dzdt< -

/X/Yf(t,z)dzdt:/Y/Xf(t,z)dtdz.

We want to apply Theorem 4.3 to Eq. (4.2) and so need to check the two assumptions.
We do so in the following two lemmas:

with X, Y CR. Then
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4.1. A new representation of the error function

Lemma 4.4. The integrand

exp(—zA)vm1g(t — 2) f()xe(t, 2)
in Eq. (4.2) is measurable.

Proof. Note that the product of measurable functions is also measurable, see [77, 1.9(c)].
Consequently, it suffices to check each factor. The functions exp(—zA) and g(t — z) are
continuous and thus Lebesgue measurable. The function f is measurable as otherwise its
Laplace transform would not be defined. The characteristic function yg is measurable
if E = {(t,z) € R? : t > 2z > 0} is a measurable set, see [77, 1.9(d)]. To prove this,
consider a point p = (py,py) € E which implies p, > p, > 0. Since the rational numbers
are dense in R, there is always a rational number ¢ such that 2q > p, > q > py.1 The
open rectangle R, = {(z,y) € R? : 2¢ > 2 > ¢ > y > 0} is of course measurable
(see, e.g., the definition of product o-algebras [77, Definition 8.1]). In addition, it
contains p and is a subset of E. As p has been chosen arbitrarily, £ is the union of all
such rectangles. But there are only countably many rational numbers ¢ and thus only
countably many rectangles ;. We conclude that E is a countable union of measurable
sets and thus measurable itself. O

Lemma 4.5 (cf. [L, Appendix A]). The double integral in Eq. (4.2) is finite if the
integrand is replaced by its absolute value, i.e.,

v = /oo /Oo\exp(—zA)vag(t —2)f(t)xp(t, 2)|dzdt < co.
o Jo

Proof. The integrand and the double integral are vectors, so we need to check every
entry individually. To avoid this, we note that |z;| < ||| for every entry z; of any
vector . Applying this and the triangle inequality to the integrand, we have

viS/ / lexp(—2A)vmall2lg(t — 2)| (1) xe(t, 2) dz dt
0 0

oo t
< /O /0 lexp(—zA)|2 |g(t — 2)| | f()| dz dt. (4.3)
Similarly, it is hard not to show that

l9(t)] = leg, exp(~tHm)er| < |lexp(—tHm)eull2 < llexp(—tHn)ll2,
|9(t = 2)| < [lexp(=(t = 2) Hum)ll2-

The norm of any matrix function can be bounded by

[F(A)ll2 < ¢ sup [f(s)]

SEW(A)

'If 2¢ is not large enough, we can find a new rational number § such that p, > § > ¢ and repeat in
this manner until ¢ is close enough to p,.
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4. Restarts for Laplace transforms

with ¢ = 1 + /2, see [21, Eq. (3), Theorem 3.1]. Applying this to the exponential, we
get

llexp(—zA)|l2 < ¢ sup |exp(—zs)| =c¢ max exp(—zRe(s)) = cexp(—zv)
SEW(A) sEW(A)

with v = min,eyy4) Re(s). (Note that we need the minimum because z > 0.) By
exploiting that W( H,,) CW(A) and t — z > 0, we similarly deduce

lexp(=(t — 2)Hpn ) |2 < cexp(=(t — 2)v).
Inserting both bounds into Eq. (4.3) results in
00 t .
v; < 02/ / exp(—zv) exp(—(t — 2)v)|f(t)| dz dt
o Jo
00 t
= 02/ exp(—tl/)|f(t)]/ dzdt
0 0
= EL{t|f()]}(v).
Now, the question is whether E{t\f(t)|}A(s) exists for s = v. Theorem 2.8 tells us that
L{t[f(t)[}(s) is the derivative of —L{[f[}(s) and it exists if Re(s) > a{|f[} = a{f}.
By hypothesis, we have a{f} < v = minsc)y4) Re(s), so L{t[f(t)|}(v) exists. O
Corollary 4.6. The order of integration in Eq. (4.2) can be interchanged.

Proof. By Lemmas 4.4 and 4.5, we can apply Theorem 4.3. O

Now that we have finished our main proof(s), we want to state the recursive version
of Theorem 4.2 in Corollary 4.8. Before that, we have to discuss the region of existence,
however. To apply Theorem 4.2 recursively, we need that W(A) lies again within the
new open half-plane Re(s) > a{f®}. It turns out that a{f®} is bounded by a{f}:

Lemma 4.7. Under the assumptions of Theorem 4.2, we have

o{ [P} < af f}.

Proof. Consider that by definition

L{FDY(s) / / exp(—2)g(t — 2) F(t)xn(t, 2) dt dz

with E = {(t,z) € R?:t > 2 > 0}. Assume that

v—/ / lexp(—zs)g(t — 2) f(t)xE(t, 2)| dz dt < co.
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4.1. A new representation of the error function

Then the double integral
/ / exp(—2s)g(t — 2) f()xp(t, z) dz dt

is finite and it coincides with £{f(®}(s) by Theorem 4.3. (Note that the integrand is
measurable, cf. Lemma 4.4.) This implies that £{f®}(s) exists and thus a{f®} < s.
We now investigate for which s the assumption v < oo holds.

We proceed similarly to the proof of Lemma 4.5. First, we use the same bound for
lg(t — 2)| to obtain

v < C/o \f(t)]exp(—tu)/o exp(—z(Re(s) —v))dzdt (4.4)

with v = mingeyy(4) Re(s) as before. The inner integral is finite for every s € C. For
Re(s) = v, we proceed as in the proof of Lemma 4.5, i.e., we have

v [Tl @lesp-t)tde = Ll o),
0

which exists by Theorem 2.8. In the case Re(s) # v, we can evaluate the inner integral
in Eq. (4.4) as

t _ exp(tv — tRe(s)) — 1
Inserting this back into Eq. (4.4), we have
vs l,_Fc{e(s)/o |f(t)| exp(—tv) (exp(tv — tRe(s)) — 1) dt

c

= " Rels) (/0 If(t)lexp(—tRe(s))dt—/0 |F(t)| exp(—tv) dt>
= ey (D Re(s) — {1} 09).

v
where we assumed that both £{|f]}(Re(s)) and £{|f|}(v) exist for the first equality.
L{|f|}(v) exists by hypothesis (see Theorem 4.2). Thus, v is finite if L’{\f|}(Re( )
exists. This requirement is fulfilled for Re(s) > a{, f}. We conclude that £{f®}(s)
exists if Re(s) > a{f}, which implies a{f®} < a{f}. O

Corollary 4.8 ([L, Corollary 3.3]). Let the assumptions of Theorem 4.2 hold. Let H;,f),

n(f)} hgﬁu,m’ 'vn]ill be generated from the restarted Arnoldi process. Then

k
e®) = [lblla(~ (H o ) ELFEDH AL, k=1
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4. Restarts for Laplace transforms

F(k+1)

where the functions f are defined by the recursion

FO@) = f),
D / FO+2)g® () dz,  g®(2) = el exp(—zHP)er, k> 1.

4.1.2. Related classes of functions

We now turn our attention to other classes of functions for which we can apply Theo-
rem 4.2 or a modification of it.

Two-sided Laplace transforms

Two-sided Laplace transforms (Definition 2.17) can be written as the sum of two one-
sided Laplace transforms:

f(s) = / T exp(—ts) f(t) dt = L{F()}(s) + LLF(D ().

It is straightforward to apply Theorem 4.2 and Corollary 4.8 to both of these separately.
In this way, we can implement the restarted Arnoldi method for two-sided Laplace
transforms. Most interestingly, the cost remains approximately the same as for a one-
sided Laplace transform: We have

FAb = LLFOHAb + L{f(—1)}(~A)b,

so we need to construct the Krylov subspaces K,,(A4,b) and K, (—A,b). Of course,
these two coincide. In essence, although we want to evaluate two (one-sided) Laplace
transforms, we need to run the Arnoldi process only once for each restart cycle.

Stieltjes functions

An error representation for Stieltjes functions (Definition 2.26) is already known, see
Theorem 2.68. Since every Stieltjes function is also a Laplace transform, we can derive
this representation in an alternative proof now.

Lemma 4.9 (cf. Theorem 2.68 and [L, Corollary 3.5]). Under the assumptions of
Corollary 4.8, if f(s) is a Stieltjes function with f(s) = L{L{p}}(s), then

® = Jlblla(~ (Hhmﬂm) / p<t>(ﬁ¢£z?<t>)<Aw)—lvi’i’ﬂdt,

J=1

with v (1) = T (HY + t1)~1
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4.1. A new representation of the error function

(k)

Proof. Comparing the statement with the representation for &;,” in Corollary 4.8, we
see that the statement reads as

0o k
£(F itk = [0 (TTeR )4+ ey ol ar
j=1

We simplify this equation by writing the Stieltjes function on the right as a Laplace
transform,

e

L{FEHY AW, = £2{p(t H Ao

so we only need to show that

k
FED(s) = L) [T o5 )3 (s)-

j=1

We prove this by induction for every k > 0: The case kK = 0 is trivial for we have
fO = f= L{p} by hypothesis. Now assume that the above equation holds for k — 1,
i.e.,

k—1
FP(s) = £{p(t) [T 32 ()} (),
j=1

We can write f(++1)
FEHD( / F® (s +2)g dz—/ FE ) g® (t — s)dt

by applying the transformation t = s + z to its definition (see Corollary 4.8). Since
f®) is a Laplace transform by our assumption, we can also write f(*+1) as a Laplace
transform, see [3, Theorem 2.1] for more details. In particular, we have

FED(s) = {7 FR L{g® Y (s) = L{p(t Hw )L{g™}(t)}.

What remains to show is that £{g*)} = %) This easily follows from Example 2.9 as

L{g"}t) = /000 exp(—7t)e] exp(—7H,,)e; dr

= e, L-{exp(—Tt)}(Hp)er
=en (HP +tI)7e; = v ().

This concludes the induction and thus our proof. O
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4. Restarts for Laplace transforms

Complete Bernstein functions

Consider a complete Bernstein function
S ~
f(s)=co+c1s+ / (1 —exp(—ts)) f(t)dt.
0

Suppose we want to evaluate f(A)b. Then the first two terms are given by cob and
c1Ab and can be easily evaluated. If we apply the Arnoldi method for the remaining
integral, we have

n= [ exp(—tADBi(O @t~ Vi [ (1 - expl-ttt st at
= /0 (b —exp(—tA)b— (b—V,, eXp(—th)€1))f(t) dt
:_Aﬂwm4mnw%mM%mmqvmw-

Provided that £{f}(A) is defined, this corresponds to the error for —£{f}(A)b. We can
thus use Theorem 4.2 and Corollary 4.8 for Bernstein functions, as well. We then need to
assume that W(A) lies in the interior of the region of existence of £{f}(t). This is quite
restrictive. Take f(s) = /s as in Example 2.37. Then we have f(t) = (2/7) 1 3/2.
This function is not locally integrable and its Laplace transform accordingly does not
exist. Therefore, we mention a variation of Corollary 4.8 explicitly for complete Bern-
stein functions.

Lemma 4.10. Let ~
ﬂ®=A<LwWPMﬁ®&

with

max(a{tf(t)},0) < SE%?A) Re(s).

Then the error for restarted Arnoldi is given by
koo ) i
el = [Blla(~1) " (TT hih ) LSS DM AL k=1,
j=1

with f(j) for 3 > 1 as in Corollary 4.8.

Proof. As discussed above, we have the error for the (formal) Laplace transform —£{f}.
For Theorem 4.2, we used the assumption a{f(t)} < mingeyy(4) Re(s) = v only to
prove the existence of £{t|f(t)|}(v), see the proof of Lemma 4.5. Our new assumption
guarantees this, so the case k = 1 follows immediately.

To obtain the recursive version (k > 1), we show that a{f®} < v. If this is true,
we can just use Corollary 4.8 for all later restarts. Lemma 4.7 does not help us directly
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4.2. Implementational aspects

as we have not required anything about a{ f }. We follow a similar argument as in its
proof, however: We use the bound

|g(t — 2)| < cexp(—(t —2)v) < ¢
(note that (t — z)v > 0) and obtain
oo t
v < c/ |f(t)|/ exp(—z Re(s)) dzdt
0 0
instead of Eq. (4.4). Evaluating the inner integral, we have for s # 0

v <

re | 1O = exp(=tRe(s)) at

where the integral is just the absolute version of our original Bernstein function f (s).
Thus, it is finite for s > 0 by definition, which implies that a{f®} < 0. Since 0 < v,
we also have a{f®} < v and thus can apply Corollary 4.8. O

Remark 4.11. The requirement 0 < mingeyy(a) Re(s) is not a large restriction as our
definition of a Bernstein function assumes Re(s) > 0, anyway.

Remark 4.12. We said that we evaluate cob + c1 Ab directly. This is actually not
necessary: Clearly, cob € K1(A,b) C Ka(A,b) and ¢; Ab € Ko(A, b). Hence, assuming
that m > 2, we do not change the error €,, by including ¢y 4 ¢1s in the definition of
f(s) and Lemma 4.10 still holds.

4.2. Implementational aspects

With Corollary 4.8, it seems clear how the restarted Arnoldi method can be imple-
mented for a Laplace transform: We just set

k—1

79 = 0F ([T A ) 0793 )

J=1

for k > 2 in Algorithm 3. However, it turns out there are some open questions regarding
an actual implementation, especially if we want it to be efficient. In particular, Line 7
in Algorithm 3, i.e., computing

&) = 16) v, F® (HF)ey,

is not as straightforward as it seems. We discuss these questions in this section. It
is based on [L, Section 5]. Since our implementation was done in MATLAB [68], we
reference some of its functions. The resulting algorithm is stated as Algorithm 4.

87



4. Restarts for Laplace transforms

Algorithm 4 Restarted Arnoldi method for Laplace transforms, cf. [L, Algorithm 5.1]

function RESTARTED_ARNOLDI(f(1)| A, b, m)

—_

2: V77(11), Hﬁ), hgilrl > vfi}rl = ARNOLDI(A, b, m)

3: Choose a quadrature rule (t;, w;)i=1,....n, for E{f(l)}(H,(ﬁ))el.
o) = g = v N e

5: for k = 2, 3,... until convergence do

6: v\, 71, hffﬁrlm, UQ?H = ARNOLDI(A, v;’;}), m)

7 Choose a quadrature rule (f;, w;)i=1,....n, for [,{f }(Hy(,lf))el
8: if k =2 then

9: ‘ ph=1) = f(k=1)

10: else

11:  Construct p*—1 such that p*—1) ~ f(k_l).

12: Approximate (f*)(t;))i— 1,..nq using p*~1 as in Eq. (4.6).
13: c=(-1)k (Hk ] h5n)+1m)

14: Compute fm = ¢||b]|2 V! )E{f )Y (H, ))el by numerical quadrature.
15: dP) = a4 gk

16: | return d(

4.2.1. Quadrature

First, note that for
FOHEE)er = (—1) I(H B 1 ) LD (H B e,

we need to evaluate the Laplace transform £{ f (k)} at a matrix. In general, we do not
have a closed-form expression for this. Thus, we need to rely on numerical integration.
We use a quadrature rule to approximate ,C{f(k)}(Hgf))el, i.e., we choose ng weights
w; > 0 and pairwise distinct nodes ¢; > 0 for ¢ = 1,...,nq and approximate

L{f®YHF)Ye szf t;) exp(—t; HMe,

How do we choose w; and ¢;7 Any quadrature rule that gives an accurate approx-
imation can be used. We first describe our implementation but also mention other
possibilities.

Note that the integral £{f (k)}(Hfr’f ))el is vector-valued (or even matrix-valued if we
do not include e; to the integrand and multiply with it only after the integration). For
efficiency, we want to treat every entry in the same way. We can reduce the integral to

(k))

a scalar-valued one by choosing a number v*) (depending on Hy,”) and determining
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the quadrature rule for £{ f(k)}(y(k)). As the exponential function quickly converges

to 0 for large real values, we expect that the major contributions in E{f(k)}(Hgf))el
come from eigenvalues with small real value. Thus, we choose v*) to be the smallest

real part of the eigenvalues of Hr(,f ),

v®) = min  Re()).
Aespec(Hﬁr]f))

This immediately raises the question if a new quadrature rule needs to be set up in
every cycle. Our experiments suggest, however, that it is sufficient to use the same rule
across all cycles. For the sake of notational simplicity, we assume this in Algorithm 4
and in the following, i.e., k) =) =y,

In our implementation, we resorted to a well-tried general-purpose quadrature rule:
We determine w; and t; in the same way as the MATLAB function integral() does,
see [82]: Two transformations are applied. The first one, x = /%, is supposed to treat a
possible singularity at ¢ = 0, the second one, z = (1 — x)~!, yields a finite integration
interval. Together, we have z = v/t(1 — v/t)~! and

2

1 A
L{F W) = /0 exp(-vd(N V@) () dz 9(=) = 733

The interval [0, 1] is partitioned into the 10 subintervals [0,0.1],[0.1,0.2],...,[0.9,1]. In
each of those, a 7-point Gauf} rule is combined with a 15-point Kronrod rule to obtain
an approximation to both the integral value on the subinterval and its error.? If any
estimated error is too large (i.e., larger than a target accuracy €4), we split the respective
subinterval in the middle and recurse on the new subintervals. The quadrature nodes
z; are then transformed back to t; = zi2(1 + )72

Remark 4.13. We observed two problems with the above approach:

o If the imaginary part of an eigenvalue A of Hf(,ff ) is large in absolute value, the
quadrature rule defined for v € R does not yield good approximations to £{f}(\).
However, if the imaginary part is included in v, the quadrature can fail to con-
verge or only does with a large number nq of nodes. This is probably because
exp(—tv) = exp(—tRe(v))exp(—tilm(v)) then contains the rapidly oscillating
term exp(—tiIm(v)). It is indeed advised in [82, Section 4.2] to use specialized
methods for oscillatory integrals on infinite intervals.

~

o We often have that exp(—tv)f(t) converges to 0 for ¢ — co. However, this is not
necessary and exp(—tv) or f(t) can grow indefinitely. This can lead to numerical
problems if the diverging term evaluates numerically to co. Thus, one has to be

careful, e.g., when working with indefinite or even negative-definite matrices.

2For more information about GauB quadrature rules, see, e.g., [45, Chapter 6] and the references
therein.
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4. Restarts for Laplace transforms

Remark 4.14. The quadrature rule in Line 3 in Algorithm 4 is not needed for Line 4
if A is Hermitian. Then we can compute f (Hf(,p) directly via the eigendecomposition

of Hr(,%). We use it, however, even in the Hermitian case for the evaluation of f 2) see
Section 4.2.2.

In the literature, numerical integration for the inverse Laplace transform—which
means finding a function f such that £{f}(s) ~ f(s) for some value of s—has re-
ceived considerably more attention than integration for the Laplace transform itself.
Nonetheless, we want to mention some alternatives to our implementation:

Example 4.15. An alternative would be the Gaufl-Laguerre quadrature rule. This is
a reasonable choice for Laplace transforms since it is exact for integrals of the form

/D " exp(—2)p(2) dz

if p(z) is a polynomial of degree at most 2ny — 1. This form is obtained for a Laplace
transform £{f®*)}(s) by using the transformation z = st, so that

L{f®P}(s) = 571 /0 " exp(—2) f¥) (s712) dz.

Now consider our matrix Laplace transforms

LUFOHHD ey = / " exp(—2) [ (HP) ) dz (HE) e
0

We cannot transform the quadrature nodes back because s is a matrix. We notice two
problems with this approach:

o Working with the inverse of Hy(,f ) implies that it is non-singular. We might not
be able to guarantee this if 0 € W(A).

« We have to evaluate the function f*) at the matrix z(H,gf))_l. Thus, f*) needs to
be defined on the spectrum of Z(Hr(,f ))_1. So if Hgf ) is not diagonalizable, deriva-
tives of f(k) need to exist. Note that we also cannot rely on existing optimized
algorithms like in Section 4.2.3 for exp(—tHff)).

Example 4.16. A recent paper [93] considers numerical integration for both the
Laplace transform and its inverse. It is suggested there to truncate an expansion of
f in terms of scaled Laguerre polynomials L;, which can be transformed exactly. To be
more precise, one uses

£(t) ~ exp(at) 3 exp(—AraiLi(26t) = L{f}(5) ~ 1_25() S ai(s)
1=0

=0
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with o > o{f}, > 0 and

oy atB—s

M) = s
see [93, Section 2.1]. This does not correspond to a quadrature rule. Effectively, we
would replace f(s) = £L{f}(s) by a rational approximation. While this could yield good
results in our context, too, it would somewhat defeat the purpose of this chapter: If we
approximate f(s) =~ r(s), then we can use the methods discussed in Section 2.5 and do
not need a new error representation or algorithm.

Example 4.17. Another approach is sinc quadrature. The underlying idea is to con-
struct an interpolation of the integrand in terms of shifted sinc functions. We give a
short summary of [51, Appendix D]. Let

sin(7rt)

pr(t) = f(kh)sinc(%—k), sinc(t) =

k=—00

, h>0.
7t

Then it is easily verified that py(ih) = f(ih) for i € Z, i.e., the function py(¢) interpolates
f(t) at the points ih. As a first step towards a quadrature rule, one interpolates the
integrand in this way. This results in

| swaes [ m@ar=n Y s

k=—o00

by noting that
[e.9] t o0
/ sinc(— — k) dt = h/ sinc(t) dt = h.
oo h oo
The resulting approximation can be interpreted as the infinite trapezoidal rule. Next,
one truncates the series in both directions, i.e.,

o N
/ ftydt~h > f(kh), N eN.

k=—N

If f(t) decays fast enough (e.g., exponentially) for |¢| — oo and is analytic in a horizontal
strip Dg = {x + 1y : z,y € R,—d < y < d}, d > 0, one can derive how to choose h
such that the error is bounded by O(exp(—cv/N)), where ¢ > 0 is a constant that does
not depend on N see, e.g., [51, Theorem D.28|. If we want to apply this to a Laplace
transform £{f}(s), we first need to transform the integrand such that the integration
interval is (—oo, 00) instead of [0, 00). Note that we cannot use

o0

C{f)(s) = / exp(—t5) F (1) Xo.00) (1)

—0o0

since the integrand would not be analytic at 0 € D;. Whether a suitable transformation
is available and, if yes, which one yields the best error bound depends on f, of course.
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4. Restarts for Laplace transforms

For our implementation, we opted for a more black-box approach by relying on the
MATLAB function integral. We note, however, that there are error bounds for some
subclasses of Laplace transforms available, see [86, Theorem 6.9.5]. Furthermore, sinc
quadrature for the Stieltjes functions f(s) = s, a € (0,1), with an application to
matrix functions has recently been described in [20].

4.2.2. Breaking the recursion

Now that we are equipped with a quadrature rule, we can evaluate £{ f (k)}(I—L(TIf ) Jey by

evaluating f*) (t;) and exp(—tiH,(,f)) for the quadrature nodes t;, ¢ = 1,...,nq. We now

investigate the first part. The matrix exponential is then discussed in Section 4.2.3.
From its definition (see Corollary 4.8), it is easy to see that f®) can be interpreted

as yet another Laplace transform,
fP(z) = / FE D4 t)el exp(—tHE VYey dt = e £,{f* V(2 + ) JHE)e;.
0

The quadrature rule that we used in the previous cycle for £{ f (kfl)}(H,(,]f _1))81 can be
applied to f*)(2) as well. This results in

Tq
f(k)(z) R Z wif(kfl)(z +t)el exp(—tiH,(,ffl))el.
i=1

But now the question becomes how to evaluate f (k_l)(z + t;). Indeed, expanding the
recursion from the definition of f*),

k—1

~ 00 o ~ kil .
f(k)(z):/o /O Fe+d) ) [[d9 @) dn ... dr, (4.5)
=1 =1

we see that we have an (k—1)-fold integral. We could naively apply a series of quadrature
rules. However, that would become more and more expensive with each new restart
cycle.® This is not acceptable to us as we demand that our restart algorithm is efficient.
We propose to use

Tq
F®(2) ~ Z wipF V(2 4+ t;)e] exp(—t; HF Ve, (4.6)
i=1

instead, where p*=1) ~ f(k_l) is some approximation to f*~1 if k > 2. As long
as the approximation is relatively cheap to compute and its error is small enough in
[0,00), it is not important what kind of approximation we use. For the remainder of
this subsection, we describe how we use interpolating splines in our implementation to
give an example.

3This can become even more expensive in terms of arithmetic cost than evaluating d'y by Lemma 2.65.

92



4.2. Implementational aspects

Spline interpolation

In the previous cycle k — 1, we have already calculated f(k_l)(ti) for the quadrature
rule

Nq
L HE ey &) " wi fOV () exp(—t HEV)ey.
=1

For efficiency, we want to reuse those values to construct the approximation p*=1),

which suggests taking p(*~1) as an interpolating function. In our implementation, we
opted for an interpolating cubic spline.

Definition 4.18. A function

pl(x)a LUSJTQ,

pa(x), ro < < w3,
p(z) =

pns—l(x)7 Tng—1 S xZ,

defined piecewise by cubic polynomials p; and pairwise distinct nodes x;, is called a
(cubic) spline if it fulfills the smoothness conditions

pj-1(x;) = pj(x;),
Pj1(x;) = pli(x5),
pi_1(xj) = pj(x)

for j =2,...,ns— 1. A spline is said to interpolate f if it satisfies in addition p(z;) =
flzy) for j=1,... ns.

Interpolating splines as defined above are not yet unique. Two boundary conditions
need to be provided such as the common “not-a-knot” boundary conditions, which
mean that p; = p2 and p,,—2 = pp,—1. The interested reader is referred to [16] for a
detailed treatment of spline interpolation. We used the MATLAB function spline()
to construct such interpolating splines.

In our case, we have ng = nq and z; = t; for j = 1,...,ns. Initial numerical
experiments showed, however, that the approximation error obtained this way tended

to be too large, which prevented d¥ from converging to f(A)b for k — oo. (The

)

vectors d,gi and subsequently fgi) are defined as in Algorithms 3 and 4.)

Spline refinement

To improve the approximation, we chose to adaptively increase the number ng of in-

(

terpolation nodes. Starting with the spline plk_l) from x; = t;, we accomplish this
by adding the points (z; + xj41)/2 to the set of interpolation nodes, which generates
(k—1)

the spline p,, 7. We repeat this process—obtaining a more and more refined spline
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4. Restarts for Laplace transforms

p,(nk_l) this way—until we are satisfied with the approximation error. We check this
by comparing the resulting values for fgf) = ||b]|2 Vi f*) (Hyf ))el after each refinement

(k—1)

step. That is, if f, denotes the computed value of f(*) (Hr(,lf))el with spline p , L.e.,

k—1 ) Ngq Nq
fo= M TT ) Do wiexp(—tHEer Y w0t +1)g*(t)),
j=1

i=1 j=1

~f0) (k)

~L{FOYH )er

~f0) (HS Yeq

we check whether
160215, — £l < el D

for a user-specified tolerance &g.

We can bound the number of refinement steps in the following way: As the above
equation illustrates, we only need to evaluate pE—1) at n?l values right now: t; +t;. If
the above refinement process adds (’)(ng) points to the set of interpolation nodes, it is
favorable to stop the refinement process and add the nodes ¢; + t; instead. Then, the
spline p*=1 does not introduce an additional error anymore (at least in this cycle, see
Remark 4.20). It is possible to estimate the number of refinement steps needed, so we
can sometimes skip directly to using ¢; +¢; as interpolation nodes. We do this with the
following error bound for splines:

Lemma 4.19 (cf. [8, Eq. (1.8)], [L, Section 5.2]). Let f be a real function such that its
first three derivatives exist and are continuous in [x1,xy,,|. Let p(t) be a cubic spline that
interpolates f in the points x;, j = 1,...,ns, with “not-a-knot” boundary conditions.
Define Aj = 41 — xj and Apax = max;—1,. n,—1 L. If the fourth derivative f[4] of f
exists everywhere in [x1, x|, then

(&) = p(0)] < e AFAL 1fWloe for aj <t <y,

where ¢ > 0 is a constant independent of f and x; and

1 = sup [FH(s)].

Se[xlﬂjns]
Proof. We start from [8, Eq. (1.8)], i.e.,

1£(t) = p(t)] < e DAL 6(FPLA)) for oy <t < gy

max

with
S(fB, ;) = sup{|fE(t + h) — fFBI)] : 21 <t <ap, 0<h < A}
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4.2. Implementational aspects

As the fourth derivative of f exists everywhere in [z1, z,,], we can write

t+h
L/ 14(s) ds
t

see [77, Theorem 7.21] for the equality. The proof concludes by inserting this into
(1, A):

t+h
B+ h) — ()] = < / 1£4(s)] ds < Bl FH s

S/, 45) < sup{hl| fUloe : 0 <h <A} = A fY]|oc. O

The above error bound is reduced by a factor of 2* = 16 for each refinement step.
For our estimation, we thus assume that the error at each t; +¢; is reduced by a factor
of 16 in each step. The estimated number of necessary refinement steps r follows as

1Bll2 1 F> — £
r ~ logg ] .
eolld Vs

Of course, the exact error can differ from the bound (if it is indeed applicable) but
we have not observed large deviations in our experiments. Note that the goal of this
estimation is to decide whether it is cheaper to skip the refinement process and use
t; 4+ t; as interpolation nodes instead. Consequently, even if the error bound does not
reflect the real behavior of the error, the total number of evaluations of f*~1) is still
O(n?).
Remark 4.20. Assume we have constructed the spline p*=1 for f (=1 in cycle k and
move to the next cycle k + 1. We now want to construct the spline p) for f) so that

"q
FED(2) & Z wip® (z 4+ t;)e] exp(—t; HM)e;.
i=1
For refining p*), we then need additional evaluations of f (k). We reuse p*—1) instead of
f%*=1) to keep avoiding the recursion. This leads to evaluations of the form p(k_l)(ti +
tj + 1) for i,5,l =1,...,nq. Thus, even if pF=D(t; + tj) = FED (¢ + tj), the use of
spline interpolation typically introduces still an error.

4.2.3. Matrix exponential function

If we use a quadrature rule as described in Section 4.2.1, we need to evaluate terms
of the form exp(—th,(,]f ))el for several values of t;. We now discuss how this can be
implemented efficiently.

For Hermitian H (i.e., for Hermitian A), we can use its eigendecomposition as

mentioned in Section 2.3: We have

exp(—thgf))el = Zexp(—t;A)ZMe;
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4. Restarts for Laplace transforms

for H,(,If ) — ZAZM with diagonal A and unitary Z. The only term that depends on ¢; is
exp(—t;A), which simply resolves to m evaluations of the (scalar) exponential function.
If the eigendecomposition involves O(m3) operations, then we need O(m? + nym?)
operations in total, for we obtain the matrix-vector product Z(exp(—t;A)Z"e;) for a
cost of O(m?) for ng values of ¢;.4

If vaf ) is not Hermitian, the eigendecomposition might be ill-conditioned or not exist
at all. MATLAB offers the function expm(), which computes the matrix exponential
for any matrix. The underlying gist of this function is to use the scaling and squaring
approach, i.e.,

exp(—t; HF) = exp(—27 1, HF)? = exp(—2*ith,(,ff))2i.

The matrix exponential M = exp(—Q*ithgf )) is evaluated by a Padé approximation,

which yields a good approximation if the eigenvalues of _2_1'th7(74¢ ) are close to 0, i.e.,
if ¢ is large enough. (The number i is chosen based on a norm estimation of the matrix

thT(,]f).) Then repeated squaring is used to compute M2i, i.e.,
M = (M2 = (L (M2

which needs i matrix-matrix products. For more details about expm(), see [4, 55] or
[56, Section 10.3]. Note that one call to expm() involves O(m?) operations, so we have
O(ngm?) operations in total.

As we are not interested in the full matrix exp(—t; mk )), we can reduce the execution
time by employing an algorithm that does not compute exp(—thT(r’f )) explicitly and
instead directly computes the vector exp( —thy(,lf ))61. We choose the MATLAB function
expmv ()5, which implements the algorithm presented in [5]. As we did for expm(), we
only give a short overview of expmv(). Here, only matrix-vector products are needed
by switching to truncated Taylor series instead of Padé approximations. Thus, one call
should involve O(m?) operations. Note that there is no analog of repeated squaring
for matrix-vector products, so M? v involves 2! matrix-vector products, while M?" only
requires ¢ matrix-matrix products. Thus, we can expect expmv () to be computationally
cheaper than expm() only if it determines a small value for i. We modified the code of
expmv () in our implementation accordingly so that for ¢ > 0 it switches to expm(). In
the worst case, all calls to expmv () end up using expm(), which still leads to O(nqm?)
operations. However, if only a small number of calls to expm() are involved, we have
again O(m3 + nym?) operations.

Remark 4.21. One can reduce the probability that scaling needs to be involved in
expmv (): Assuming that the quadrature nodes ¢; are sorted in increasing order, one
writes

T, = exp(—th,(f))el = exp(—(tj — tj_l)H,gf))xj_l,

10f course, the vector Z He, can be reused for all values of t.
Savailable at https://github.com/higham/expmv
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4.2. Implementational aspects

This means one can reuse the already computed vector x;_1 = exp(—tj,lH,gf ))el. This
way, one needs the matrix exponential of —(t; — tj_l)HTgf ) instead of —th,(,]f ), which
has eigenvalues close to 0 if t; ~ t;_;. Note, however, that this propagates any error in
x;—1 to all later vectors x;, @ji1,...,Tn,-

4.2.4. Modifications for complete Bernstein functions

Before we move on to numerical experiments, we want to mention how Algorithm 4
needs to be modified such that it can be used for complete Bernstein functions instead
of Laplace transforms. We assume that f and f are given such that

£(s) = /0 (1 exp(—st)) f(t) dt.

Let us first assume that the matrix A is not Hermitian. Then we need the following
changes, which we implemented for our numerical experiment in Section 4.3.4.

o In Line 4, the Laplace transform £{ f } needs to be replaced by the Bernstein
function f.

o We might replace Line 3 by two quadrature rules: We need one quadrature rule
for the complete Bernstein function f to evaluate f (H,(ﬁ)) (a Bernstein function,
not a Laplace transform). We need another one for the next cycle to evaluate
f (2)(2), which we interpret as a Laplace transform for fixed z, see Section 4.2.2.
Of course, nothing prevents us from trying the same quadrature rule for both
cases and this is indeed what we do in our implementation.

e The sign of f needs to be flipped after Line 4 (note the additional factor —1 in
Lemma 4.10 compared to Corollary 4.8).

If A is Hermitian, then we can evaluate f (HT(T})) without the use of a quadrature

rule by using the eigendecomposition of HT(,}), cf. Remark 4.14. This means we could
potentially leave Line 3 unchanged. However, the Laplace transform £{ f (t)} might
not exist, in which case trying an adaptive quadrature rule as we do is a bad idea. We
know that £,{f(t + z)}(v) exists for almost all z € [0,00) (with v being the smallest
eigenvalue of H,S%)) Otherwise, the representation of the error function as a Laplace
transform (Lemma 4.10) would not be possible. One alternative is thus to use some
fixed value for z to determine the quadrature rule.

For Hermitian A, there is in fact no need for any distinction between the two algo-
rithms. We could just change Line 4 to evaluate f instead of £{ f }. Then Algorithm 4
can still be used for Laplace transforms. It is, however, also applicable to complete
Bernstein functions: We only need to pass — f instead of f I Lf f } does not exist,
then we can pass — f (t +¢€). A black-box quadrature rule has less trouble with that
function and it is a good approximation if f is continuous and ¢ is small enough. We
try this in Section 4.3.5.
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4. Restarts for Laplace transforms

4.3. Numerical experiments |I: Comparison to other methods

We now want to verify whether we can implement the restarted Arnoldi method for
Laplace transforms in an efficient and stable way. We also want to compare if our
approach yields any benefit compared to the alternative algorithms:

o Even if f(s) is not a Stieltjes function, we might be able to use the algorithm
from [40] after some modification. For example, h(s) = f(s)s~! is a Stieltjes
function for many complete Bernstein functions f(s), see Theorem 2.36.6 If A
is non-singular, we can write f(A)b = h(A)(Ab) and need to evaluate a matrix
Stieltjes function.”

e In the Hermitian case, we do not have to rely on restarts at all since we can use
the two-pass Lanczos method, which we described at the end of Section 2.4.1.

We report the results of numerical experiments that are obtained from our imple-
mentation. Sections 4.3.1 and 4.3.2 concern Laplace transforms. In Section 4.3.3, we
treat a two-sided Laplace transform. Lastly, we apply our algorithm to two complete
Bernstein functions in Sections 4.3.4 and 4.3.5.

All experiments are calculated in MATLAB R2021a [68] on a laptop with Intel®
Core™ i7-8650U and 16 GB. For the algorithm for Stieltjes functions from [40], we use
the MATLAB package funm_quad® [42].

As target precision tol for the relative error norm, we choose tol = 1077. The
absolute and relative error tolerance ¢4 for the quadrature rule is set to eq = 1073 .
tol = 107!%. The same is done for the tolerance e for the spline refinement from
Section 4.2.2, 5 = ¢4 = 10719, Unless otherwise noted, we use a restart length of
m = 50 for Hermitian matrices and m = 20 for other matrices. For the two-pass
Lanczos method, we check for convergence every m steps to make it comparable—
at least to some extent—to the restarted algorithms. We base our discussion on [L,
Section 6], where we have already published these experiments (except for those in
Section 4.3.5). Accordingly, we reuse the data for generating the plots.

4.3.1. Fractional negative power less than —1

This subsection is based on [L, Section 6.1]. As a first function, we choose f(s) = s~3/2
as a fractional power less than —1. By Example 2.9, we know that

f(s) = 5732 = j%z:{ﬁxs)

5 As mentioned there, this holds for all complete Bernstein functions for a more general definition of
Stieltjes functions.

"In some sense, this is possible even for singular A, see Remark 4.23.

8available at http://www.guettel.com/funm_quad
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4.3. Numerical experiments I: Comparison to other methods

with a{v/t} = 0. The function f(¢) = v/ is not a Laplace transform and thus f is not
a Stieltjes function. However, we saw in Example 2.30 that

h(s) = f(s) -5 = s~ /% = =) /0 h \/E(t1+) dat

is a Stieltjes function. Consequently, we can evaluate f(A)b by first solving x = A~'b
using CG? or GMRES and then evaluating h(A)z with funm_quad. For CG and GM-
RES, we use the built-in MATLAB functionalities. We choose a smaller target preci-
sion of 1072 - tol = 107 for the residual norm in these methods. This ensures that
funm_quad can achieve a precision of tol even with the initial error for A~!b present.

As the Hermitian test matrix, we choose the 3D Laplace operator from Section 3.3.3:

AL, = A1 DAL D A ERN?)XNB, Al = h h GRNXN,

1 2

where @ denotes the Kronecker sum. For a non-Hermitian matrix, we use the con-

vection-diffusion operator with first-order upwind discretization from Section 3.3.2, but

we extend it to three dimensions. With the step size h = (N + 1)~! for a square grid

of size N on the unit cube, the direction vector [1,—1,1] and a diffusion coefficient of
€ = 1073, this results in the matrix

1
Acp = ch A +h Ay @ AT @ Ay € RVDN 4, — |71 ‘ e RVXN,
1
We choose
. N . T . Nmi 7 N
b=v®v®v Wlth’lj—; [SIH(N—I—l)"”’Sln(N—i—l) eR
in the Hermitian case and b = [1,...,1]T € RV ® in the non-Hermitian case. In our

experiments, we vary N from N = 20 to N = 100 in steps of 10, which leads to
matrices of sizes n = 8000 to n = 10%. Note that for both A;, and Acp and for all
values of N > 1, the numerical range lies strictly in the right half plane. This means
our new algorithm can be applied.

Figure 4.1 shows how many matrix-vector products each of the three algorithms
perform before reaching the target precision. We see that we need significantly fewer

9Note that a{f} = 0 implies that A has to be positive definite, anyway.
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Laplace op. A, (m = 50) conv.-diff. op. Acp (m = 20)
1 1 T T s T T T T T
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oH [ | |
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Figure 4.1.: Number of matrix-vector products (“matvecs”) for approximating A~%/2b.
“Laplace” denotes Algorithm 4. “Stieltjes” is the combination of funm_quad
with CG (left) or GMRES (right). The small numbers above the dashed line
indicate which fraction of the overall number of matrix-vector products is
computed in the first phase, i.e., in the CG or GMRES method. “Lanczos”
denotes the two-pass Lanczos method. The restart length is m.

matrix-vector products using directly the Laplace transform (our algorithm) than the
detour via the Stieltjes function (CG/GMRES and funm_quad). It turns out that our
algorithm (for f(s)) and funm_quad (for h(s) = f(s)-s) perform quite similarly and that
the difference in matrix-vector products is mostly due to the CG or GMRES method.
To illustrate this, we include the ratio of the matrix-vector products that are caused by
CG or GMRES to the total amount. They are listed above each data point in Fig. 4.1.
One interpretation is thus that we can save some matrix-vector products by unifying the
initial solving of a linear system with the evaluation of the matrix function into a single
algorithm. The two-pass Lanczos method also needs more matrix-vector products than
Algorithm 4 for N < 70. However, this is not the case for N > 70 so it might not be a
systematic observation.

In Fig. 4.2, we show the convergence curves for N = 100 (after the initial CG/GMRES
phase). They further illustrate that Algorithm 4 and funm_quad by themselves behave
similarly to each other while the two-pass Lanczos method exhibits a better asymptotic
rate of convergence.

The overall smaller number of matrix-vector products for our algorithm compared to
the “Stieltjes” case is not caused by a general loss of the achieved accuracy. We back
this up by plotting the achieved relative error norms in Fig. 4.3.

We now want to illustrate that we implemented our algorithm efficiently in the sense
that the computational cost is O(n), where n = N3 is the size of the matrix A. We plot

100



4.3. Numerical experiments I: Comparison to other methods

Laplace op. A, (m = 50) conv.-diff. op. Acp (m = 20)
T T - - T T T T
—o— Laplace
g -EF funm_ quad
sg 10-2 1 -A-- Lanczos
—
S
bt
g
Z 105 ) |
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N R e N
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1078 L I I I I 1L i i i ]
0 200 400 600 800 0 100 200 300 400

matvecs matvecs

Figure 4.2.: Convergence curves for A=3/2b with Algorithm 4 (“Laplace”) or the two-
pass Lanczos method (“Lanczos”) and for A='/2¢ where ¢ = A~'b, with
funm_quad. N = 100. The restart length is m.

Laplace op. Ar, (m = 50) conv.-diff. op. Acp (m = 20)
10762 T T T 1 F T T ]
T S N | S ot
= £ @ E 6‘ 1 F o o E
2 - ° 8 98 4Ajf g®mo_° o
5 10 8 A L R |
5 é ? a | N |
g 100"
p= 5 OLaplace || | ]
g 107101 [ Stieltjes [{ E 4
FA A A ALanczos || |

10—11 | | | I I | | | | |
20 40 60 80 100 20 40 60 80 100

N N

Figure 4.3.: Accuracy at termination when approximating A~3/2p. “Laplace” denotes
Algorithm 4. “Stieltjes” is the combination of funm_quad with CG (left)
or GMRES (right). “Lanczos” denotes the two-pass Lanczos method. The
restart length is m.
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Laplace op. Ay, (m = 50) conv.-diff. op. Acp (m = 20)
20 I I I [ [ T T T T T T
—©— Laplace A
1 -EF Stieltjes . A
5 - A Lanczos L

time/s

N3/10° N3/10°

Figure 4.4.: Execution times when approximating A~3/2b for varying matrix sizes N°.
“Laplace” denotes Algorithm 4. “Stieltjes” is the combination of funm_quad
with CG (left) or GMRES (right). “Lanczos” denotes the two-pass Lanczos
method. The restart length is m.

the execution times for the various sizes in Fig. 4.4. We see that the resulting curve
becomes linear for increasing n (neglecting some inaccuracy in measurement), which
confirms our claim. We also observe that the execution time correlates with the number
of matrix-vector products: Algorithm 4 needs less time than funm_quad in all examined
cases. Of course, execution times are highly dependent on the implementation, so one
should not derive general statements from Fig. 4.4.

Lastly, we want to confirm that our choices for the restart length m are not only
common but indeed appropriate. In Fig. 4.5, we show the execution times for varying
values of m for N = 100. A larger restart length can improve the rate of convergence,
which should yield a smaller execution time. This can be indeed observed in the Hermi-
tian case Ar,. However, in the non-Hermitian case Acp, a larger restart length increases
the cost for the Arnoldi process: The next basis vector for the Krylov subspace needs
to be orthogonalized against all previous ones, so one wants to keep the number of basis
vectors (i.e., the restart length) small.

4.3.2. Fractional diffusion processes on graphs

Next, we choose a more practically relevant Laplace transform (based on [L, Sec-
tion 6.2]). In fractional diffusion processes, one is interested in

exp(—7L*)b, «€(0,1), 7 >0,

see, e.g., [11]. The matrix L here is a graph Laplacian, i.e., given an undirected graph
G, we have L = D— A, where D is the diagonal matrix of degrees and A is the adjacency
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Laplace op. Ay, conv.-diff. op. Acp
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Figure 4.5.: Execution times when approximating A—3/2b for varying restart lengths m
and N = 100. “Laplace” denotes Algorithm 4. “Stieltjes” is the combina-
tion of funm_quad with CG (left) or GMRES (right). “Lanczos” denotes
the two-pass Lanczos method. Note that for two-pass Lanczos, m specifies
that the stopping criterion is checked every m iterations.

matrix. We choose a = %, which leads to

T exp(—72 5
79 = exp(-rvs) = 5 e (PETIEN 9. agfy o

see, e.g., [25, Table of Laplace Transforms, No. 49].

Remark 4.22. As a generalization of Example 2.37, the function s* with a € (0, 1)
is a complete Bernstein function, see [80, Section 16.2, No. 1]. On one hand, this
implies that f(s) = exp(—7s®) is a completely monotone function by Theorem 3.7 in
[80]. On the other hand, every completely monotone function can be expressed by
a Laplace transform if one allows more general measures than the Lebesgue measure
([80, Theorem 1.4]). It follows that exp(—7s®) is a Laplace transform for all values of
a € (0,1). We choose a = % because a closed-form expression for the inverse Laplace

transform f is available for this value.

We want to use funm_quad again for comparison: The function h(s) := (f(s) —1)s™*
has the integral representation

s) — 0 sin(7v/—
= L1 [0 L sinlryT)

- S t—s 7t

dt,

—00

see [28, Example 1]. Theorem 2.67 gives an integral representation of the error functions

103



4. Restarts for Laplace transforms

Table 4.1.: Number of nodes and edges of the largest connected components. The
graphs were obtained from [24].

Name nodes edges

usroads-48 126 146 323900
loc-Gowalla 196591 1900654
dblp-2010 226413 1432920
com-Amazon 334863 1851744

for this kind of integral.!® Furthermore, simply switching the sign of the integration

variable yields
o= [ a gy = T,
0 S+ t Tt

While h(s) is not a Stieltjes function since p(t) # 0, we can still use funm_quad to
evaluate f(L)b = h(L)(Lb) + b.

We choose the largest connected components of four real-world graphs from the
SuiteSparse Matrix Collection [24] to construct the Laplacian matrix L. The graphs
are listed in Table 4.1 together with the number of nodes (i.e., the size of L) and the
number of edges (i.e., the number of non-zero, non-diagonal elements of L) of their
largest connected component. Moreover, we chose b to be e; orthogonalized against
[1,...,1]T € R", see Remark 4.23 below. We present the convergence curves for 7 = 1
in Fig. 4.6. We observe that computing f(L)b with Algorithm 4 needs significantly
fewer matrix-vector products than via funm_quad; in one case even less than half. The
two-pass Lanczos method performs even better except for the graph “dblp-2010”.

Remark 4.23. Note that our matrices are positive semidefinite, i.e., they have 0 as
an eigenvalue. This means that, in principle, the matrix h(L) is undefined. Moreover,
a{f} =0, so the requirement

a{f} < min Re(s
(7} < _min Re(s)
in Theorem 4.2 is not fulfilled. From this point of view, neither Algorithm 4 nor
funm_quad should be applicable. However, we can effectively remove the zero eigenvalue
by so-called desingularization, which we shortly explain in the following.

We used here implicit desingularization as described in [11, Section 5.2]. We orthog-
onalized the vector b = e; against the eigenvector v = [1,...,1]T € R™ corresponding
to the eigenvalue 0. This resulted in the new vector

v'b

b=b— —u.
n

0Note that Theorem 2.67 does not guarantee that the integral representation exists; in our case, this
is guaranteed by [81, Proposition 3.8], however.
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Figure 4.6.: Convergence curves for approximating exp(—ﬁ)b. “Laplace” denotes Al-

gorithm 4. “Stieltjes” refers to the final error obtained by using funm_quad
for h(L)(Lb) in exp(—vL)b = (h(L)L + I)b. “Lanczos” denotes the two-
pass Lanczos method. The restart length is m = 50.
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4. Restarts for Laplace transforms

It can be shown (see [11, Theorem 5.1]) that a Krylov subspace method for f(L)b
then yields the same result as for the projected expression Qf(QTLQ)(QTb), where the
columns of @ € C"*(®=1) form an orthonormal basis for the complement of span(v).
In other words, by ensuring that the right-hand side is orthogonal to the nullspace of
the matrix, we effectively solve the problem within its range instead of the whole space.
The eigenvalue 0 is not present in this subspace.

Note that one can easily retrieve f(L)b after desingularization: If one has evaluated

~ v'b
()b = f(L)p -2 (L,

one just needs f(L)v, which simplifies to f(0)v since v is an eigenvector of L.

4.3.3. Gamma function

As an example of a two-sided Laplace transform, we present experiments involving the
gamma function

f(s)=T(s) = /000 ¥ Lexp(—z)dz, Re(s) >0,

cf. [L, Section 6.3]. The computation of the matrix gamma function has recently received
attention in [19, 72]. To show that I'(s) is indeed a two-sided Laplace transform, we
use the fact that © = exp(log(z)) for > 0 and then the transformation ¢ = — log(x).
This results in

I'(s) = /000 exp((s — 1)log(z)) exp(— exp(log(z))) dz
= /OO exp(—st) exp(— exp(—t)) dt

— L{exp(—exp(—1)}(s) + L{exp(— exp(t)}(—s),

which is the two-sided Laplace transform of ft) = exp(—exp(—t)). For the region of
existence, we have a{f} = 0 by Lemma 2.6 since w{f} = 0 and

N I _ [texp(-z) ,
£{f}(0)—/0 exp(— exp( t))dt—/o Py = .
Moreover, a{f(—t)} < w{f(—t)} = —oco. In summary, the gamma function I'(s) can

be represented by a two-sided Laplace transform in the half-plane Re(s) > 0.

We implemented Algorithm 4.5 combined with Algorithm 4.1 of [19]. This way we
can compute I'(A) directly and thus determine the error for I'(A)b in our experiments.
However, this approach scales like O(n?), where n is the size of A, so it becomes
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4.3. Numerical experiments I: Comparison to other methods

Laplace op. Ay, (m = 50) conv.-diff. op. Acp (m = 20)
I I I T T T T T T T T T
800 || —o— Laplace -
-A-- Lanczos 300 |
600 |- -
n
S
T 400 | 120 |
g
200 | 4 100 i
0 | | | | | | 0 | | | | | |
20 40 60 80 100 120 20 40 60 80 100 120
N N
Figure 4.7.: Number of matrix-vector products for approximating I'(A)b. “Laplace”

denotes Algorithm 4. “Lanczos” denotes the two-pass Lanczos method.
The restart length is m.

prohibitively expensive for large values of n. We restrict ourselves consequently to the
2D versions of the matrices Ay, and Acp from Section 4.3.1, i.e., we use

AL = A @ A e RNV
Acp = eh 2Ap + h™ YAy & AT € RV XV?
Both matrices are again positive definite, so we can apply our Algorithm 4 for both
L{f}(A)b and L{f(—t)}(—A)b. We choose b= [1,...,1]T € RN" and let N vary from
20 to 120, which results in n varying from 400 to 14400.
The number of required matrix-vector products and the achieved accuracy are plotted
in Figs. 4.7 and 4.8. While the two-pass Lanczos method requires fewer matrix-vector

products for larger sizes of Ay, we conclude that our algorithm can be employed for
two-sided Laplace transforms.

4.3.4. Square root

The first complete Bernstein function we treat is the square root

s) = s:L h — exp(—ts))t /2
F5) = V= 5o [ (= et 2t

see Example 2.37. We base our discussion on [L, Section 6.4]. The action of the square
root f(A)b has several applications including machine learning [76], sampling from
Gaussian Markov random fields [59] and preconditioning [7].
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4. Restarts for Laplace transforms

Laplace op. A, (m = 50) conv.-diff. op. Acp (m = 20)
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Figure 4.8.: Accuracy at termination when approximating I'(A)b. “Laplace” denotes
Algorithm 4. “Lanczos” denotes the two-pass Lanczos method. The restart
length is m.

We apply Theorem 2.7 to determine a{tf(t)} = a{t~'/?}: We know that

t
/ 224, = 2/t

0

and w{v/t} = 0. It follows that a{tf(¢)} = 0. This means we can compute the action
of the square root for positive definite matrices using Algorithm 4, see Lemma 4.10.
For comparison, the package funm_quad can also be used: We evaluate h(A)c = f(A)b,
where h(s) = s~'/2 is a Stieltjes function (see Example 2.30) and ¢ = Ab.

We choose again the 3D versions of the Laplace operator A, and the convection-
diffusion operator Acp from Section 4.3.1 and b = [1,...,1]T € RY*. The number of
matrix-vector products and the achieved accuracy are plotted in Figs. 4.9 and 4.10.
While the effect is not as strong in the non-Hermitian case, we see once again that
Algorithm 4 needs fewer matrix-vector products than the detour via funm_quad. This
time, it even needs fewer products than the two-pass Lanczos method (except for N =
90). Note, however, that the difference is usually only m products. As only multiples
of m are possible for the reported number of products, this might not be significant.

4.3.5. Entropy

Let A € C™™ be a density matrix, i.e., A is Hermitian positive semi-definite with
trace(A) = 1. The (von Neumann) entropy of A is then given by trace(—log(A)A). As
is mentioned in [10], the entropy appears in several fields including quantum statistical
mechanics and network science, see the references in [10]. One often approximates it
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4.3. Numerical experiments I: Comparison to other methods

Laplace op. A1, (m = 50) conv.-diff. op. Acp (m = 20)
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Figure 4.9.: Number of matrix-vector products for approximating AY/2b. “Laplace”
denotes Algorithm 4. “Stieltjes” is funm_quad for A~Y2¢ with ¢ = Ab.
“Lanczos” denotes the two-pass Lanczos method. The restart length is m.

Laplace op. Ay, (m = 50) conv.-diff. op. Acp (m = 20)
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Figure 4.10.: Accuracy at termination when approximating A/2b. “Laplace” denotes
Algorithm 4. “Stieltjes” is funm_quad for A=/2¢ with ¢ = Ab. “Lanczos”
denotes the two-pass Lanczos method. The restart length is m.
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4. Restarts for Laplace transforms

by

¢
trace(— log(A)A) ~ — Z v} log(A) Av;
i=1

with so-called probing vectors v; and ¢ < n. If we write b = Aw;, then we can easily
evaluate the term viT log(A)b with our restart method by applying it to

f(A)b =log(A)b.

This is possible because the logarithm is a complete Bernstein function with

log(s + 1) = /0 00(1 —exp(—ts))f(t)dt, f=exp(—t)t™"

according to [80, Section 16.4, No. 26].

Note that the integral representation above gives log(A + I)b whereas we want
log(A)b. One might be tempted to define M = A — I and then compute log(M + I)b =
log(A)b. However, the matrix M has negative eigenvalues. Theoretically, this is not
a problem because a{texp(—t)t~'} = a{exp(—t)} = —1. Moreover, M can have —1
as an eigenvalue only if A has 0 as an eigenvalue. We use implicit desingularization as
in Remark 4.23 since b = Awv;, thus 0 is effectively not present. In practice, however,
negative eigenvalues can lead to numerically difficult integrals.

Luckily, the exponential function exp(—t) represents a shift in the context of Laplace
transforms. Indeed, since

AV = Vi Hpy + b1 mOmsrey, = (A — DV = Vi (Hp — 1) + Byt mOms 1€,

we have

LY () = /OOO exp(—H(A 1) /OOO FO( + el exp(—r(HY — D)ey drdt

= / exp(—tA) / (t+7)"te] exp(—TH Ve, dr dt
0 0
= L{F®}(4),

where F(t) = f(t)exp(t) = t~! and F'?® follows formally by restarting £L{F}(A)b. In
other words, the term exp(—t) in f and the shift —I for our matrix cancel each other
out after the first cycle. Before that, i.e., in the first cycle, we do not need the integral
representation since we restricted ourselves to Hermitian A. Accordingly, we can work
directly with F' = ¢! and A.

We use the implementation that is meant for Laplace transforms as explained in
Section 4.2.4, i.e., we pass f(t) ~ —(t +¢)~! with e = gq = 10710, As test matrices, we
choose the graph Laplacians of Section 4.3.2 but normalize by dividing by their traces
so that the resulting matrices are density matrices, i.e., A = trace(L) L. We also
choose ey as probing vector, which means b = Aey. The results are plotted in Fig. 4.11.
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4.3. Numerical experiments I: Comparison to other methods
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Convergence curves for approximating log(A)b. “Laplace” denotes Algo-

rithm 4. “Stieltjes” refers to the final error obtained by using funm_quad
for h(M)c with h(s) = log(s)s™, M = A — I and ¢ = Mb. “Lanczos”
denotes the two-pass Lanczos method. The restart length is m = 50.
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4. Restarts for Laplace transforms

In the previous examples, our algorithm often needed more matrix-vector products
than the two-pass Lanczos method. This time, however, we observe that the con-
vergence rate does not worsen much when restarting: Except for usroads-48, the kth
approximation of Algorithm 4 is only marginally worse than the kth approximation of
the two-pass Lanczos method. As the latter needs to perform every matrix-vector prod-
uct twice, Algorithm 4 thus requires only around half as many matrix-vector products.
We also observe that the approximation ¢t~! ~ (¢ + ¢)~! did not prevent Algorithm 4
from reaching the target accuracy.

We tried using funm_quad as well: The function h(s) = log(s + 1)s~! is a Stieltjes
function and we can write log(A)b = h(M)(Mb). We observe in Fig. 4.11 that the first
cycle yields an approximation with a similar error to the other two methods. After that,
it fails to improve it, however. A numerical investigation by Marcel Schweitzer (personal
communication, University of Wuppertal, Feb 2023) revealed that this is mostly due to
the combination of the spectrum of M and the quadrature in funm_quad: Since

1 o0
og(s+1) _ / 1 ar,
S 1 t(t + S)

the error function is
k

FOHD (6) = (—1)F (ﬁ h;ﬁlym) /100 ¢! (H »$) (t)) (s+t)Ldt
j=1

J=1

with w%) (t) = e;(Hg) +tI)~ ey, cf. Theorem 2.68. The matrices A have eigenvalues
only close to 0 and so the eigenvalues of M and subsequently of Hr(,{) are all close to —1.
This means that 11},(13;) (t), (t +s)7! (with s = Hy(,fﬂ)) and consequently the integrand
have significant values only for t ~ 1. The quadrature rule in funm_quad does not
detect this and thus yields a value close to 0 for the integral.!! This results in updates
too small to change the error norm significantly.

4.4. Error bounds

In Section 4.1, we developed a new representation for the error of restarted Arnoldi
for Laplace transforms. We also explained that it can be used to construct an efficient
restarting algorithm in Section 4.2. However, we do not know yet whether the approx-
imation dgf) of our algorithm will become arbitrarily close to f(A)b if we just invest
enough restart cycles, i.e., whether our algorithm converges.

Therefore, we present a new a priori error bound for Laplace transforms. A classical
result (see Lemma 2.6) about Laplace transforms is that £{f}(s) with f € LL (RY)

exists if w{f} < Re(s). That is, if there are T, ¢ and w large enough such that

()] < cexp(tw)

"Before computing the GauB-Laguerre quadrature rule, funm_quad applies a transformation to the
integral, see [40]. This transformation does not change the argument, however.
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4.4. Error bounds

for almost all ¢ > T, then L£{f}(s) < oo for every s with w < Re(s). Our bound is
based on the following idea: We split the integral £{f}(s) at this T, i.e.,

C{f}(s) = /O " exp(—ts) f(t) dt

T R A
:/ exp(—ts) f(t) dt+/ exp(—ts)f(t)dt
0

T
= E{fX(QT)}(S) + ﬁ{fX(T,oo)}(S)‘

We consider three cases:

« The first case regards functions of the form £{f X(0,7)}(8). Such a function is an
entire function, see Corollary 2.21. Thus, we expect superlinear convergence by
Theorem 2.70. We derive explicit representations for the involved constants in
Section 4.4.1.

« In Section 4.4.2, we consider functions £{f}(s), where f(t) can be exponentially
bounded for ¢ > 0. Since £{exp(tw)}(s) = (s —w) ! (see Example 2.9), we should
be able to apply knowledge about shifted linear systems. This case also includes
functions L{fX(T,oo)}(S)v where f(t) can be bounded only for ¢ > T.

e The more general case described above is obtained by combining the two cases.
We present the main result in Section 4.4.3. Similarly to Theorem 4.2, it can be
easily extended to complete Bernstein functions.

Afterward, we also shortly explain how an a posteriori error bound can be computed
in Section 4.4.4. Before we start, we want to mention that under mild assumptions we
can also show that the error cannot increase:

Lemma 4.24 ([26, Remark 1]). Let A be Hermitian. Letf(t) be real and have constant
sign. The error for the restarted Arnoldi method for L{f}(s) satisfies

1e®lz < [1€®) 12
fork>1 and m > 2.

]? roof. The case k = 1 is proved in [26, Remark 1]. Tbus, it suffices to show that
f*+1) g real and has constant sign if the same holds for f (k) The rest follows then by
induction. By definition of f*+1)

FEO0 = [T F 7)),
0

we see that we need to investigate ¢g(¥). Because A is Hermitian, we know that ¢(*) is
real and has constant sign; we show this later in Lemma 4.28. Consequently, the same
holds for f++1)(¢). O
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4. Restarts for Laplace transforms

4.4.1. A priori bound I: Finite integration interval

While we know from Theorem 2.70 that the error for £{ fX(o,T)}(S) converges super-
linearly, we want to include the dependence of T. We first describe an error bound for
the exponential function in Lemma 4.25 and then integrate it in Lemma 4.26.

Lemma 4.25 (cf. [30, Theorem 4.2]). Let ygf) (t) be the approximation to exp(—tA)b
from the restarted Arnoldi method. Let T be a closed contour enclosing W(A). Denote
by ¢(T') its length, by dist(T', W(A)) > 0 its distance to W(A) and by & = minger Re(s)

its smallest real part. Then

(C t)km

Jexp(—£A)b ~ yi (D)l < bl12Co "

exp(—tf),

where

(T)
27 dist(T, W(A))’
Proof. The statement is essentially [30, Theorem 4.2]. To see the dependence on ¢,
we have to modify their proof. First note that ygi) (t) = ¢:(A)b by Lemma 2.65.
(As a reminder, the polynomial ¢ is the Hermite interpolating polynomial that in-
terpolates exp(—ts) at the spectrum of Yy, as given in Lemma 2 65.) This means

Co = Cy = max|s| + p(A).
sel’

we can write the error as a new matrix function exp(—tA)b — y ( ) = fi(A)b with
fi(s) = exp(—ts) — qi(s). This function is an entire function (since the exponential
function and any polynomial are entire functions), so we can represent it using the
Cauchy integral formula (see Definition 2.57) and obtain

Jexp(~t4)b — 4D (1), = H% [ 61 = A bfits) sl

< 5= [T = A bl (o) as

16l2 /
<
~ 2 dist(I, W(A [fi(s)l ds.

We used ||(sI — A) 7|2 < dist(I, W(A))~! from [30, Eq. (4.14)] for the last inequality.
Now, assume that the Hermite interpolating polynomial ¢;(s) can be written as

km
$) =Y Mp,. g {exp(—ts)}-(s—01)... (s — 0;-1),
j=1

where 6; are the eigenvalues of Hr(,fb) for i =1,....k and Ap, g {exp(—ts)} are the
corresponding divided differences. The fact that ¢;(s) can be represented in this form
is proved later in Lemma 4.26. A well-known result regarding polynomial interpolation
is that this implies
km
fi(s)] = 1Ap,....00,.{exp(=ts)} T [Is — 051,

j=1
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4.4. Error bounds

see, e.g., [16, Chapter I, Theorem (14)]. The divided difference can be bounded by

km

exp(—ts)|

(km)! glea5¥| dskm

km

= —t
o P,
where € is the convex hull of T', see, e.g., [56, Eq. (B.28)]. Since the eigenvalues 6; are
contained in W(A), we can bound the absolute value of the so-called nodal polynomial
by

[Aoy....00m,s11€xXP(—t8) }| <

km km
[TIs—6;1 < TT0sl+16;)) < ™
=1 j=1

The remaining integral can thus be bounded by

km
/F|ft(3)\d3 = /F|A[91,...,okm,s}{exp(—ts)}|jl;[lys —0,|ds
km km
< ((C]:::L)‘ exp(—tf)/rds = %exp(—tﬁ)é(f‘). ]

In the above proof, we assumed that the Hermite interpolating polynomial ¢ from
Lemma 2.65 can be written in the form of Lemma 2.56. This is indeed true. While not
a new result, it is usually only mentioned en passant, so we give a short proof:

Lemma 4.26. The polynomial q from Lemma 2.65 can be written as
km
q(s) = Z N, ,.ogtft-(s=01)...(s—0;-1),
j=1

where 0; are the eigenvalues of J2) fori=1,....k and Ap, o {f} are the corre-
sponding divided differences.

Proof. Note that Yy, is block lower triangular so its eigenvalues are the eigenvalues
of its diagonal blocks Hy(,?. Thus, we only need to show that the indices of 6; coincide
with their algebraic multiplicities because of Lemma 2.56. As Yy, is also an upper
Hessenberg matrix, we easily see that rank(Yy,, — sI) > km — 1 by considering the
sparsity of the columns; a zero entry on the subdiagonal is not possible as otherwise the
Arnoldi process would have broken down, see Lemma 2.63. It follows that the geometric
multiplicity of every eigenvalue of Yy, is (at most and thus equal to) 1. Respectively,
there is only one Jordan block for each distinct eigenvalue and the indices coincide with
the algebraic multiplicity. O

As mentioned before, we obtain an error bound for the first case, i.e., L{f X0,1)}(5),
by integrating over the result of Lemma 4.25:
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4. Restarts for Laplace transforms

Lemma 4.27. Let f € LY([0,T]). With the definitions of Lemma 4.25, the error of the
restarted Arnoldi method for the function L{fxor}(s) satisfies

(CyT)Fm
(km)!

Proof. Starting from the definition of the error

ety 12 < [1B]|2Co L{If X1} )-

(k) — ooex f
elt /0 (exp(—tA)b — y®) (1) F(t)x 0.7 .

we have

le®l, < / lexp(—tA)b — y® (0)|la| £ (1) dt.

The lemma now follows easily by inserting Lemma 4.25 and noting that t*™ < TF™ [

4.4.2. A priori bound II: Exponentially bounded integrand

Next, we consider the error for functions of the form £{f}(s), where |f(t)| < cexp(tw)
for almost all ¢ > 0. We use that the exponential bound is preserved after restarts,
which we prove in Lemma 4.29. For this, we need an auxiliary result that we have
already used in Lemma 4.24:

Lemma 4.28. Let A be Hermitian. Then g®)(t) = (=1)™ ' g®)(t)| for k > 1 and
t > 0. In particular, g*%) (t) is real and has constant sign.

Proof. Interpreting cycle k as a separated start of the restarted Arnoldi method, we
can set T, = H,(,f ), Thus, Lemma 4.26 can be applied to Hﬁf ), which results in

m 7j—1
gW(r) = e}, exp(—rHP)e; = Z Mp,...0,{exp(—75)} - €], (H(H,Sf) - 911))61,
= i=1

where 0; are the eigenvalues of H,(,Zf). Note that eL(Hgf))j_lel and by extension the
expressions

el (ﬁ(H},’f) — GiI))el
i=1

vanish for 0 < j — 1 < m — 1 because of the sparsity of the matrix Hgf). Thus, g%
simplifies to
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4.4. Error bounds

Similarly, it is straightforward to see
m—1
T k)ym— k
en ()" er = T 1ty

which is positive. The divided difference, on the other hand, can be expressed as

m—1

B {exP(=T8)} = (1" s exp(—7E)

for some £ € W(Hp, (*) ) due to HW being Hermitian, see [56, Eq. (B.26)]. It follows that
g®) (1) = (=1)™ 1|g (k) (7)| since all terms besides (—1)™~! are non-negative. O

Lemma 4.29. Let |f(t)] < cexp(tw) for almost all t > 0. Let further A be Hermitian
and its smallest eigenvalue Ay > w. Then

k
fEV )] < cexp(tw) [ 105 (—w)

j=1

for all t > 0 with w%)(_w) —e (H(k) wI)

m

Proof. The proof follows by induction. The case k = 0 is trivial by hypothesis. Now,
assume that the equation holds for k — 1, i.e.,

k—1
|fP )] < cexp(tw) [TIvH (—w)l.
j=1

By definition of f*+1) it follows

FED@)] < /Oolf(k)(ﬂrf)l!g('“)(f)!df

0

< cexp(tw) HWU ]/ exp(Tw)|g® ()| dr. (4.7)

The induction process and thus the proof concludes if we can bound the integral in

Eq. (4.7) by |77Z)7(ff)(—w)|. We know that g(¥)(7) has constant sign by Lemma 4.28. It
follows

/OOO exp(rw)|g® (r)| dr = ‘/OOO exp(w)g®) (7) dr

/ exp(Tw)e) exp(—rH®)e, dr
0

= leq Lr{exp(rw) HHG er| = [0 (—w)l,
(k)

where the Laplace transform exists for Hy,

because Amin > w. O
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4. Restarts for Laplace transforms

We have already seen the term wﬁ,?(o) when characterizing the residual of FOM in
Lemma 2.74. We now relate the error for Laplace transforms to the error of FOM via

the terms 1/17(;1) (—w). The reader is reminded that FOM coincides with CG for Hermitian
positive definite matrices.

Lemma 4.30. Let A—wl be Hermitian positive definite and Amax be the largest eigen-

value of A. Let rgf)(—w) and e,(7]§)(—w) denote the residual and error of restarted
FOM/CG applied to the matriz A — wl and right-hand side b. Then

k
1Bllz [T 52 1 ol (—)] = 175 (~w)ll2 < v Anax — @ €8 (—w)ll 4wt
j=1

with w%)(—w) = e;(Hr(r’f) —wl)" ey as before.
Proof. The equality follows from combining the last equation on p. 1608 in [39] with

Eq. (3.20) in [40]. It also follows from applying Lemma 2.74 recursively by noting that

the elements h% t1,m are not influenced by the shift —wl. This can be seen by using

the Arnoldi relation Eq. (2.3):

(A—whV® = AVE) _ uy®) = yR k) 4 50 vﬁfjile; —wV )

m+1,m

VI - wn) 41, ol

The inequality follows from the simple relation rﬁ,’f)(—w) =(A—-wl )egi)(—w) and the
bound [|(A — wI)Y?|l3 < Amax — w, i.e.,

i) (=w)ll2 = (A = wh)/2(A = wD) el (~w)ll2
< VAmax — w [|€, k) w)[|a-cr- O
With this result, we now obtain the following error bound.

Lemma 4.31. Let f € LI (RY) with |f(t)] < cexp(tw) for almost all t > 0. Let A
be Hermitian apd its smallest eigenvalue Amin > w. The error of the restarted Arnoldi
method for L{f}(s) satisfies

k(A — wl)

min —

letll2 < [[bll2c el (—w) [l a-wr,

(k)

where K(A—wlI) is the condition number of A—wlI and €y’ (—w) is the error of restarted
CG for the matriz A — wl.

Proof. We know that

k
o4 = 1ol (T 1 ) £ )0
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4.4. Error bounds

from Corollary 4.8. We have ||exp(—tA)v£Szrl|| < exp(—tAmin) as '052_1 is of unit norm.

(k)

Taking the norm of the error 5, and inserting this yields
koo o i R
el < 116lla (TT 7% 1.) /0 lexp(—tA)oik o 74D (1)) dt
7j=1
k

< 0l (T 1) 241713 ).

j:

We now replace |f(k+1)| by the bound from Lemma 4.29 to obtain

k
le® 2 < el (TT %1l (~)] ) £{exp(t) i)

J=1

By hypothesis, we have A\pin > w, so the Laplace transform L£{exp(tw)}(Amin) = (Amin—
w)~ ! exists, see Example 2.9. Moreover, A—w]I is Hermitian positive definite (Apin—w >
0), so we can use Lemma 4.30, which yields

llem k)||2 < ||bll2¢(Amin — \/ max He k) w)|la—wr-

Since v/k(A — wI) = \/(Amax — W)(Amin — w)~ 1L, this proves the assertion. O

Any error bound for restarted CG can now be combined with Lemma 4.31 to show
convergence. We use Theorem 2.75.

Corollary 4.32. Under the assumptions of Lemma 4.31, the error satisfies

k(A — wl)

E)lly, < |16
lem’ll2 < [[bll2c SW—

'Ym(_w)k

with the constants

1 A—wl) -1

<1, q(-w)= al wl) .
VEA-—wl)+1

Proof. After inserting Theorem 2.75 into Lemma 4.31, we use

B[]

Amin — W

(=) = cosh(mlog q(—w))

I(A = D)™ 'blla—wr <

Y

see, e.g., [81, Eq. (5.12)]. O

Remark 4.33. Corollary 4.32 is similar to the error bound

||€ HZ < Hb||2\/“ (\/)‘minAmaX)'ym(tO)k

119



4. Restarts for Laplace transforms

for Stieltjes functions (Theorem 2.71) if both are applicable: Assume that Theorem 2.71
andACorollary 4.32 can both be applied, i.e., A is Hermitian positive definite and f(s) =
L{f}(s) is not only a Laplace transform but can also be written as

f(s)_/o"o Pt 4

t+ s

for p > 0. (In other words, f is a Stieltjes function.) Then we have f(t) = L{p}(t),
SO f > 0 for ¢ > 0. Moreover, since f (t) is a Laplace transform, we can choose w = 0
for an exponential bound, see [25, Theorem 23.7]. We insert this exponential bound,
which yields R

f(s) = L{f}s) < eL{1}(s) = es .
The term f(v/AminAmax) in Theorem 2.71 resolves to

f(\/>\min)\max) < C\/Amin)\maxil < C>\I;iln-
We also have v, (t0) < 7m(0) (see, e.g., [81, Proposition 5.6]). The bound in Theo-

rem 2.71 now gives
VE(A) k
m(0)",
o 1m(0)

min
which is exactly Corollary 4.32 for our choice w = 0. Thus, our bound can be interpreted
as a variation of Theorem 2.71 that applies to many Laplace transforms even if they
are not Stieltjes functions. The disadvantage is that it is less tight.

lell2 < l1bllz ¢

4.4.3. A priori bound Ill: Main case

We now turn our attention to the case where f (t) can be exponentially bounded only
for t > T for some T > 0 and otherwise is integrable.

Theorem 4.34. Let f € L'([0,T)) and |f| < cexp(tw) for almost all t > T. Let A
be Hermitian and its smallest eigenvalue Amin > w. The error of the restarted Arnoldi
method for L{f}(s) or for the complete Bernstein function with density 1/ (t) = f(t) in
Definition 2.34 satisfies

B, Ty —— k
< A VEA —wI) -
i < O G £ X0 HE) e o= (),

where the constants Cy, C1, & are as in Lemma 4.25 and vy (—w) < 1 is defined in
Corollary 4.32.

Proof. As mentioned at the beginning of the section, we split the integral at T: We
have

Il =1 | " (exp(—tA)b — 5 (0) F(1) i

T o)
<| /0 (exp(—tA)b — y® (1) f(t) el + | /T (exp(—tA)b — y® (1) £ (1) dt
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4.4. Error bounds

where ygi) is the restarted Arnoldi approximation to exp(—tA)b as in Lemma 4.25. The

first term is the error for £{ f X(07T)}(s), so we can apply Lemma 4.27. The second term
is the error for E{fX(T,oo)}(S)' Since |f(t)x(T,oo) (t)] < cexp(tw) for almost all ¢ > 0,
we can apply Corollary 4.32. Note that the same line of thought holds for complete
Bernstein functions. O

For some complete Bernstein functions the property f € L'([0,T]) is not satisfied.
For the error representation in Lemma 4.10, we showed that it is sufficient to consider
a{tf(t)} instead of a{f(t)}. We can similarly modify the above error bound:

Corgllary 4.35. Let the conditions of Theorem 4.34 hold, but instead off e L'([0, 7)),
let tf(t) € L'([0,T)). Then

g:) Ckakm 1 e p—
Hibulb < Co— o HHF o (1O + (VA —wl)

7m(_w)k-

Amin — W

Proof. We changed the properties of f only in [0, 7], so only the first term in the proof
of Theorem 4.34 is affected. The rest follows as in the proof for Lemma 4.27 with the
difference that we use tF™ < ¢TFm—1 instead of tF™ < Tkm, O

With Theorem 4.34 and Corollary 4.35, we have derived error bounds for many
Laplace transforms and complete Bernstein functions. Besides the requirements on
A, we only need an exponential bound for |f(¢)| that is valid almost everywhere. In
Section 4.5, we present such bounds for our previous examples from Section 4.3. This
shall serve as an illustration that our error bound covers many relevant cases. There
are, however, Laplace transforms and complete Bernstein functions that are not covered:

Take, e.g.,
=D 'XGg+y-» (1)
J=0

Then it is easy to see that |f(¢)| cannot be exponentially bounded but its Laplace
transform exists with a{f} < 0. This is implied by

o0

0 =30 [ =5 e <

7=0

where we interchanged the order of integration and (infinite) summation according to
[77, Theorem 1.27] for the first equality.

Remark 4.36. We used the smallest eigenvalue Apin of A in the previous proofs. It is
well-known that the Lanczos process captures an eigenvalue A only if the corresponding
eigenvector v is not orthogonal to b, i.e., if vHb # 0, see, e.g., [85] and cf. Remark 4.23.
Accordingly, one can replace Apmin by a larger eigenvalue if it is known that b is orthog-
onal to the eigenvectors corresponding to smaller eigenvalues. One sometimes works
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4. Restarts for Laplace transforms

with this “effective” smallest eigenvalue Apin ot (and the resulting effective condition
number) when analyzing the behavior of CG, see, e.g., [60, Eq. (8)]. It is easily verified
that this can be incorporated into our bounds.

4.4.4. A posteriori bound

The a posteriori error bound for Stieltjes functions from [41], see Corollary 2.73, can be
extended to Laplace transforms. Following the discussion in Section 4.1.2; it is easily
modified for complete Bernstein functions. We state both cases using parentheses.

Lemma 4.37. Let the assumptions of Corollary 4.8 (Lemma 4{0) hold. Let further
f(t) be real and have constant sign for t > 0, a{f} < 0 (af{tf(t)} < 0) and A be
Hermitian positive definite. Define

k k
o | Pine1me
N ) <h£’ill,m>2eL<H$) —al) lep,

with 0 < a < Amin. Let f) be the error function as in Algorithm 1, i.e.,

el = |Ibll2f M (Ao,

which means
19 (s) = (1) I(H D) EAFPH(5)

Then for k > 2,
7O EHD e > < HIbHH < £ (el

Proof. The proof is similar to the derivation of Corollary 2.73. Consider the norm of
the error

le®=D3 = b3 E D) (F9 (4) " F® ()0l

The matrix A is Hermitian, so (f (k) (A))H = f(¥)(A). This means we have the bilinear
form

e 03 Gemnomy phy g2, (D)
52 = (v, O (FP(A) P
16l
and similarly

1O E)er |3 = eI (B (HP)2er, (7P HE e} = e (fOHE))2er.

If the function (f*)(s))? is a completely monotone function, then the lemma’s assertion
follows from Theorem 2.72. Note that

(H W) (ELFPY(s)
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4.5. Numerical experiments II: Error bounds

is completely monotone if and only if (£{f*)}(s))? is completely monotone as the re-
maining term is a positive constant. Furthermore, the product of completely monotone
functions is again completely monotone (Lemma 2.25), so it suffices to show that either
L{f®Y(s) or —£{f®)}(s) is completely monotone. Since f(I) has constant sign and
¢ has constant sign (Lemma 4.28), we know that f (k) has constant sign, see the proof
of Lemma 4.24. But this means that either f(k) or —f(k) is non-negative, which implies
that +££{f*)}(s) is completely monotone by Lemma 2.23. O

4.5. Numerical experiments Il: Error bounds

We want to conclude this chapter by examining how the error bounds from Section 4.4
behave in practice. We apply them to the experiments from Section 4.3 with Hermitian
test matrices. For our a priori error bound from Theorem 4.34, we need to investigate
each function individually to obtain good (i.e., small) constants. The application of the
a posteriori error bound from Lemma 4.37 is more straightforward. We only need to
choose a value for a such that 0 < a < Ay, where Apin is the smallest eigenvalue of A.
In cycle k, we always choose the smallest eigenvalue of Hg), 7 =1,...,k, multiplied by
a safety factor, which is set to 10~ unless stated otherwise.

4.5.1. Fractional negative power less than —1

Consider again f(t) = 2y/7 'Vt for the Laplace transform f(s) = s3/2 = L{f}(s)
from Section 4.3.1. We can choose T'= 0 and w > 0 but not w = 0. For a given w, we
want to find the minimum value for ¢ such that 27~1/2y/# < cexp(tw). We start from

;7?\/{5 <cexp(tw) = c¢> \;\/EGXP(—LLW)-

We look for the global maximum of the function on the very right as the inequality has
to hold for every t. Because

2 _
4 2 exp(cwt) = SR

dt /7 vt

the maximum is achieved for ¢ = (2w)~!, from which we get

(1 —2wt),

2
e> | ———— ~ 0484w /2,
mwexp(l)

We apply Theorem 4.34'2 for several values of w with the above ¢ for Ay, with N = 100
in the left plot in Fig. 4.12. For w — 0, we seem to approximately retrieve the observed
convergence rate. The distance of the error bounds to the actual error is too large to be

12As we set T = 0, this is equivalent to using Corollary 4.32.
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4. Restarts for Laplace transforms

A priori A posteriori
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Figure 4.12.: Error norm and bounds for A£3/ ’b with Ar, the 3D Laplace operator.
Left: A priori by Theorem 4.34 with ¢ as small as possible for different
values of w. Right: A posteriori by Lemma 4.37.

of any practical use, however. One might be tempted to change some of our parameter
choices to obtain a tighter bound. Note that

K (AL)

~ 10%3
)\min ’

which partly explains the large distance of the error bounds to the actual error. The rest
comes from ¢; since 0 < w < Apin & 1072, decreasing ¢ is only possible by choosing a
value for T larger than (2w)~!. This, however, leads to an even worse error bound for
a moderate number of matrix-vector products as it introduces the term T5™.

We next determine the a posteriori error bounds from Lemma 4.37 and plot them on
the right in Fig. 4.12. We see that these error bounds are much tighter and give a good
indication of the exact norm of the error.

4.5.2. Fractional diffusion processes on graphs

The function f(t) = (2¢/7) " exp(—(4t)~1)t~3/2 from Section 4.3.2 is integrable and
converges to 0 for ¢ — oo, so we can choose T = 0 and w > 0. Our matrices are
graph Laplacians, which are always singular. Thus, Apin > w cannot be fulfilled. As we
use implicit desingularization (Remark 4.23), we can replace A, by its effective value
Amin,eff > 0 as mentioned in Remark 4.36. Accordingly, we choose w = 0.

Next, we need to determine ¢ such that

< cexp(0) = c.

A exp(— -1
= 5=
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4.5. Numerical experiments II: Error bounds

We look again for the global maximum of | f | by differentiating. Using the product rule,
this derivative follows as

170 = Jep(~(an) T D exp(—(41) )~

= (-~ () )2 )

The maximum occurs at ¢t = 6-! giving

6
c> 3y ———= ~ 0.925.
mexp(3)

To evaluate the a priori error bound from Theorem 4.34, we approximate the largest
and the second smallest eigenvalue using MATLAB’s eigs (). The resulting error bound
is plotted in Fig. 4.13. We observe that it is again far from being practical due to several
orders of magnitude in difference to the exact error norm. In addition, the slope of its
curve differs significantly from the slope for the exact error norm, so the bound does
not describe the observed rate of convergence very well.

The a posteriori error bounds are shown in Fig. 4.14. Here, we choose again the
smallest eigenvalue of H;,f ) for a. We observed that with a safety factor of 107!, the
resulting estimate for the smallest eigenvalue of A was larger than the exact one. We
thus chose a safety factor of 1073. Compared to the a priori bounds, the a posteriori
bounds are much closer to the exact error norm and the curves of the error bounds
show slopes similar to the curve of the error itself.

4.5.3. Gamma function

The gamma function from Section 4.3.3 needs two Laplace transforms since it is a two-
sided Laplace transform. For the first one, we have f(t) = exp(— exp(—t)), for which
we can choose T = 0. It is easy to see that 0 < f(¢) < 1 and that f(¢) converges to 1
for t — o0o. The smallest value for w is thus w = 0 with ¢ > 1.

The second transform £{f(—t)} uses f(—t) = exp(— exp(t)). This function converges
to 0 faster than any exponential exp(wt), so we can choose any value for w. As finding
an optimal value for ¢ is not trivial and we have w = 0 for the first transform £{f},
we choose again w = 0 and only need to find the maximum of exp(—exp(t)). This
function decreases monotonically, so its largest value is attained at ¢ = 0, which implies
¢ > exp(—1). We combine the two bounds and obtain

K(AL)

)\min

lell2 < (1 + exp(—1))Ib|2 Y (0)".

This bound together with the exact error norm is plotted in Fig. 4.15 on the left side.
The right side shows the sum of the a posteriori error bounds from Lemma 4.37 for

L{F(ONAL) and L{f(=1)}(=AL).
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Figure 4.13.: Error norm and a priori bound (by Theorem 4.34) for exp(—+/L)b with L
a graph Laplacian.
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absolute error norm

absolute error norm

usroads-48

1073 -

—— exact error
--- lower bound

- - - upper bound

0

| | | |
100 200 300 400
cycle

dblp-2010

10—3§
1074
1075
1076

1077 |

vl vl ol

Ll

—8:
10 0

cycle

1073

106

1079

10712

1073

1079

loc-Gowalla

~ -
~
~
-~
S
-

~~a
-
~
N~
.

-
Dq,"‘“‘

Wopa
Whesy, . ',“\' .
-~

| |
50 100 150
cycle

com-Amazon

Figure 4.14.: Error norm and a posteriori bounds (by Lemma 4.37) for exp(—+/L)b with
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A priori A posteriori
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Figure 4.15.: Error norm and bounds for I'(Ap,)b with Ap, the 2D Laplace operator.
Left: A priori by Theorem 4.34 as explained in the running text. Right:
A posteriori by Lemma 4.37.

4.5.4. Square root

Our first example of a complete Bernstein function was the square root in Section 4.3.4,
for which we have the function f(t) = (2y/7)~'t~%/2. Since f is not integrable, we need
Corollary 4.35. We use the bound

f@6)] = ft) < f(T)exp(wt), ¢>T>0, w>0,

and choose w = 0. For the 3D Laplace operator Ar,, we choose the contour I' such that
it has a constant distance of 1 to [0,12] D W(Ar) and the winding number is 1. Then
the parameters of Lemma 4.25 that we need for Corollary 4.35 are

UT) =24 +2r, dist(T,W(AL) =1, €&=—1.

The constants in Corollary 4.35 are thus

o /(T) _M4m 12
07 ordist(T,W(4)  2¢ w7
Cy = mEaIg{|s| + p(AL) = 13+ p(Ar) < 25,
exp(T)VT

. 1 T
E{FOx 0 (0}6) = 5= /0 exp(t)-1/2 at < SPIVT

™

We summarize this as

NG
HESS) ||2 E eXp(T)\/T o5kmpkm—1 . @ .
16l = < * 1> L3 (km)! + f(T) Ym(0)".

™

>\min
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Figure 4.16.: Error norm and bounds for Ai/ *b with Ar, the 3D Laplace operator. Left:
A priori by Corollary 4.35 for different values of T" as explained in the
running text. Right: A posteriori by Lemma 4.37.

We plot the resulting bound for several values of T' in Fig. 4.16 (left side). We also
plot the a posteriori error bounds from Lemma 4.37 in the same figure on the right side.
We see once again that the a priori error bound is far away from the exact error while
the a posteriori bounds are very close. Moreover, we see that increasing 1" reduces the
distance of the a priori error bound to the exact error norm by a small amount if % is
large. For moderate k, however, the bound increases immensely when increasing 7.

4.5.5. Entropy

Lastly, consider again the entropy from Section 4.3.5. We have f (t) = t~1, which is not
integrable. We proceed similarly to Section 4.5.4: We choose again w = 0 (we need to
use the effective smallest eigenvalue again) so that

f)] = ft) ST exp(0)=T"", t>T>0.
The contour is modified by replacing [0, 12] by [0,1] D W(A). This results in

1 . T

Co=—+1, C1<3, L{tfOxonOHE) = / exp(t) dt = exp(T) — 1
0

and the bound

1€, 1 gkmkm—1 L Retr(A) )
<(=4+1 T —1)———— T ~——~,(0)".

The error bounds for three values of T are plotted in Fig. 4.17. To better capture the
asymptotic behavior, we increased the number of cycles to 10. The eigenvalues were
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4. Restarts for Laplace transforms

again approximated using eigs(). We observe that the bounds are even worse than
for the previous examples. An explanation is again the smallest eigenvalue Apip efr. It
is already close to 0 for the graph Laplacians L and—as we obtained A by dividing L
by its trace—we introduced the factor trace(L) into the bound via Apinerr. The trace
is of order 108 for our graphs, so we obtain a large constant in the linear term.

The a posteriori bounds from Lemma 4.37, on the other hand, are once again close to
the exact error norm. We plot them in Fig. 4.18, where we again have chosen a safety
factor of 1073,
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Figure 4.17.: Error norm and a priori bound (by Corollary 4.35) for log(A)b with A a

normalized graph Laplacian.
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Figure 4.18.: Error norm and a posteriori bound (by Lemma 4.37) for log(A)b with A
a normalized graph Laplacian.
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5. Conclusions

We treated two topics regarding the computation of f(A)b in this thesis. First, we
developed a new way of evaluating the action of rational matrix functions r(A)b: In
Section 3.1, we showed how to construct the CF-matrix 7;,,(A) from a representation of
the rational function r(s) as a continued fraction. The computation of (A)b essentially
boils down to solving the linear system 7T),(A)x = e; ® b, where the CF-matrix T,,(A)
is block tridiagonal and each of its blocks has the same size as A.

We hoped that this reduction to a single linear system would lead to computationally
faster methods than evaluating r(A)b using the shifted systems (A — 7;1)7!b from the
partial fraction expansion of r(s). Since T,,(A) is much larger than A, we focused
our efforts on exploiting its block structure. With this in mind, we presented several
theoretical results regarding Krylov subspace and multigrid methods in Section 3.2.
They can be summarized as follows:

It seems one cannot beat the partial fraction expansion approach while ex-
ploiting the block structure of the CF-matriz.

Because of that, we numerically investigated in Section 3.3 some ideas that do not
exploit the structure. The CF-matrix approach did not offer any benefit there, either.

However, our approach might be beneficial in some cases, which we did not encounter
here: There might be cases where a continued fraction representation of r(s) is available
but its partial fraction expansion is ill-conditioned. Then we can avoid calculating the
expansion with the CF matrix approach and compute directly 7(A)b. Even if the partial
fraction expansion is known, avoiding it might give a computational advantage: In
some cases, the partial fraction expansion approach needs complex arithmetic, whereas
our approach does not, see Remark 3.15. Then there are also fewer shifted systems
from the partial fraction expansion, so this does not necessarily translate to a large
computational advantage. Still, even a small speedup might be attractive. Lastly,
our theoretical results focus on methods that use the Kronecker structure of 7,,(A).
Despite our numerical experiments, some methods that do not exploit the Kronecker
structure might yield a computational advantage when working with the CF-matrix.
Future research could investigate these ideas in more detail.

We then turned our attention to the restarted Arnoldi method for f(A)b in Chap-
ter 4. We developed in Section 4.1 a new representation of the error function if f is a
Laplace transform. As this representation describes the error as a new Laplace trans-
form, it can be applied for further restarts, too. We showed that our result is easily
extended to two-sided Laplace transforms and complete Bernstein functions. Using
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this new representation, we described in Section 4.2 a possible implementation of the
restarted Arnoldi method that is based on numerical integration. We suggested spline
interpolation to avoid integrals defined recursively.

We implemented our ideas in MATLAB and subsequently illustrated in numerical
experiments (Section 4.3) that efficient and stable restarts are possible for Laplace
transforms and complete Bernstein functions: We tested our algorithm for several func-
tions and various matrices including real-world graphs and were able to achieve our
target accuracy in all cases. Thus, we have extended the class of functions for which
the restarted Arnoldi method can be considered “black-box”, i.e., for which a hand-
tailored contour that depends on A is not required. Some of these new functions could
already be treated by the package funm_quad after some modifications like premulti-
plying the right-hand side b by A. In all our experiments, our algorithm needed up
to a factor of 2 fewer matrix-vector products and can thus be considered faster. For
Hermitian matrices, it even beat the two-pass Lanczos method in the number of re-
quired matrix-vector products in some cases. Indeed, for one function (the entropy in
Section 4.3.5), the difference was again a factor of up to 2.

We then continued our theoretical investigation in Section 4.4: We developed an a
priori error bound that is applicable to many Laplace transforms and complete Bernstein
functions. The only requirement on f is that the transformed function f grows at most
exponentially. This bound proves that our algorithm converges at least linearly for these
functions if A is Hermitian and its smallest eigenvalue is not too small. Our numerical
experiments in Section 4.5 showed that this bound is of minor practical relevance as
it is several orders of magnitude larger than the exact error norm and often does not
describe the observed rate of convergence very well. As a practical error bound, we
extended an a posteriori error bound for Stieltjes functions to many Laplace transforms
and complete Bernstein functions. We applied it to our experiments and observed that
it is close to the exact error. As it also comes at a negligible cost, it can thus be used
as a stopping criterion. Some care is required though as the upper a posteriori bound
needs a good approximation of the smallest eigenvalue.

Future research could investigate how well other quadrature rules perform compared
to the one of our implementation. The sinc quadrature (see Example 4.17), in particular,
is a promising alternative as it has been used recently for f(A)b with the Laplace
transforms f(s) = s7, a € (0,1), see [20]. Moreover, while our a priori error bound
covers many practically relevant functions, an a priori error bound that can be applied
to all Laplace transforms and complete Bernstein functions might be interesting. A
refinement of our bound such that it is closer to the exact error norm would also make
it practically more relevant.
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A. Other definitions of the Laplace
transform

In this appendix, we want to expand on Remark 2.10. In particular, we relate the

different definitions of Laplace transforms and examine whether our error representation

(Theorem 4.2 and Corollary 4.8) holds for those, too. As practically relevant functions
are already included in the definition we used, we do not go too much into detail here.

Improper Lebesgue integral

In [6, 25], Laplace transforms are defined as

Eim{f}(S) . wh_{go /Ow exp(_tS)f(t) dt = wh—{go Ooo eXp(_tS)f(t)X(O,w) (t) dt
= lim £{fx@u}(s).

i.e., as an improper Lebesgue integral. Let us relate £™{ f } to our definition £{ f }:
Lemma A.1. Let one of the following be true:

(i) L{f}(s) exists.

(ii) L{f}(s) converges absolutely.

Then the other statement is also true and

L{f}(s) = L™{F}(s),
i.e., the definition of [6, 25] coincides with Definition 2.1.

Proof. By the Monotone Convergence Theorem (see [77, Theorem 1.26]), we have
oo

/OOO exp(—tRe(s))| ()| dt = lim exp(—t Re(s))| £ (£) | x(0.) (t) dt.

wW—r00 0

Hypothesis (i) says that the left side has a finite value whereas (ii) states that the right
side has a finite value. This proves the first part. For the second part, note that the
above implies that exp(—t Re(s))|f(¢)| is integrable. As we also have

exp(—t Re(s))|f (1) [x(0.0) (1) < exp(—t Re(s))[f(2)],
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A. Other definitions of the Laplace transform

the Dominated Convergence Theorem (see [77, Theorem 1.34]) tells us that
e}
L7 f}(s) = / exp(—ts) f(t)( im x(0w)(t)) dt = L{f}(s). O
0 w—0o0

Note that for £™{f}, both regions of convergence (simple and absolute) are half-
planes, see [25, Theorem 3.3, 3.5]. Lemma A.l implies that as long as we restrict
ourselves to the region of absolute convergence, everything we established in Chapter 4
still holds. It turns out that this restriction is not very large:

Theorem A.2 (adapted from [25, Theorem 3.4]). If £L™{f}(so) converges, then for
any s with Re(s) > Re(sg), we have

L™ f}(s) = (s — s0)L{S(t) s — s0),
where

¢@%:A<mm—%ﬂfﬁﬁh,<ﬂé}s&

This means that any improper Laplace transform £m™{ f }(s) can be expressed by a
proper Laplace transform L{¢}(s — sp) with an additional factor of s — sg. The only
exception is the case s = sg. Choosing sg as small as possible shows us that we need to
be in the interior of the region of convergence of £™{ f }.

Corollary A.3. Let
o™ {f} = inf{Re(s) : L™{f}(s) converges to a finite value}
denote the abscissa of convergence of Eim{f}. Let for some sg

o™ {f} < Re(sg) < Ser%i&) Re(s).

Then
L™ f}(A)b = L{6}(A — soI) ((A = s01)b).

For this Laplace transform, we have

< i Re(s),
Oé{(b} sEWr(n/iEsoI) e(S)

so our restart results Theorem 4.2 and Corollary 4.8 can be applied.

Other measures

Schilling et al. [80] use the proper integral

ﬁ@M@fﬂim@mmw<m,

where p is a positive measure.
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Lemma A.4. For any non-negative f, there is a positive measure p such that

L{f}(s) = L{du}(s)

for every s € C. Conversely, for any positive o-finite measure v that is absolutely
continuous with respect to the Lebesque measure,’ there is a non-negative function f
such that the above equation is fulfilled for every s € C.

Proof. The first statement follows immediately by defining

= /E F(t)dt

The second statement is just the Radon-Nikodym Theorem, see [77, Theorem 6.10]. [

Note that f is non-negative in all our previous examples but there are Laplace trans-
forms with oscillating f, e.g., L{sin(t)}(s) = (s + 1)~ (25, Table of Laplace Trans-
forms, No. 14]). On the other hand, it is easy to see that any function f that fulfills
f(t)dt = du(t) for positive u(t) has to be non-negative. Thus, while the intersection
of the two definitions is quite large, one is not contained in the other. It is not clear,
however, which measures would yield interesting Laplace transforms but not allow a
representation via a function f . We give nonetheless a variation of our error represen-
tation from Corollary 4.8.

Lemma A.5. Let p be a positive o-finite measure defined on the Borel o-algebra.
Denote by

a{du(t)} = inf{Re(s) : L{du(t)}(s) exists}
the abscissa of existence of L{du(t)}. Let

dut,0) < R
max(a{du},0) E%?A) e(s).

Then the error of the restarted Arnoldi method for L{du}(s) is
k
et = [1b]l2 H W LFEY A, k>,

with f(k“) defined as in Corollary 4.8 for k > 2 and

o0 = [T a0 - Hdue) ork=1.

!That is, if every null-set of the Lebesgue measure is a null-set of p.
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A. Other definitions of the Laplace transform

Proof. The proof follows the ones for Theorem 4.2 (for £ = 1) and Corollary 4.8 (for £ >
2) if we replace f(t)dt in the integrals by du(t) (and equivalently £{f} by £{du(t)}).
We mention the necessary tweaks:

The proof for k = 1 follows as for Theorem 4.2 with changes only when proving that
the order of integration can be interchanged: First, one needs a more general form of
Fubini’s Theorem than Theorem 4.3, e.g., [77, Theorem 8.8] (for which we need that p
is o-finite). By specifying that p is defined on the Borel o-algebra, the argument for
Lemma 4.4 does not change, i.e., the integrand is measurable. The double integral of
its absolute value is finite since £{tdu(t)}(v) in Lemma 4.5 exists: Assuming that it
exists, that transform is still the derivative of £{du(t)} by [80, Proof of Proposition 1.2].
The existence of the derivative is guaranteed by [80, Theorem 1.4] since 0 < v =
mingeyy(a) Re(s).

For k > 2, note that the error for kK = 1 is the Laplace transform of a function and
not of a general measure anymore. Thus, we can use Corollary 4.8 to obtain the error
representations for further restarts as long as a{f®} < a{du}. This follows exactly
as the proof for Lemma 4.7 by replacing f(t) dt by du(t). O
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