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KRYLOV SUBSPACE RESTARTING FOR MATRIX LAPLACE
TRANSFORMS
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Abstract. A common way to approximate F'(A)b—the action of a matrix function on a vector—
is to use the Arnoldi approximation. Since a new vector needs to be generated and stored in every
iteration, one is often forced to rely on restart algorithms which are either not efficient, not stable
or only applicable to restricted classes of functions. We present a new representation of the error of
the Arnoldi iterates if the function F is given as a Laplace transform. Based on this representation
we build an efficient and stable restart algorithm. In doing so we extend earlier work for the class
of Stieltjes functions which are special Laplace transforms. We report several numerical experiments
including comparisons with the restart method for Stieltjes functions.
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1. Introduction. Computing F'(A)b, the action of a matrix function F(A) €
C™ ™ on a vector b € C™, is an important task in many scientific computing ap-
plications, including exponential integrators for differential equations [35], network
analysis [8], theoretical particle physics [26], machine learning [40] and many others.
In these applications, the matrix A € C"*" is typically very large and sparse, so that
explicitly forming F(A)—which is a dense matrix in general, irrespective of the spar-
sity of A—is not feasible with regard to both complexity and memory requirements.
Therefore, one has to resort to iterative methods that directly approximate the vector
F(A)b. The most widely used classes of algorithms for this task are polynomial [23,42]
and rational [24,27,32,38] Krylov subspace methods.

While rational Krylov methods can greatly outperform polynomial methods when
they are applicable (e.g., when shifted linear systems with A can be efficiently solved
by a sparse direct solver), there are situations in which polynomial methods are su-
perior: The size and sparsity pattern of A might make the direct solution of shifted
linear systems infeasible, or A might only be implicitly available through a routine
that returns the result of the matrix-vector product. In these cases, combining an
“outer” rational Krylov method with an “inner” polynomial iterative solver for linear
systems is in general not advisable (unless a very efficient preconditioner is available);
see [33]. Thus—despite the tremendous theoretical and algorithmic advances in the
area of rational Krylov methods in recent years—polynomial Krylov methods are still
of utmost importance, in particular for large-scale applications.

However, for very large matrix sizes n, polynomial Krylov methods present chal-
lenges on their own: Their backbone is the Arnoldi process [6] (which reduces to the
short-recurrence Lanczos method [37] when A is Hermitian), which computes a nested
orthonormal basis vy, ..., v, of the Krylov subspace

Ko (A, b) == span{b, Ab,..., A" 1b}.
Collecting the basis vectors in V;,, = [v1 | - -+ | v] € C**™ and the coeflicients from

the orthogonalization process in an upper Hessenberg matrix H,, € C™*™ one has
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the Arnoldi relation
(11) AV = Vi Hyy + hm—i—l,mvm—i-lez;p

where ¢, € C™ denotes the mth canonical unit vector. Given (1.1), one obtains the
Arnoldi approzimation f.,, € K,(A,b) for F(A)b by projecting the original problem
onto the Krylov space, i.e.,

(1.2) fm =V F(VE AV, \WWHY = ||b]|2 Vi F (H,p e,

where || - ||2 denotes the Euclidean norm and e; € C™ is the first canonical unit vector.
A large computational burden associated with forming the approximation (1.2) is that
it requires storing all vectors of the orthonormal basis v1,...,v;,. This can quickly
surpass the available memory if n is very large. This is also the case when A is
Hermitian, in contrast to the situation for linear systems, where the short recurrence
for the basis vectors translates into a short recurrence for the iterates in, for example,
the conjugate gradient method [34]. Thus, without appropriate countermeasures, the
approximation accuracy that is reachable by a Krylov method might be limited by
the available memory. Additionally, when A is non-Hermitian, the orthogonalization
of basis vectors becomes more and more expensive with growing m, rendering Krylov
methods much less efficient when a large number of iterations is required.

A remedy is restarting: After a fixed (small) number M., of iterations, the
Arnoldi approximation f, .. is formed. Then, the matrices V,,, and H,, are discarded,
and a new Arnoldi process is started for approximating the remaining error

(1.3) Emmax = F(A)D = frnpa-

Clearly, approximating (1.3) by the Arnoldi method requires that it can again be
written as the action of a matrix function on a vector. While this is evidently the
case when solving linear systems (i.e., for Fi(s) = s~!), where the error fulfills the
residual equation Ae,, . = rm,,, with rp . =0b— Af, . the situation is much
more difficult for general functions F. Over the last fifteen years, numerous publi-
cations have investigated how to transfer the restarting approach to general matrix
functions [1,2,25,29,36,45,48]. All of these approaches have in common that they are
either only applicable to certain classes of functions (i.e., they are not fully general) or
they have shortcomings with regard to numerical stability or computational efficiency
(e.g., the required work grows from one restart cycle to the next). In this work, we
add to the current state of the art in restarted Krylov methods by explaining—both
theoretically and algorithmically—how restarts are possible when F' results from the
Laplace transform of some function f. This covers a large class of practically relevant
functions and thus significantly extends the scope in which restarting is possible in a
numerically efficient and stable way. While the approach based on the Cauchy integral
formula presented in [29] is in theory applicable to any analytic function, and thus
also to Laplace transforms, its practical implementation requires choosing a suitable
contour I' in the complex plane and a corresponding quadrature rule. When choos-
ing these, one needs knowledge on the position of the spectrum of A in the complex
plane and has to take specifics of the function F' to be approximated into account as
otherwise the quadrature rule on I' might converge very slowly or become unstable.
In contrast, the method we propose here works for general Laplace transforms, only
employing simple, general purpose Gauss-Kronrod quadrature rules on the positive
real axis. The only requirement is that the field of values lies within the region of ab-
solute convergence of the Laplace transform, the typical case being that A is positive
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definite (not necessarily Hermitian) in the sense that Re(x Az) > 0 for x # 0, and
the Laplace transform converges absolutely in the right half plane.

The remainder of this paper is organized as follows. Important basic material is
covered in section 2. In particular, we review the related Arnoldi restarting approach
for Stieltjes matrix functions, and we collect some basic facts about the Laplace
transform. In section 3, we lay the necessary theoretical foundations for restarting
for matrix Laplace transforms and explain how it relates to other restart approaches.
We explain in section 4 how the method can be extended to two related classes of
functions. Section 5 is devoted to several implementation aspects that are crucial for
making the method feasible in practice. In section 6, we illustrate the performance of
our method and compare it to existing alternatives in a series of numerical experiments
on both academic and real-world benchmark problems. Concluding remarks are given
in section 7.

2. Basics. In this section, we review some basic material on which we build in
later sections.

2.1. The restarted Arnoldi method for Stieltjes functions. We start by
going into the details of the quadrature-based restarting approach for Stieltjes matrix
functions from [29,45], as it is closely related to the present work; see also Corollary 3.5
below.

Given a maximum Krylov subspace size m (dictated, e.g., by the available mem-
ory), the basic idea of the restarted Arnoldi method for F(A)b is to compute a

sequence of (hopefully) more and more accurate approximations f , ,(f), 7(,::’ ), ey

where fi1) = f, = 16]|2Vin F'(Hyp )eq is the usual m-step Arnoldi approximation (1.2)
and further iterates (belonging to the kth Arnoldi cycle) are defined via the recurrence

(2.1) D =0 +dy), k=1
where dg,]f) is the m-step Arnoldi approximation for the error 6571:) = F(A)b — 7(,? ).

Clearly, the preceding statement only makes sense if ng) = FEHD(A)pEHD is again
the action of a matrix function F(**1)(A) on a normalized vector b(**1). Note that in
general F(®) £ F' and, as it turns out, in all known approaches one finds b(*) = vfjjj ),
the (m + 1)st Arnoldi vector of the previous cycle. A generic algorithmic description

is given in Algorithm 2.1.

Algorithm 2.1 Restarted Arnoldi method for F(A)b from [25] as presented in [29].

1: Compute the Arnoldi decomposition AV, = ViV HS) + h(l+1 m g)ﬂeT
with respect to A and b.

2 Set f31) = [bll2 Vit F(H)er.

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

4: Determine the error function F*) s.t. e*=1) = F()(A)y (Itll).

5: Compute the Arnoldi decomposition AV,S,k) = V,%k)H(k) h(kzrl m ,(,’flleT
with respect to A and ”m+1)-

6 Set fi) = f TV 4 [blla Vil FO (HS ey

7: end for

In early work on restarting for matrix functions, F*), k > 1 is characterized in
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terms of divided differences of F'. We have

F®(s) = (bl [] his1,il D, FI(s),

i=1

where [D,,,, F] denotes the m-th divided difference of F' with respect to interpolation
nodes which are the eigenvalues of H,(,}); see [25,36,48]. This expression can be
iterated to obtain (iterated) divided difference representations for the error functions
Fk) (t),k > 2. The divided difference representations might be helpful to keep in
mind when following the theory developed in this paper. They are, however, only
marginally useful when it comes to computation, since they suffer from numerical
instability.

This is why error function representations for rational functions in partial frac-
tion form [2] and integral representations for the error based on Cauchy’s integral
formula for analytic functions [29] were developed as an alternative. These represen-
tations significantly improve numerical stability and robustness compared to earlier
representations.

The following result from [29] is valid for Stieltjes functions, i.e., functions of the

form
Fo = [ o,

where 1 is a nonnegative measure on the positive real axis such that fooo H%l du(t) <
oo. For many practically relevant Stieltjes functions, one has du(t) = p(t) dt, i.e.,

(2.2) F(s) = /0 h tpfl dt,

where p(t) > 0 is a piecewise continuous function on (0,00). Important examples of
Stieltjes functions are F'(s) = s~ %, a € (0,1) and F(s) =log(1 + s)/s.

THEOREM 2.1 (adapted from Theorem 3.4 and Corollary 3.5 in [29]). Let F
be a function of the form (2.2), assume that spec(A) N (—o0,0] = @, denote by fy(,f)
the restarted Arnoldi approzimation for F(A)b from the kth Arnoldi cycle and let
Hr(g), @ ,j=1,...,k be the Hessenberg matriz and orthonormal basis from the jth
Arnoldi cycle. Let 1/),(%) (t) = e,Tn(HT(g) +tI)"te;. Then!

F(A)— 1) = Hhiillmnmb / HW (A+ 1)) at

= F“f*“(A) -

We will present an alternative proof to the one from [29] for Theorem 2.1 later

in Corollary 3.5. Based on Theorem 2.1, a convergence analysis of the restarted
Arnoldi process for Stieltjes functions was presented in [28]. From a computational
perspective, the error representation given in Theorem 2.1 has the shortcoming that
it cannot be evaluated by a closed formula. In [29], it is proposed to approximately
evaluate F*) by adaptive numerical quadrature. The crucial observation in this

INote that the result as given in [29] has an erroneous factor of —1.
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context is that one only needs to evaluate F(*) at the (small) Hessenberg matrix

H r(,]f +1), and not at A itself. Thus, when implemented carefully, the computational cost
of this quadrature rule is negligible compared to matrix-vector products with A and
orthogonalization costs. For an overview of several different, suitable quadrature rules
tailored for specific practically relevant Stieltjes functions, we refer to [29, Section 4].

Remark 2.2. There is another, conceptually different way of performing restarts
in the Arnoldi method, the so-called “residual-time restarting” developed in [13,14],
based on [12]. This approach is limited to functions like the exponential and ¢-
functions since it exploits the connection to an underlying ordinary differential equa-
tion. Instead of trying to approximate an error function, as outlined above, it is based
on a time-stepping approach, where each restart cycle propagates the iterate from the
previous cycle forward in time, until the desired point is reached.

2.2. The Laplace transform. The function given by the integral

(2.3) LS} (s) = / " F(t) exp(—st) dt

is called the Laplace transform of f. Whenever the integration variable is clear, we will
simply write £{f}(s). In this section we summarize the most important properties of
Laplace transforms needed in this paper.

The set of all values s € C for which £{f}(s) converges (absolutely) is called the
region of (absolute) convergence. It generally has the shape of a half plane:

THEOREM 2.3 ([20, Theorem 3.1]). If (2.3) converges absolutely at sg, then it
converges absolutely in the closed right half-plane Re(s) > Re(sg).

The smallest value a such that £{f}(s) converges absolutely for Re(s) > « is
called the abscissa of absolute convergence. In the case of simple convergence, we
obtain a (possibly open) right half-plane Re(s) > ap with ap < « being called the
abscissa of convergence. However, only considering absolute convergence is not a
restriction in the sense of the following theorem:

THEOREM 2.4 ([20, Theorem 3.4]). If (2.3) converges for sg, then it converges
in the open half-plane Re(s) > Re(sg), where it can be expressed by the absolutely
converging Laplace transform

L{f}(s) = (s — s0) L{d}(s — s0)
with

o(t) = / exp(—so7) f(r) dt.

Within its region of convergence, a Laplace transform always represents an ana-
lytic function.

THEOREM 2.5 ([20, Theorem 6.1]). Let L{f}(s) converge for Re(s) > ag. Then
all its derivatives exist for Re(s) > g, and they are Laplace transforms, too,

(j) LIY(s) = (“)" L{ (D)} (s). m e N,

Suppose we are given a function F(s) and want to represent it as a Laplace
transform. By Theorem 2.5 a necessary condition on F', such that £{f}(s) = F(s)
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exists, is that F(s) itself is analytic in a region Re(s) > «g. Some publications
have examined more precise conditions, see, e.g., [16,20,50,51] and the Paley-Wiener
theorem, e.g., in [41].

A sufficient condition for F' to be a Laplace transform is that F(s) is a Stieltjes
function, see, e.g., [50, Theorem 4a]. This can easily be verified by exploiting that

L= Lofes(-7} ), Rels) >,

so that we can rewrite (2.2) as

= p(®)
| B a = ceon).
Since this condition is not necessary, see, e.g., [11], we know that the class of Stieltjes
functions is a subclass of the class of all functions that allow a Laplace transform
representation.

Krylov methods for F(A)b where F(z) is a Laplace transform (or, more gener-
ally, a Laplace—Stieltjes function) have been considered before. E.g., in [9], a “ten-
sorized” Krylov method for efficiently approximating functions of certain Kronecker-
structured matrices is proposed, while [38] discusses pole selection for the rational
Krylov method for Laplace transforms. Remark 1 in [21] mentions that for Hermitian
matrices the error g, of the Lanczos approximation decreases strictly monotonically
if F(z) = L{f}(z) with real nonnegative f. This result was later generalized to ex-
tended Krylov subspace methods in [44]. However, no restart approach for general
Laplace transforms has been developed so far.

3. Restarts for Laplace transforms: Theory. This section contains our main
theoretical result, Theorem 3.2. It is built on a known representation of e, for F'(z) =
exp(—tz) that we restate in Lemma 3.1. We conclude the section by emphasizing the
connection to the earlier work on Stieltjes functions in Corollary 3.5.

Suppose we are interested in the action of the exponential function,

y(t) = exp(—tA)b.
The Arnoldi approximation in this case is given by

Ym (t) = [|bl[2Vin exp(—tHyp )er.

We explicitly include the dependency on ¢, here, since we need it later. The following
lemma gives an expression for the error &,,(¢). This result has already been used, e.g.,
to obtain error bounds in [22, eq. (32)] for Hermitian A and in [49, Theorem 3.1] for
non-Hermitian A. We repeat the proof here for convenience.

LEMMA 3.1. The error e, (t) = y(t) — ym(t) can be written as

t
Em(t) = st Bl / exp((r — ) A)vm19(r) dr
0
where

(3.1) g(r) = el exp(—7Hy, ey

is the (m, 1) entry of exp(—7H,,).
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Proof. First note that

Y () = —[|bll2Vin Hin exp(—tHum)er = —Aym (t) + hin1,ml|b]| 265, exp(—tHom)e1vm 1,

where in the second equality we have used the Arnoldi relation (1.1). The derivative
of the error thus satisfies

en(t) =4 () =y (t) = —Aem(t) = hnsr,m D29 () v

With &,,(0) = 0, this is an initial-value problem. The assertion then follows, e.g., by
the variation of constants formula. 0

Since the matrix Laplace transform can be expressed as an integral involving the
matrix exponential, we can use Lemma 3.1 to develop a new error representation.
The result is given in the following theorem in which we use the field of values W (A)
of a square matrix A defined as W (A) = {zH Az : ||z||s = 1}.

THEOREM 3.2. Let F(s) = L{f(t)}(s) be the Laplace transform of f(t). If
v= min Re(p)

HEW (A)

lies within the region of absolute convergence of L{f(t)}(s), then the error e,, of the
Arnoldi approzimation can be represented via a matriz Laplace transform

em = F(A)b — [|bl|2Vin F (Hm)er = —hang1.ml|bll2 L{F}H(A)vm i1,
where

f(t) = /0OO f(t+7)g(r)dr, with g(7) = e exp(—TH,,)e1 (see (3.1)).

Moreover, v lies in the region of absolute convergence of E{f}(s)

Proof. For simplicity and without loss of generality we assume ||b||2 = 1. Then
em = / F(E)(xD(—tAYD — Vi exp(—tHyn)er) dt
0
and applying Lemma 3.1 gives
o0 t
Em = _her],m/ f(t)/ exp((s — t) A)vmy19(s) dsdt.
0 0
With the transformation 7 = ¢ — s in the inner integral we obtain
3} t
Em = —hm+1,m / / f@) exp(—7A)vma19(t — 7)dr dt
o Jo
(3.2) = —hm+1,m / / f(t) exp(—TA)vpmy19(t — T)u(t — 7)dr dt
o Jo

with u(x) being the Heaviside step function,

u(x):{l ife>0

0 else
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Assume for now that we can interchange the order of integration. Then
€m = —hm+1,m / exp(—TA)Vm 1 / f@)gt —1)u(t —7)dtdr
0 0
— <t [ oA [ Fe)glt ) dedr,
0 T

where

/ " fyglt — )i = / T f e gt de = Fr),

which is the assertion of the theorem. That the order of integration in (3.2) can
indeed be interchanged and that v lies in the region of absolute convergence of £{f}
is shown in Appendix A. O

Since the representation for €, uses again a matrix Laplace transform which converges
absolutely for v, we can apply Theorem 3.2 for later restarts, too. We summarize this
as a corollary.

COROLLARY 3.3. Let the assumptions of Theorem 3.2 hold. Define
f(]) / fU- 1)t+7) (G- 1)()d j>2

with O = f and gV (1) = €] exp(— H(J))el for j > 1. Then the error etk after
k > 1 restart cycles satisfies

e®) = thzil ) bl £{FEHDY (A,

Remark 3.4. Let A be Hermitian and F(z) = L{f}(z) with real nonnegative
f = fM). Then the error sm) decreases strictly monotonically with growing m; see
the discussion at the end of section 2. In this case we also have that f = f has
constant sign. Thus, by induction, the error also decreases monotonically within every
following restart cycle.

Theorem 3.2 gives an error function representation for the restarted Arnoldi al-
gorithm in terms of a Laplace transform. Before we move to possible extensions in
section 4, we now show that the error representation for Stieltjes functions can be
considered a special case of Corollary 3.3.

COROLLARY 3.5. If F(s) is a Stieltjes function, i.e.,

F(s) = L{f}(s) = L{L{p}}(s),

then the error function representation in Corollary 3.3 reduces to Theorem 2.1 in the
sense that

k

LS Aoy = /Ooopu)(Hw(”())(Aw) o dt

j=1
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Proof. Due to the fact that every Stieltjes function is a double Laplace transform,
we can rewrite the statement of the corollary as

LA, = L2 {p(t)( HW Ay,

and it is sufficient to show that

ko

FED = {p(t) H

We prove this by induction over £ > 0: The case k = 0 is trivial, since by the
corollary’s hypothesis we have f(1) = L{p}. Now, assume that the above equation

holds for k — 1, i.e., f(®) = C{p(t)(H;:ll ¢7(,jb)(t))} Then, by definition of f*+1)

) = [ T @M (¢ )t

S

= L{LTHS P} £{g™}}(s) = L{p(1) HW’ ) £{g*)}},

where for the second equality we used [4, Theorem 2.1]. What remains to show is
that £{g®} = ) holds, which follows as

L{g™} (1) = e Lo{exp(—THI)H(t)er = e, (L + HYY) "ler = v (1). 0

4. Extensions. The approach developed for Laplace transforms can easily be
ported to two further classes of functions as we shortly discuss now.

4.1. Two-sided Laplace transforms. Two-sided Laplace transforms

B{f}(s) / F(t) exp(—st)dt = L{F(—1)} () + LLF (D)} (5)

can be interpreted as the generalization of the Fourier transform

/_00 f(t) exp(—iwt) dt

to complex arguments w. The region of (absolute) convergence in the two-sided case is
generally a vertical strip instead of a half-plane. Computationally, we can approximate
B{f}(A)b using the Arnoldi approach for the two Laplace transforms L{f(—t)}(—A)
and L£{f(¢)}(A). Note that the Krylov subspaces for both Laplace transforms are
identical and need thus be built only once.

4.2. Complete Bernstein functions. A function F : (0,00) — [0, 00) is called
a Bernstein function if F € C* and its derivative F’ is completely monotone, i.e.,

d n
<ds) (-1)"'F(s) >0 fors>0, neN.

See [11,43] for more information about Bernstein functions.
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A Bernstein function F'(s) is called complete if it admits the representation
(4.1) F(s) = c+as+/ (1 —exp(—st))f(t)dt
0

where f(t) is completely monotone and ¢, a > 0.? If for a complete Bernstein function
we compute (cI + aA)b directly and use the Arnoldi approximation on K, (A4,b) for
the integral in (4.1), then the error of the resulting approximation f,, is

P~ = [ (1= exp(eADb 0t = [ V(T = expl-ti))en 1) i
0 0
(4.2) . /O (exp(—tA)b — Vi exp(—tHy)er) f£(2) dt,

which is the error for the Laplace transform — £{f} provided it exists. Consequently,
the error representation for Laplace transforms can also be used for complete Bernstein
functions. Some care is required, though, regarding the regions of convergence, since
at first sight it seems as if v should lie in the region of absolute convergence of £{f}
with f from (4.1), and this might be quite restrictive. However, an inspection of the
proof of Theorem 3.2 given in Appendix A shows that it is sufficient to have that v
lies in the region of absolute convergence of L{tf(t)}. Since from (4.1) we have

F'(s)=a+ /000 texp(—st)f(t)dt = a+ L{tf(t)}(s),

this means that the error representation in Theorem 3.2 and Corollary 3.3 is also valid
with converging integrals if F' is a complete Bernstein function for which v lies in the
region of absolute convergence of F”.

5. Restarts for Laplace transforms: Implementation aspects. The rep-
resentation of the error function in Theorem 3.2 enables us to design a new restarted
Arnoldi algorithm for Laplace transforms: In Algorithm 2.1, we have to set

FO(HP)e; = (—1)F1 Hh‘” )Ill2 {9 (HEYe,

m+1, m

see Corollary 3.3. The new algorithm is given in Algorithm 5.1, containing references
to important aspects of implementation discussed in the remainder of this section.

5.1. Quadrature. To evaluate the error function, we apply a quadrature rule
(5.1) L{fEYHF)e Zw F®(t;) exp(—t; HF) ey

Because of the term involving the exponential function, we expect that the main
contributions to the integral come from the interval containing the smaller real parts

2In fact, every Bernstein function can be represented as F(s) =c+as+ fo (1 —exp(—st)) du(t)
where p is a positive measure satisfying fo t+1 dp(t) < oo, see [43, Theorem 3.2]. Thus, the measure
w of a complete Bernstein function has a completely monotone density f with respect to the Lebesgue
measure.
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Algorithm 5.1 Restarted Arnoldi method for F(A)b where F is a Laplace transform

1: Compute the Arnoldi decomposition AVyng) = V#})H & hm F1,mV f,g_leT

with respect to A and b.
2: Set £V = b2 ViY F(H ey

3: Choose a quadrature rule with nodes ¢; and weights w;, i = 1,...,£, to evaluate
the Laplace transform of f at HY (see subsection 5.1).
4: for k = 2,3,... until convergence do
5: Compute the Arnoldi decomposition AV75L ) — V,sl )H,(,If) + hfﬁ_l m T(:_)‘_leT
with respect to A and vfflll).
6: Choose a quadrature rule with nodes ¢; and weights w;, i = 1, ..., £, to evaluate

the Laplace transform of f(*) at HY (see subsection 5.1).
7 if £ =2 then

8: Define sv=1) = fk=1),

9: else

10: Construct a spline s(*~1 that interpolates f(*=1).
11: end if

12: Approximate (f*)(¢;));=1, ¢ as in (5.2) using s~V .

13:  Compute d'y V) = (—=1)k— 1(H - h§n+1m)||bH2V(k) L{®OHHE ey by
numerical quadrature (see (5. 1

14: Set £ = k= 4 gl

15: end for

of the eigenvalues of Hy(,]f ). Consequently, we determine a quadrature rule based on
the smallest real part of the spectrum of HT(,}): We set

v= min  Re(x)
wEbpec(H(l))

and determine the nodes ¢; and the weights w; of the quadrature rule in (5.1) in the
same way MATLAB’s routine integral would evaluate the integral

LWy ) = / " 1O 6) exp(—tw)

with relative and absolute target accuracy 4. This means that after the transforma-
tion 2 = v/#/(14+ /1), an adaptive Gauss-Kronrod scheme is applied to subintervals of
the new integration interval [0,1); see [46] for more details. The nodes ¢; and weights

w; obtained this way make up the quadrature rule (5.1) for the integral £{f(*) }(H,(,]f));
if necessary, after each restart, the rule can be computed anew and thus adapted to
the new error representation. To simplify notation we do not explicitly denote this
dependency of ¢, t; and w; on k in Algorithm 5.1 and elsewhere. In principle, one
might aim at developing and applying more advanced quadrature procedures to our
specific situation, but the method just outlined was sufficient in all our experiments.

5.2. Spline interpolation. Since f*)(t) = e] £, {f*~1 (t+7)}(H(k 1))6 can
be interpreted as another Laplace transform evaluated at the Hessenberg matrix Hr(n ),
we can use the quadrature rule from above to evaluate f*), too. However, f*) is
a recursive integral. While it is possible to apply a series of quadrature rules to the
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expanded expression

k—1 -
/ / ft-l-ZTz Hg (1) dmp...d7g—1,

this approach is prohibitively expensive except for very small k. Instead of the quad-
rature rule

ro) wa““ D+ t:)g "0 (1),

1=1

we propose to use

(5.2) Zws’“ D(t+t)g* M (h),

where (t;,w;);=1,... ¢ are the quadrature nodes and weights of subsection 5.1 and stk=1)
is a cubic spline interpolating f(*~1) at points z1 < z3 < --- < x4 whose selection we
will discuss below.

Recall that an interpolating cubic spline is a function of the form

Pg—1(x) g1 <z

where each p; is a cubic polynomial. Note that we included extrapolation for z < x
and z > z, in the above formula. If s(z) interpolates f(x) at the ¢ points x;,
t=1,...,q then we have s(z;) = f(x;) and s satisfies the smoothness conditions

—1(z;) = pj
() = pl(ay),
1(z5) = pf

;)

D;
pé—
Py j—

with j = 2,...,¢ — 1. Our implementation uses MATLAB’s spline functionality
which applies “not-a-knot” boundary conditions (meaning that p; = ps and p,_2 =
Pg—1)- For a detailed treatment of spline interpolation, see, e.g., [19].

We now discuss how to choose the interpolation nodes. In cycle k — 1, we have
computed

L{fEDY(HED)e wa’“ Y(t;) exp(—t; HE e,

see subsection 5.1. Consequently, the values f (k’l)(ti) are already known in the next
cycle k and can be used as interpolation points for s(*~1. In this case, the quad-
rature nodes and the interpolation nodes coincide: ¢ = ¢ and x; = t;. However, we
observed that sometimes additional interpolation points are needed to ensure overall

convergence of f,% ) to F(A)b. An adaptive way to obtain those is to add the points
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(x; +x;11)/2 to the set of interpolation nodes® and repeat the process until a suitable

stopping criterion is fulfilled. If d, denotes the value of d;’i_l) after refinement step
r, a possible criterion is that

(5.3) Hdr - dr71H2 < 5s||fvsf_1)”2

with 4 sufficiently small. The number of necessary refinement steps can be predicted.
For example, if f*~1) € C*[x1,2,], then the error bound (see [7, eq. (1.8)])
d4
|FED (@) — s*D (1)) < ¢ Az;? max Az ||@f(k*1)||Oo for z; <t < a1
J

is reduced by the factor 16 in each step. If the number of interpolation nodes needed
is O(£?), it is more advantageous to use t; +t; with i = 1,...,¢, j =i,...,¢: In that
case, we have

4 4
S wifFIE 1) g B () =Y wistI (t+ )90 D (1)

i=1 i=1
in (5.2) for each t = t; required by (5.1).

5.3. Matrix exponential function. In (5.1) and (5.2) we need to compute

exp(—tiH,giC ))61 for several values of t;. While MATLAB’s expm is the state-of-the-art
choice if the full matrix exponential is required, for our purposes we need an efficient

approach to obtain the action of the matrix exponential on a vector, exp(—tiHy(,ic ))el,

and this for several values ¢;. If A is Hermitian, the Hessenberg matrices HY are
Hermitian, too, and we use the eigendecomposition, i.e.,

exp(—t; H)er = (XI)M exp(—t; D) (X Fey)

where Xy(,lf ) is the matrix of eigenvectors and D,(q]f ) is the diagonal matrix of eigenvalues
of Hy(,lf ). The eigendecomposition needs to be computed only once for all ¢;. Since
the eigendecomposition of a non-Hermitian matrix might involve non-trivial Jordan
blocks or might be ill-conditioned, we take another approach for non-Hermitian A. We
choose the MATLAB package expmv* which implements an algorithm described in [3].
It uses the scaling part of the scaling and squaring method and a truncated Taylor
approximation together with some further preprocessing steps. The method avoids
matrix-matrix products, so that generally it will compute exp(ftiHr(,’f ))61 faster than
expm. For large t;, however, the fact that the squaring part is missing in expmv makes
expm faster. We modified expmv in our implementation to switch to expm in these
cases.

6. Numerical experiments. We now present several numerical examples for
the restarted Arnoldi method for matrix Laplace transforms.” All examples were
calculated in MATLAB R2021a on a laptop with Intel® Core™ i7-8650U and 16 GB.
We denote by tol the target relative error norm which was set to 10~7 in all our
examples. To be on the safe side, the target accuracy for the quadrature rule e, was

3We assume that f(k’l) is approximated again as in (5.2) for these additional evaluations.
4available at https://github.com /higham/expmv
5source code available at https://github.com/MaTso7/laplace_restarting
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chosen as £, = 1073tol, although we observed that larger values up to tol usually
worked as well. The splines s(*) were refined as described in subsection 5.2 with g5 = €q
n (5.3). For comparisons, we also used the MATLAB package funm_quad® [30] that
implements the algorithm of [29], where we chose the target accuracy for numerical
integration to be tol and, when applicable, the two-pass Lanczos method which can
be used as an alternative to restarting in the Hermitian case. This method runs
the Lanczos process twice (once for assembling the tridiagonal matrix H,,, once for
forming the approximation f,,, as linear combination of the basis vectors). This way,
it is not necessary to store the full Krylov basis, at the price of roughly doubling the
computational cost; see, e.g., [31] for details.

Remark 6.1. When comparing the performance of restarted methods and of two-
pass Lanczos, one has to keep in mind that just counting matrix-vector products
does not give the full picture of the computational cost of two-pass Lanczos: In
order to monitor convergence, one needs to evaluate some stopping criterion (e.g.,
the norm of the difference between iterates), which at iteration j typically involves
(at least) forming F'(H;). If a large number of iterations is necessary, this induces a
non-negligible additional cost, even if the stopping criterion is not checked after each
iteration. In contrast, in a restarted method, one can compare the norm of iterates
from subsequent cycles by only evaluating F(*) on matrices of the fixed size m. To
make the methods comparable at least to some extent, we check for convergence every
m iterations, where m is the restart length.

6.1. Fractional negative power less than —1: F(s) = s73/2. As a first
example, consider

F(s) =532 = %L{\/i}(s).

This Laplace transform converges absolutely for Re(s) > 0. Since G(s) = s~/? is

a Stieltjes function and F(s) = G(s)s~!, we can compute F(A)b by first solving
the linear system ¢ = A~!b and then treating G(A)(A™1b) = G(A)c as a Stieltjes
function. This gives us an established method to compare Algorithm 5.1 against,
even though the matrix function F(A) = A=3/2 does not directly fit into any of the
restart frameworks considered in the literature so far. For the action of the inverse,
A7'b, we use the MATLAB built-in implementations of CG when A is symmetric
positive definite and restarted GMRES otherwise.

As matrix A, we first consider the discretized 3D Laplacian on a cubic grid with
constant step size and Dirichlet boundary conditions, i.e.,

Ap=A1 0 A @ A € RNSXNS.

Here A; = tridiag(—1,2,—1) € RY*Y denotes the 1D Laplace operator and @& the
Kronecker sum defined via the Kronecker product ® as

My ®My=M @ L, + Im, @ My, M € Cmrxmi M, € CM2xme2,

As a non-Hermitian example, we take the convection-diffusion operator on the unit
cube with the direction vector [1,—1,1] and a diffusion coefficient of ¢ = 1073. Using

Savailable at http://www.guettel.com/funm_quad


http://www.guettel.com/funm_quad
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Laplace op. Ay, (m = 50) conv.-diff. op. Acp (m = 20)
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FIGURE 6.1. Number of matriz-vector products for approzimating A=3/2b. “Laplace” denotes
Algorithm 5.1, “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 matriz-vector
products was 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.

first-order upwind discretization for the convection term then results in the matrix
Acp = W 2AL + h™ ' (Ay @ AT @ Ay) € RV XN

with h = (N +1)"! and A, = tridiag(—1,1,0) € RV*¥. Note that both Ay, and Acp
are positive definite.

In our experiment, we vary N from 20 to 100, which gives matrix sizes between
8,000 and 1,000,000. We use a restart length of m = 50 for Ar, and m = 20 for Acp.
We stop the iteration at the end of the first restart cycle for which the relative error
norm lies below the desired accuracy tol = 10~7. To make sure that the solution of
A~'bis sufficiently precise for this, we chose a target accuracy of 10~ for the residual
norm of CG and GMRES. For both methods, Figure 6.1 reports the required number
of matrix-vector products for the different matrix sizes. We observe that the new
restart approach requires significantly fewer matrix-vector products than the Stieltjes
function approach. This is due to the fact that the “first phase”, in which the CG or
GMRES method is executed, is not necessary. To stress this effect further, we display
the percentage of matrix-vector products that the first phase requires above each
data point. We deduce that the restarted matrix function algorithms perform quite
similarly and in fact, the Stieltjes function restarting method from [29] even requires a
slightly smaller number of matrix-vector products. The advantage of the new method
can thus almost completely be attributed to the fact that it directly approximates
the desired quantity without needing to additionally solve a linear system first. For
the symmetric matrix Ay, when comparing with the two-pass Lanczos approach, we
see that the new approach requires fewer matrix-vector multiplications except for the
two largest values of V.

To illustrate that the reduction in matrix-vector products does not come with
a decrease in accuracy, we also depict the final relative accuracies in Figure 6.1 in
Figure 6.2 as well as an exemplary convergence curve (for the largest problem instance
N = 100) in Figure 6.3. The convergence curve only covers the second phase of
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Laplace op. Ay, (m = 50) conv.-diff. op. Acp (m = 20)
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FIGURE 6.2. Accuracy at termination when approzimating A=3/2b. “Laplace” denotes Algo-
rithm 5.1, “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.

Laplace op. A, (m = 50) conv.-diff. op. Acp (m = 20)
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FIGURE 6.3. Convergence curves for approzimating A=3/2b with Algorithm 5.1 (“Laplace”)
and for approzimating A~1/2¢c where ¢ = A~1b, with funm_quad. “Lanczos” denotes the two-pass
Lanczos method. N = 100. The restart length is m.

A=1/2(A~1D), i.e., the approximation of the matrix function A~'/2 applied to ¢ =
A~1b. We observe that the error reduction rate of both restarted methods is very
similar, but that funm_quad starts at a lower initial error norm so that it requires
fewer restart cycles to reach the target accuracy. This is probably related to the
different starting vectors b and A~'b in both methods. For Ay, non-restarted two-
pass Lanczos exhibits superlinear convergence which would make this method require
the least number of matrix-vector multiplications for accuracies beyond 10~7.
Figure 6.4 illustrates that the lower number of matrix-vector products also trans-
lates into an advantage in run time, in particular for the larger problem instances. The
overhead due to the spline construction and evaluation in Algorithm 5.1 (and due to
the matrix exponential for A = Acp) is relatively large for the smaller problem sizes,
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Laplace op. Ay, (m = 50) conv.-diff. op. Acp (m = 20)
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FIGURE 6.4. Ezecution times when approzimating A~3/2b for varying matriz sizes N3.
“Laplace” denotes Algorithm 5.1, “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.

so we do not observe a significant speed-up. For larger N, however, the speed-up is
similar to what we would expect from Figure 6.1. Moreover, we see linear dependence
on the matrix size N3, i.e., the overhead is negligible for larger matrices, the cost of
the methods being completely dominated by matrix-vector products. Two-pass Lanc-
zos does not yet exhibit the overhead as discussed in Remark 6.1, probably because
the solution is found at a rather moderate Krylov subspace size of about 400.

The results hold for other restart lengths m, too. As a small demonstration, we
report the run times for varying restart lengths for N = 100 in Figure 6.5. For Ap,
we had to include an additional factor of 1072 in the target accuracy of the numerical
integration in both Algorithm 5.1 and funm_quad for m = 10 and a factor of 107! in
funm_quad for m = 20, 30, 40. While a larger m can possibly improve convergence
and thus decrease the run time, this was only observed for the Hermitian case Ay,. The
increasing cost of orthogonalization for the next Arnoldi vector in the non-Hermitian
case Agp leads to an overall increasing execution time. In any case, Figure 6.5 shows
that Algorithm 5.1 behaves similarly to other restart algorithms when changing m.

6.2. Fractional diffusion processes on graphs: F(s) = exp(—7+/s). Given
an (undirected) graph G, its symmetric positive semidefinite graph Laplacian Lg =
Dg — Ag, where Ag is the adjacency matrix and D¢ the diagonal matrix containing
the degrees of the nodes of GG, the ODE system

(6.1) {fru(ﬂ =—Lgu(r), 7€(0,T],

where « € (0,1)) models a fractional diffusion process on G; see, e.g., [10]. Clearly,
h 0,1 dels a fractional diffusi G 0]. Clearl
the solution of (6.1) is given by

(6.2) u(t) = exp(—7L&)up.

It is well-known that the function exp(—7s%) appearing in (6.2) is a Laplace—Stieltjes
function, as it is the composition of a Bernstein function and a completely monotonic
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Laplace op. Ar,
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FIGURE 6.5. Ezecution times when approzimating A=3/2b for varying restart lengths m and
N = 100. “Laplace” denotes Algorithm 5.1, “Stieltjes” is the combination of funm_quad with CG
(left) or GMRES (right). “Lanczos” denotes the two-pass Lanczos method. Note that for two-pass
Lanczos, m specifies once in how many iterations the stopping criterion is checked.

function. For o = 1/2, we can give a closed form expression as a Laplace transform,

T exp(—712/(4t))
ﬁ E{ $3/2

exp(~7V3) = 5 }s),
which converges absolutely for Re(s) > 0, so that Algorithm 5.1 can be applied. For
invertible A, it is sometimes proposed to write

(6.3) exp(—7VA)ug = (h(A)A + Iug

with the function h(s) = (exp(—7+/s) — 1)/s, which has the integral representation

B /°° 1 sin(7v/%)

s+t

see, e.g., [24]. While h is not a Stieltjes function in the strict sense due to the oscillat-
ing generating function in (6.4), the quadrature-based restarting technique from [29]
is still applicable to it”, thus giving an alternative way to approximate exp(—7v/A).
However, in the context of fractional diffusion on graphs, it is worth noting that Ls is
always a singular matrix so that h(L¢g) is not defined. As Lgug does not contain any
contribution from the nullspace of Lg, it is possible to define the action h(Lg)Lgug
by restriction to the orthogonal complement of the nullspace, but this makes some
theoretical considerations more complicated. This holds in particular in the pres-
ence of round-off errors which may introduce (small) nullspace components during
the Krylov iteration. Therefore, working directly with exp(—7+/s) is an attractive
approach in this setting.

We used four real-world graphs for our experiments. The adjacency matrices were
obtained from the SuiteSparse Matrix Collection [18]. For each graph, we extracted

(6.4) h(s) dt;

7t

"By using the Abel-Dirichlet test [47, Theorem 11.23a], one can easily check that also in this
situation the integral representations of all occurring error functions are guaranteed to exist and have
a finite value.
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TABLE 6.1
Number of nodes and edges of the largest connected components. The graphs were obtained
from [18].
Name nodes edges
usroads-48 126 146 323900
loc-Gowalla 196591 1900654
dblp-2010 226413 1432920
com-Amazon 334863 1851744
usroads-48 loc-Gowalla
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FIGURE 6.6. Convergence curves for approrimating exp(—\/Z)b. “Laplace” denotes Al-

gorithm 5.1, “Stieltjes” refers to the final error obtained by using funm_quad for h(A)(Ab) in
exp(—VA)b = (h(A)A+1)b. “Lanczos” denotes the two-pass Lanczos method. The restart length is
m = 50.

the largest connected component and only considered the corresponding Laplacian.
Table 6.1 contains the number of nodes and edges of the resulting graphs. For sake
of simplicity, we chose 7 = 1. The restart length is m = 50. We present the con-
vergence curves in Figure 6.6. They show that in addition to the above argument,
Algorithm 5.1 yields higher accuracy than the Stieltjes-type approach for the same
number of matrix-vector products for each considered graph. Two-pass Lanczos re-
quires the least number of matrix-vector multiplications except for the dblp-2010



20 A. FROMMER, K. KAHL, M. SCHWEITZER, AND M. TSOLAKIS

graph.

Employing the “corrected” Arnoldi approximation introduced in [42], we can
modify the restarting method for Stieltjes functions h to directly approximate Ah(A)b
without needing an explicit pre- or postmultiplication with A; see Corollary 3.6 and
the discussion following it in [29]. We could apply this here, based on (6.3). For
all graphs considered, however, this approach shows actually worse performance than
the Stieltjes restart method applied to the starting vector Lgb. It sometimes even
stagnates or shows signs of instability, which we attribute to the fact that L¢g is
singular. Thus premultiplying with Lg is actually beneficial, removing unwanted
nullspace contributions from b.

6.3. Gamma function: F(s) = I'(s). Recently, techniques to compute the
matrix gamma function I'(A) were discussed in [15,39]. The gamma function can be
represented as a two-sided Laplace transform,

I(s) = / 2 exp(—x) dz = B{exp(— exp(—1)}(s),

which converges absolutely for Re(s) > 0. To see the last equality, use x°~1 =

exp((s—1)log(x)) and apply the transformation ¢t = — log(x). We include this example
to show that the approach presented in this paper also works for the two-sided case.
We compute F(A)b by applying the method to the two Laplace transforms

F(A)b = L{exp(— exp(=1)) }(A)b + L{exp(—exp(t))}(~A)b.

To determine the error, we implemented Algorithm 4.5 combined with 4.1 of [15] to
compute I'(A) directly. As this becomes prohibitively expensive for larger matrices,
we use the 2D versions of the matrices in subsection 6.1, i.e.,

AL, = A1 DA € RN2><N27
Acp = h™2eAL + h™ (Ay @ A]) e RN N,
which are again positive definite. We let N vary from 20 to 120.
The number of matrix-vector products required is plotted in Figure 6.7 and we

present the achieved accuracy in Figure 6.8. For the symmetric matrix Ay, two-pass
Lanczos requires fewer matrix-vector multiplications for N > 80.

6.4. Square root: F(s) = /s. The square root is a complete Bernstein function
since it can be represented as

F(s)=+/s= ﬁ /000(1 — exp(—st))t=3/2 dt.

The corresponding action F(A)b = A'/2b arises in several applications, e.g., machine
learning [40], sampling from Gaussian Markov random fields [36] and precondition-
ing [5]. Since

1
NG

converges absolutely for Re(s) > 0, we can use the error representation of Theorem 3.2
for positive definite matrices, see subsection 4.2. For comparison, we use the package

F'(s) L{t71/2}(s)
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Laplace op. Ay, (m = 50) conv.-diff. op. Acp (m = 20)
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FIGURE 6.7. Number of matriz-vector products for approzimating I'(A)b. The restart length is
m. “Laplace” denotes Algorithm 5.1. “Lanczos” denotes the two-pass Lanczos method.
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FIGURE 6.8. Accuracy at termination when approzimating I'(A)b. “Laplace” denotes Algo-
rithm 5.1. “Lanczos” denotes the two-pass Lanczos method. The restart length is m.

funm_quad once again: Since G(s) = s~/? is a Stieltjes function and F(s) = G(s)s,
we can evaluate F'(A)b as G(A)c with ¢ = Ab. We choose again the Laplace operator
Ar, and the convection-diffusion operator Agp from subsection 6.1. The number of
matrix-vector products is plotted in Figure 6.9 and the resulting error in Figure 6.10.
Both plots show once more that Algorithm 5.1 needs fewer matrix-vector products,
with this time a more pronounced effect in the Hermitian case, where also two-pass
Lanczos requires more matrix-vector multiplications (except for N = 90).

7. Conclusions. We developed a new representation of the error function in
the restarted Arnoldi method for Laplace transforms. This representation allowed
us to develop a new restart algorithm based on numerical integration and spline
interpolation which significantly extends the class of functions for which restarting is
possible in a black-box fashion without having to choose hand-tailored contours and
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Laplace op. Ay, (m = 50) conv.-diff. op. Acp (m = 20)
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FIGURE 6.9. Number of matriz-vector products for approzimating A'/2b. “Laplace” denotes
Algorithm 5.1, “Stieltjes” is funm_quad for A=Y2¢ with ¢ = Ab. “Lanczos” denotes the two-pass
Lanczos method. The restart length is m.
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FIGURE 6.10. Accuracy at termination when approzimating A'/2b. “Laplace” denotes Algo-
rithm 5.1, “Stieltjes” is funm_quad for A=1Y2¢ with ¢ = Ab. “Lanczos” denotes the two-pass Lanczos
method. The restart length is m.

quadrature rules depending both on A and F.

Due to the results in [21], we know that the error monotonically decreases with
our algorithm if A is Hermitian and f is nonnegative. We proposed an implementation
which ensures that the run-time is dominated by matrix-vector products for larger
matrices, and this has been verified in numerical experiments. Some of the newly
available functions are not Stieltjes functions but can still be treated with the algo-
rithm of [29] by multiplying with A or A~!. However, our experiments also illustrated
that the algorithm needs fewer matrix-vector products for similar accuracy in these
cases. For the Hermitian examples, the two-pass Lanczos approach usually—but not
always—required fewer matrix-vector multiplications than the new, restarted method.
Lastly, we demonstrated that our method can be applied to two-sided Laplace trans-
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forms, like the Gamma function, and complete Bernstein functions, like the square
root, too.
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of the manuscript.

Appendix A. This appendix shows that we can interchange the order of inte-
gration in (3.2), i.e., in the integral

/OO /00 f@t) exp(—TA)vm419(t — T)u(t — 7) dr dt,
o Jo

and that if v lies within the region of absolute convergence of L{f}, it also lies in
the region of absolute convergence of £{f}, which is what we left out in the proof
of Theorem 3.2. Fubini’s theorem (see, e.g., [41, Theorem 8.8]) states that we can
interchange the order if

T = /OO /Oo|f(t) exp(—TA) vy 19(t — T)u(t — )| d7 dt < oco.
0 0

Note that the integral Z and the integrand are vectors, so we have to show Z; < oo
for each entry Z; of Z. However, we can treat each entry in the same manner: For
every vector x € C", it holds true that |z;| < ||z|l2. We apply this to the integrand
in Z so that we have

I, < /0°° /Ooo|exp(—TA)Um+1||2 LF(0)] lg(t = 7)| u(t — 7) dr dt
: /0 /0 lexp(—=TA)[l2 [£()] [g(t —7)| d7 dt

for every ¢ = 1,...,n. Similarly, we use
9(t)] = ey, exp(—tHp)er| < [lexp(—tHp)ei 2 < [lexp(—tHy) |2

which results in

A1) < / h / lexp(—rA)l2 |7(1)] lexp(—(t — 7)Hym)ll2 dr dt.

Both matrix norms |lexp(—7A)||2 and |lexp(—(t — 7)H)||2 can now be bounded by
the result of Crouzeix and Palencia [17, Theorem 3.1]. We start with

llexp(—7A)||2 < czenvl‘ima)|exp(—7'z)| = czen‘}éjmé) exp(—7 Re(z)) = cexp(—7v)

with the constant ¢ = 1+ v/2 and v = min,cyy(4) Re(2), where W (A) is the field of

values of A. Since W(H,,) C W(A) and t — 7 > 0, one can proceed similarly for the
second matrix norm, which yields

lexp(=(t = 7)Hpm)|l2 < cexp(=(t = T)v).
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Using both bounds in (A.1), we obtain

I, < /00 / exp(—1v)|f(t)]| exp(—(t — 7)v)drdt
o Jo

:c/o exp(—tu)|f(t)|/0 dr dt
o)

where the Laplace transform — L{t|f(¢)|}(v) is the derivative of L{|f|}(v) according
to Theorem 2.5. By the hypothesis of Theorem 3.2, the value v lies within the region of
absolute convergence of L{f(¢t)}(z). Thus, — L{t|f(¢)|}(v) is finite and, consequently,

T, < & L{If ()} (v) < oc.

In an analogous manner, one shows that

LI w) < e L{FD}H) < oo,

which means that v lies in the region of absolute convergence of £{f}.
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