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Abstract

Evaluating the action of a matrix function on a vector, thatis x = f(M)uv, is an ubiq-
uitous task in applications. When M is large, one usually relies on Krylov projection
methods. In this paper, we provide effective choices for the poles of the rational Krylov
method for approximating x when f(z) is either Cauchy—Stieltjes or Laplace—Stieltjes
(or, which is equivalent, completely monotonic) and M is a positive definite matrix.
Relying on the same tools used to analyze the generic situation, we then focus on the
case M =1Q®A— BT ® I, and v obtained vectorizing a low-rank matrix; this finds
application, for instance, in solving fractional diffusion equation on two-dimensional
tensor grids. We see how to leverage tensorized Krylov subspaces to exploit the Kro-
necker structure and we introduce an error analysis for the numerical approximation
of x. Pole selection strategies with explicit convergence bounds are given also in this
case.
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1 Introduction

We are concerned with the evaluation of x = f(M)v, where f(z) is a Stieltjes
function, which can be expressed in integral form

o 1
f@) =/ gt,u)ydt, g, z)e {e‘“, —} (D
0 t+z

The two choices for g(¢, z) define Laplace—Stieltjes and Cauchy—Stieltjes functions,
respectively [8,31]. The former class is a superset of the latter, and coincides with
the set of completely monotonic functions, whose derivatives satisfy (—1)/ f/) >
0 over R, forany j € N.

We are interested in two instances of this problem; first, we consider the
case M := A, where A € C"*" is Hermitian positive definite with spectrum contained
in [a, b], v € C™* is a generic (block) vector, and a rational Krylov method [18] is
used to approximate x = f(M)v. In this case, we want to estimate the Euclidean
norm of the error ||x — x¢||2, where x; is the approximation returned by £ steps of the
method. Second, we consider

M:=1®A—BT @I ecC™", Q)

where A, —B € C"™" are Hermitian positive definite with spectra contained
in [a,b], v = vec(F) € C" is the vectorization of a low-rank matrix F =
Ur VFT € C"", and a tensorized rational Krylov method [8] is used for comput-
ing vec(X) = f(M)vec(F). This problem is a generalization of the solution of
a Sylvester equation with a low-rank right hand side, which corresponds to evalu-
ate the function f(z) = z~!. Here, we are concerned with estimating the quantity
IX — X¢|l2, where X, is the approximation obtained after £ steps.

1.1 Main contributions

This paper discusses the connection between rational Krylov evaluation of Stieltjes
matrix functions and the parameter dependent rational approximation (with the given
poles) of the kernel functions e~'% and ﬁ

The contributions of this work are the following:

1. Corollary 3 provides a choice of poles for the rational Krylov approximation
of f(M)v, where f(z)is Laplace—Stieltjes, with an explicit error bound depending
on the spectrum of A.

2. Similarly, for Cauchy-Stieltjes functions, we show (in Corollary 4) how leveraging
an approach proposed in [14] allows to recover a result previously given in [4] using
different theoretical tools.

3. In Sect. 3.5, we obtain new nested sequences of poles by applying the approach
of equidistributed sequences to the results in Corollary 3—4.

4. In the particular case where M := I ® A — BT ® I we extend the analy-
sis recently proposed in [8] to rational Krylov subspaces. Also in this setting,
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Rational Krylov for Stieltjes matrix functions... 239

Table 1 Summary of the convergence rates for rational Krylov methods with the proposed poles

Function class Argument Error bound Reference
L
Laplace-Stieltjes M:=A lx —x¢ll2 ~ (’)(p[%l’h]) Cor. 3
M:=IQA-BT ®I \|X—Xg||2~(9(pébl) Cor. 5
Cauchy-Stieltjes M:=A lx — xgllp ~ O(p[la’ ) Cor. 4
M:=I1A-BT @I 1X — X¢ll2 ~0(p[@a’2b]) Cor. 7

The convergence rate pfy, g) is defined by pfq, g) = exp(—m2/ log(4g))

we provide explicit choices for the poles and explicit convergence bounds. For
Laplace-Stieltjes functions a direct consequence of the analysis mentioned above
leads to Corollary 5; in the Cauchy case, we describe a choice of poles that enables
the simultaneous solution of a set of parameter dependent Sylvester equations. This
results in a practical choice of poles and an explicit error bound given in Corol-
lary 7.

5. Finally, we give results predicting the decay in the singular values of X where vec(X)
= f(M)vec(F), F is a low-rank matrix, and f(z) is either Laplace—Stieltjes
(Theorem 6) or Cauchy—Stieltjes (Theorem 7). This generalizes the well-known
low-rank approximability of the solutions of of Sylvester equations with low-rank
right hand sides [5]. The result for Laplace—Stieltjes follows by the error bound for
the rational Krylov method and an Eckart—Young argument. The one for Cauchy—
Stieltjes requires to combine the integral representation with the ADI approximant
for the solution of matrix equations.

The error bounds obtained are summarized in Table 1.

We recall that completely monotonic functions are well approximated by exponen-
tial sums [11]. Another consequence of our results in the Laplace—Stieltjes case is to
constructively show that they are also well-approximated by rational functions.

1.2 Motivating problems

Computing the action of a matrix function on a vector is a classical task in numerical
analysis, and finds applications in several fields, such as complex networks [7], signal
processing [29], numerical solution of ODEs [20], and many others.

Matrices with the Kronecker sum structure as in (2) often arise from the discretiza-
tion of differential operators on tensorized 2D grids. Applying the inverse of such
matrices to a vector is equivalent to solving a matrix equation. When the right hand
side is a smooth function or has small support, the vector v is the vectorization of a
numerically low-rank matrix. The latter property has been exploited to develop sev-
eral efficient solution methods, see [28] and the references therein. Variants of these
approaches have been proposed under weaker assumptions, such as when the smooth-
ness is only available far from the diagonal x = y, as it happens with kernel functions
[23,25].
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240 S. Massei, L. Robol

In recent years, there has been an increasing interest in models involving fractional
derivatives. For 2D problems on rectangular grids, discretizations by finite differ-
ences or finite elements lead to linear systems that can be recast as the solution of
matrix equations with particularly structured coefficients [12,24]. However, a promis-
ing formulation which simplifies the design of boundary conditions relies on first
discretizing the 2D Laplacian on the chosen domain, and then considers the action of
the matrix function z~% (with the Laplacian as argument) on the right hand side. This
is known in the literature as the matrix transform method [32]. In this framework, one
has 0 < a < 1, and therefore z7¢ is a Cauchy—Stieltjes function, a property that has
been previously exploited for designing fast and stable restarted polynomial Krylov
methods for its evaluation [27]. The algorithm proposed in this paper allows to exploit
the Kronecker structure of the 2D Laplacian on rectangular domains in the evaluation
of the matrix function.

Another motivation for our analysis stems from the study of exponential integra-
tors, where it is required to evaluate the ¢;(z) functions [20], which are part of the
Laplace—Stieltjes class. This has been the subject of deep studies concerning (restarted)
polynomial and rational Krylov methods [17,27]. However, to the best of our knowl-
edge the Kronecker structure, and the associated low-rank preservation, has not been
exploited in these approaches, despite being often present in discretization of differ-
ential operators [30].

The paper is organized as follows. In Sect. 2 we recall the definitions and main
properties of Stieltjes functions. Then, in Sect. 3 we recall the rational Krylov method
and then we analyze the simultaneous approximation of parameter dependent expo-
nentials and resolvents; this leads to the choice of poles and convergence bounds for
Stieltjes functions given in Sect. 3.4. In Sect. 4 we provide an analysis of the conver-
gence of the method proposed in [8] when rational Krylov subspaces are employed.
In particular, in Sect. 4.4 we provide decay bounds for the singular values of X such
thatvec(X) = f(M)vec(F). We give some concluding remarks and outlook in Sect. 5.

2 Laplace-Stieltjes and Cauchy-Stieltjes functions

We recall the definition and the properties of Laplace—Stieltjes and Cauchy—Stieltjes
functions that are relevant for our analysis. Functions expressed as Stieltjes integrals
admit a representation of the form:

f(Z)=/O g, () dt, 3

where w(#)dt is a (non-negative) measure on [0, oo], and g(¢, z) is integrable with
respect to that measure. The choice of g(, z) determines the particular class of Stielt-
jes functions under consideration (Laplace—Stieltjes or Cauchy—Stieltjes), and p(t) is
called the density of f(z). u(f) can be a proper function, or a distribution, e.g.
a Dirac delta. In particular, we can restrict the domain of integration to a subset
of (0, oo) imposing that u(t) = 0 elsewhere. We refer the reader to [31] for further
details.
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Rational Krylov for Stieltjes matrix functions... 241

2.1 Laplace-Stieltjes functions
Laplace—Stieltjes functions are obtained by setting g(¢, z) = e~ % in (3).
Definition 1 Let f(z) be a function defined on

(0, +00). Then, f(z) is a Laplace-Stieltjes function if there is a positive mea-
sure 1 (¢)dt on Ry such that

f@) =/0 e () dt. )

Examples of Laplace—Stieltjes functions include:

f@=z"= /OOO e frdt,  f)=e = /;oo e "% dt,

f@)=1=e)/z :/ ey dr, () = il relo
0 0 ¢r>1

The last example is an instance of a particularly relevant class of Laplace—Stieltjes
functions, with applications to exponential integrators. These are often denoted
by ¢;(z), and can be defined as follows:

(> _, [max{l —¢, 07! ,
vj(2) .:/0 e’ T dt, j=>1.

A famous theorem of Bernstein states the equality between the set of Laplace—
Stieltjes functions and those of completely monotonic functions in (0, o) [10], that
is (—l)jf(j)(z) is positive over (0, co) for any j € N.

From the algorithmic point of view, the explicit knowledge of the Laplace den-
sity (¢) will not play any role. Therefore, for the applications of the algorithms and
projection methods described here, it is only relevant to know that a function is in this
class.

2.2 Cauchy-Stieltjes functions

Cauchy-Stieltjes functions form a subclass of Laplace—Stieltjes functions, and are
obtained from (3) by setting g(¢, z) = (t + 2~ L

Definition 2 Let f(z) be afunction defined on C\R_. Then, f(z) is a Cauchy-Stieltjes
function if there is a positive measure ((¢)dt on Ry such that

_[* 0
f(Z)—/O I+Zdt- ©)
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A few examples of Cauchy—Stieltjes functions are:

log(1 + 2) o ¢l & g _ .
ro =22 [T, fO=3 g w0 p<o

f@Q=7"= Sm(M) /"" tt~|—az r,  ae(0.1).

The rational functions with poles on the negative real semi-axis do not belong to this
class if one requires w(t) to be a function, but they can be obtained by setting () =
Zif:l ajé(t—Bj), where 6(-) is the Dirac delta with unit mass at 0. For instance, 7 is
obtained setting . (¢) := 6(¢).

Since Cauchy-Stieltjes functions are also completely monotonic in (0, co) [9], the
set of Cauchy—Stieltjes functions is contained in the one of Laplace—Stieltjes functions.
Indeed, assuming that f(z) is a Cauchy—Stieltjes function with density ¢ (¢), one can
construct a Laplace—Stieltjes representation as follows:

f@) = / . / / S0 (1) ds dit = f e [ e e di ds,
0 0

R —
nr(s)

where . (s) defines the Laplace—Stieltjes density. In particular, note that if ¢ () is
positive, so is pur (s). For a more detailed analysis of the relation between Cauchy-
and Laplace—Stieltjes functions we refer the reader to [31, Section 8.4].

As in the Laplace case, the explicit knowledge of w(#) is not crucial for the analysis
and is not used in the algorithm.

3 Rational Krylov for evaluating Stieltjes functions

Projection schemes for the evaluation of the quantity f(A)v work as follows: an
orthonormal basis W for a (small) subspace WW < C" is computed, together with
the projections Ay := W*AW and vy := W*v. Then, the action of f(A) on v is
approximated by:

fAY = xpy = W (Aw)vw.

Intuitively, the choice of the subspace }V is crucial for the quality of the approximation.
Usually, one is interested in providing a sequence of subspaces W) C Wh C W3 C

. and study the convergence of x)y, to f(A)v as j increases. A common choice for
the space W; are Krylov subspaces.
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3.1 Krylov subspaces

Several functions can be accurately approximated by polynomials. The idea behind
the standard Krylov method is to generate a subspace that contains all the quantities
of the form p(A)v for every p(z) polynomial of bounded degree.

Definition 3 Let A be an n x n matrix, and v € C"* be a (block) vector. The Krylov
subspace of order ¢ generated by A and v is defined as

K¢(A, v) ;= span{v, Av, ..., AEv} = {p(A)v: deg(p) < {}.

Projection on Krylov subspaces is closely related to polynomial approximation.
Indeed, if f(z) is well approximated by p(z), then p(A)v is a good approximation
of f(A)v, in the sense that || f(A)v — p(A)vll2 < maxzeja,p) [ f(2) — p(2)] - [[v]l2.

Rational Krylov subspaces are their rational analogue, and can be defined as follows.

Definition4 Let A be a n x n matrix, v € C"** be a (block) vector and ¥ =
(W1, ..., ¥e), with ¢; € C := CU {oo}. The rational Krylov subspace with poles ¥
generated by A and v is defined as

RIC (A, v, W) = qo(A) 'K (A, v) = span{qe(A) v, g¢(A) ™" Av,
L qe(A) At

where q¢(z) = ]_[ﬁ-:l(z — ;) and if ; = oo, then we omit the factor (z —
¥;) from g (2).

Note that, a Krylov subspace is a particular rational Krylov subspace where all poles
are chosen equal to co: RIC,(A, v, (00, ..., 00)) = K¢ (A, v). A common strategy of
pole selection consists in alternating 0 and co. The resulting vector space is known in
the literature as the extended Krylov subspace [13].

We denote by P the set of polynomials of degree at most £, and by R ¢ the set of
rational functions g(z)/l(z) with g(z2),1(z) € P¢. Given ¥ = {yr1, ..., ¢} C C, we
indicate with % the set of rational functions of the form g(z)//(z), with g(z) € Py and
I(z) .= l_leeq/\{oo}(z =)

It is well-known that Krylov subspaces contain the action of related rational matrix
functions of A on the (block) vector v, if the poles of the rational functions are a subset
of the poles used to construct the approximation space.

Lemma 1 (Exactness property) Let A be a n x n matrix, v € C™"™*S be a (block)

vector and ¥ = {Y1,...,¢¥¢} C C. If Up,Ur are orthonormal bases of

Ke(A, v) and RIC¢(A, v, &), respectively, then:

L f@ePe = [f(Av=Upf(A)Upv) € Ke(A,v), Ar=UpAUp,

2. f(2) € % =  f(Av = Urf(A)(Uixv) € RE(A,v,¥), A =
U;EAUR,

Lemma 1 enables to prove the quasi-optimality of the Galerkin projection described
in Sect. 3. Indeed, if W := RI(A, v, ¥), then [18]
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244 S. Massei, L. Robol

lxw —xll2 <2 lvll2- min  max |f(z) —r()|. (6)
r(z)eve z€la,b]

The optimal choice of poles for generating the rational Krylov subspaces is problem
dependent and linked to the rational approximation of the function f(z) on [a, b]. We
investigate how to perform this task when f is either a Laplace—Stieltjes or Cauchy—
Stieltjes function.

3.2 Simultaneous approximation of resolvents and matrix exponentials

The integral expression (1) reads as

f(Av = /Ooog(t, Ap@)ydr, g, A) e fe™, a1+ A)7")

when evaluated at a matrix argument. Since the projection is a linear operation we
have

xw = WAy = /0 Wg(t, Ayw)vw n(t)dr.

This suggests to look for a space approximating uniformly well, in the param-
eter 7, matrix exponentials and resolvents, respectively. A result concerning the
approximation error in the L? norm for ¢ € iR is given in [14, Lemma 4.1]. The
proof is obtained exploiting some results on the skeleton approximation of HLA [26].
We provide a pointwise error bound, which can be obtained by following the same
steps of the proof of [14, Lemma 4.1]. We include the proof for completeness.

Theorem 1 Let A be Hermitian positive definite with spectrum containedin[a, bland U
be an orthonormal basis of Up = RK¢(A, v, ¥). Then, Vt € [0, 00), we have the
following inequality:

. max;e(q,p] 7 (2)|
lvllz min

Il +A) " v — U@l + A)  uell < .
t+a el Moo 0] |r(2)]

)

where Ay = U*AU and vy = U*v.

Proof Following the construction in [26], we consider the function fyei (A, ¢) defined
by
1
8 1
1 -1 . L £xt
fskel(hk) L I:[l+}" ll+)h:|M ] ’ Mlj - t]+)\,l G(C x ’
1A

where M;; are the entries of M and (¢;, A;) is an £ x £ grid of interpolation nodes.
The function fge1(#, A) is usually called Skeleton approximation and it is practical
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for approximating z%\; indeed its relative error takes the explicit form: 1 — (¢ +

2 fakel(t, ) = Z85 withr(2) = 15, % If this ratio of rational functions is small,

then fger(f, A) is a good approximation of H_L)L and—consequently— fgkel (£, A) is a
good approximation of (¢ 1 + A)~!. Note that, for every fixed 7, fskel (¢, A) is a rational
function in A with poles —t1, ..., —t;. Therefore, using the poles ¥; = —¢;, j =
1, ..., ¢ for the projection we may write, thanks to (6):

max;e(q,p) |7 (2)|
minge(—co,01 17 (2)|

_ _ 2
1T+ A) v — U@l + A oglla < vl
t+a

Taking the minimum over the possible choices of the parameters A ; we get (7). O

Concerning the rational approximation of the (parameter dependent) exponential,
the idea is to rely on its Laplace transform that involves the resolvent:

1 iT
e = — lim (s + A~ ds. (8)
27mi T—-o0 —iT

In this formulation, it is possible to exploit the Skeleton approximation of s-+x in
order to find a good choice of poles, independently on the parameter ¢. For proving
the main result we need the following technical lemma whose proof is given in the

“Appendix 2”.

Lemma2 Let L~ '[F(s)] be the inverse Laplace transform of 7(s) = %p’z(_‘yz,), where
p(s) is a polynomial of degree € with positive real zeros contained in [a, b]. Then,

_ 2 K
1L O o®y) < Vers Ve =223+ - log (4€ ) \/;) ,

where k = f—l.

Theorem 2 Let A be Hermitian positive definite with spectrum containedin [a, b] and U
be an orthonormal basis of Ur = RK¢(A, v, W), where ¥ = {Y1,..., Y} C
[—b, —a]. Then, ¥t € [0, 00), we have the following inequality:

”eftA

v—Ue " Muglly < 4ypcllvllz max |ry ), ©
z€la,b]
where Ay = U*AU, vy = U*v, k = f‘; rg (z) € Ry ¢ is the rational function defined

byry(z) = ]_[ﬁ-:] zt% and yy i is the constant defined in Lemma 2.

Proof We consider the Skeleton approximation of s%}» by restricting the choice of
poles in both variables to ¥

1
= [t e
Seket(s, 1) = Ve : Y Vi + ¥
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where M;; denote the entries of M. Then, by using (8) for A and A, we get

1 iT
ey —Ue "y, = — lim SsT+ A) o — e UsT + Ap) "o ds.
1 T—oo J_iT

Adding and removing the term e*! fe1(s, A)v = €% U fskel (s, A¢)U*v inside the inte-
gral (the equality holds thanks to Lemma 1) we obtain the error expression

1 ir
e Ay — Ue Ay, = 5ol Tlimw . et [(sl +A) W —UGT+ Ag)flvg] ds
—1
1 iT
=54 lim eT(sI + A)71 [ = (sI+ A) fskel(s, A)]v ds
71 T—00 J—iT
i7 |
- 35 lim U s+ AT [I—(sI+ Ap) fokel(s, Ap)] vg ds
Tl T—o00 —iT
1 ir
=55 Tli>m00 . ST+ A) rg (Arg (—s) o ds
—1
1 ir
— 5 im U ST+ Ap) "V rg (Ap)rg (—s) Vg ds.
Tl T—o00 —iT

Since A and A, are normal, the above integrals can be controlled by the maximum of
the corresponding scalar functions on the spectrum of A (and Ay), which yields the
bound

—tA

e~ 4v — Ue "yl <2 max |h(t, )],
A€la,b]

iT
h(t, 3) ;:% lim/ oL g

TiT—ooJ_j7 s+ Arg(—s)

We note that rg (A) can be pulled out of the integral, since it does not depend on s, and
thus the above can be rewritten as

h(t,m:rqf(x)-c—l[ ! p(s)}m

A+s p(=s)
:rw(x)-z—l[ - ]*ﬁ—l [1 Pe) ](r)
s+ A s p(—s)

=rg(X) - (8(t) — re ML [1&} (),
s p(—s)

where p(s) is as in Lemma 2 and §(¢) indicates the Dirac delta function. Since
the 1-norm of 8(t) — Ae™'* is equal to 2, using Young’s inequality we can

bound [|A(t, M) |leo < 2/|L7! [% %] loo- Therefore, we need to estimate the infinity

norm of £~! [% pzz(_s;) ] (). Such inverse Laplace transform can be uniformly bounded

in ¢ by using Lemma 2 with a constant that only depends on ¢ and b/a:
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lh(A, DI = 2yeiclre (M)
This completes the proof. O

Remark 1 The constant provided by Lemma 2 is likely not optimal. Indeed, experi-
mentally it seems to hold that y, , = 1 for any choice of poles in the negative real
axis—not necessarily contained in [—b, —a]—and this has been verified in many
examples. If this is proved, then the statement of Theorem 1 can be made sharper by
removing the factor yp .

3.3 Bounds for the rational approximation problems

Theorems 1 and 2 show the connection between the error norm and certain rational
approximation problems. In this section we discuss the optimal values of such problems
in the cases of interests.

Definition 5 Let ¥ C C be a finite set, and I 1, I> closed subsets of C. Then, we
define!

maxjy, |r(z)|

r(z)e% miny, |r(z)|

Oc(ly, [, ¥) :=

The 6, functions enjoy some invariance and inclusion properties, which we report
here, and will be extensively used in the rest of the paper.

Lemma3 Let I}, I be subsets of the complex plane, and ¥ C C. Then, the map 6y
satisfies the following properties:

(i) (shift invariance) For any t € C, it holds 6,(Iy +t, I +t,¥ +1t) =0, I, ¥).
(ii) (monotonicity) 0¢(I1, I, ¥) is monotonic with respect to the inclusion on the
parameters I and I:

LCI,LCl, = 01, L, ¥) <61}, I3, ¥).

(iii) (Mobius invariance) If M(z) is a Mobius transform, that is a rational func-
tion M(z) = (az + B)/(yz + 8) with a # By, then

Oc(I1, I, ¥) = 0, (M(I1), M(I2), M(¥)).

Proof Property (i) follows by (iii) because applying a shift is a particular Mobius
transformation. Note that, generically, when we compose a rational function r(z) =
% € % with M~!(z) we obtain another rational function of (at most) the same

degree and with poles M (¥). Hence, we obtain

1 We allow the slight abuse of notation of writing |r(c0)| as the limit of |r(z)| as |z] — oo, in the case
either /1 or I, contains the point at infinity.

@ Springer



248 S. Massei, L. Robol

maxy [r(z)| . maxy) Ir(M~1(2))]
P minp(ry) [r(M~1(2))]

O, L, ¥) =

r(z)ebe ming, r@l

r(z)e g

— min e QU . M), M),

rOe 5l miny(p,) 17 (2)|

Property (ii) follows easily from the fact that the maximum taken on a larger set is
larger, and the minimum taken on a larger set is smaller. O

Now, we consider the related optimization problem, obtained by allowing ¥ to vary:

max r
min 6,1, L, ¥) = min maxzen @) (10)
T, |W|=¢ r()€R¢,¢ Mingey, |7 (2)]

The latter was posed and studied by Zolotarev in 1877 [33], and it is commonly known
as the third Zolotarev problem. We refer to [3] for a modern reference where the theory
is used to recover bounds on the convergence of rational Krylov methods and ADI
iterations for solving Sylvester equations.

In the case I} = — 1> = [a, b] (10) simplifies to

. max;e[q,p] |7 (2)]
min
r(2)€R¢,e Milze[q,p) |7 (—2)|

which admits the following explicit estimate.

Theorem 3 (Zolotarev) Let I = [a, b], with0 < a < b. Then

2

b4 b
min (1, —1,¥) <4pl, p1s  Plab :=exp<——), K= —.
wCT, |w|=¢ La.b] (0] log (4«)

In addition, the optimal rational function réa’h] (2) that realizes the minimum has the
form

pla)
abl, . . @) pla) [a,b] [a,b]
(z)-=— @ =] |G+v¥; ), ¥ -1
PPy’ ]1_[1 Jit

We denote by lI/L,[a’ {w[a b], ceey wgléb]} the set of poles ofrt[a’b] (2).

Explicit expression for the elements of llfz[“’b] are available in terms of elliptic func-
tions, see [14, Theorem 4.2].

Remark 2 The original version of Zolotarev’s result involves exp(— ) in place of

( *1)
Pla,b]> Where p(+) is the Grotzsch ring function. For simplicity, in thls paper we prefer
the slightly suboptimal form involving the logarithm. We remark that for large x (which
is usually the case when considering rational Krylov methods) the difference is neg-

ligible [1, Section 17.3].
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We use Theorem 3 and the Mobius invariance property as building blocks for
bounding (7). The idea is to map the set [—o0, 0] U [a, b] into [—1, —a] U [a, 1]—for
some @ € (0, 1)—with a Mobius transformation; then make use of Theorem 3 and
Lemma 3(iii) to provide a convenient choice of ¥ for the original problem.

Lemma4 The Mobius transformation

A+z-D
TC(Z) = At—i—}—b’ A= b2 — ab,

maps [—00, 01U [a, b] into [—1, —al U [@, 1], with @ := §14=0 = =9 The inverse

map Tc(z)~ " is given by:

_b+A)z+b-A

7! ) :
c @ 1+z

Moreover, for any 0 < a < b it holdsa—! < %b’ and therefore piz, 1) < Pla,4b)-

Proof By direct substitution, we have T¢(—o0) = —1, and T¢(b) = 1; moreover,
again by direct computation one verifies that 7¢(0) + T¢c(a) = 0, which implies
that Tc ([—o0, 0]) = [—1, —a] and T¢([a, b]) = [a, 1]. Then, we have

A+b
=2t A —a/b.

b—A

. . . — 2b—4%
Using the relation /1 — ¢ < 1 — % forany 0 <t < 1, we obtain that a I < = <

2

42, which concludes the proof.

[m|

Remark 3 We note that the estimate p[z,1] < p[q,4b] i asymptotically tight, that is
the limit of p(z,1)/pla.40) — 1 as b/a — oo. For instance, if b/a = 10 then the
relative error between the two quantities is about 2 - 1072, and for b/a = 1000
about 5 - 107>, Since the interest for this approach is in dealing with matrices that are
not well-conditioned, we consider the error negligible in practice.

In light of Theorem 3 and Lemma 4, we consider the choice
b B ~
WC[“T’Z ] — TC 1(4/(3[11,1]) (11)

in Theorem 1. This yields the following estimate.

Corollary 1 Let A be Hermitian positive definite with spectrum contained in [a, b]

and U be an orthonormal basis of Ur = RI¢(A, v, llfgkb]). Then, Vt € [0, c0)

1T+ A) v — U@l + A" vellz < 1vll200 45> (12)

t+a

where Ay = U*AU and vy = U*v.
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When considering Laplace—Stieltjes functions, we may choose as poles lI/L,[“’b] which
are the optimal Zolotarev poles on the interval [a, b]. This enables to prove the fol-
lowing result, which builds on Theorem 2.

Corollary 2 Let A be Hermitian positive definite with spectrum contained in [a, b] and
U be an orthonormal basis of Ur = RK¢(A, v, El/e[a’b]). Then, Vt € [0, c0)

13
le™" v — Ue " velly < 8yecllvliang, - (13)

where Ay = U*AU and vy = U*v.
Proof The proof relies on the fact that the optimal Zolotarev function evaluated on the
4

interval [a, b] can be bounded by 2,051 b] [5, Theorem 3.3]. Since its zeros and poles
are symmetric with respect to the imaginary axis and real, we can apply Theorem 2 to
obtain (13). m]

3.4 Convergence bounds for Stieltjes functions

Let us consider f(z) a Stieltjes function of the general form (1). Then the error of the
rational Krylov method for approximating f(A)v is given by

If(A)v = Uf(A)vellz = H/O [g(r, A)v — Ug(t, Agve] () dt

2

o0
s/o lg(t, Ao — Ug(t, Ayvelly (o) dt

where g (¢, A) is either a parameter dependent exponential or resolvent function. There-
fore Corollary 1 and Corollary 2 provide all the ingredients to study the error of the
rational Krylov projection, when the suggested pole selection strategy is adopted.

Corollary 3 Let f(z) be a Laplace-Stieltjes function, A be Hermitian positive def-
inite with spectrum contained in [a,b], U be an orthonormal basis of Ur =
REe(A, v, ")y and x; = Uf(Ag)ve with A, = U*AU and vy = U*v. Then

¢
£ (A)v = xell2 < 8yex FOD)vll2pg, 1) (14)
where yy . is defined as in Theorem 2, and f(0") :=lim,_ o+ f(2).

Proof Since f(z) is a Laplace—Stieltjes function, we can express the error as follows:

o
I £ (A — x¢ll2 < / He_’Av —Ue"U*y ‘zu(t) dt
0
o0 ¢
<8y [ w@drlolagg,,
0
¢
= 80, S OD)Ivll207, 4.
where we applied (6) and Corollary 2 to obtain the second inequality. O
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Remark 4 In order to be meaningful, Corollary 3 requires the function f (z) to be finite
over [0, 00), which might not be the case in general (consider for instance x ™%, which is
both Cauchy and Laplace-Stieltjes). Nevertheless, the result can be applied to f(z+7),
which is always completely monotonic for a positive 1, by taking 0 < n < a. A value
of 7 closer to a gives a slower decay rate, but a smaller constant f(07). Similarly,
if f(z) happens to be completely monotonic on an interval larger than [0, c0), then
bounds with a faster asymptotic convergence rate (but a larger constant) can be obtained
considering n < 0.

Corollary 1 allows to state the corresponding bound for Cauchy—Stieltjes functions.
The proof is analogous to the one of Corollary 3.

Corollary 4 Let f(z) be a Cauchy-Stieltjes function, A be Hermitian positive def-
inite with spectrum contained in [a,bl, U be an orthonormal basis of Ur =
RKo(A, v, WY with WP as in (11) and x, = Uf(Aove with Ay =
U*AU and vy = U*v. Then

I1f (A — xgll2 < 8F @260y 40;- (15)
3.5 Nested sequences of poles

From the computational perspective, it is more convenient to have a nested sequence
of subspaces Wi € ... W; € W;,; C ..., so that £ can be chosen adaptively. For
example, in [19] the authors propose a greedy algorithm for the selection of the poles
taylored to the evaluation of Cauchy—Stieltjes matrix functions. See [15,16] for greedy
pole selection strategies to be applied in different—although closely related—contexts.

The choices of poles proposed in the previous sections require to a priori deter-
mine the degree ¢ of the approximant xg. Given a target accuracy, one can use the
convergence bounds in Corollary 3—4 to determine £. Unfortunately, this is likely to
overestimate the minimum value of ¢ that provides the sought accuracy.

An option, that allows to overcome this limitation, is to rely on the method of
equidistributed sequences (EDS), as described in [14, Section 4]. The latter exploits
the limit—as £ — oo—of the measures generated by the set of points lllg[a’b], llfé‘fkb] to
return infinite sequences of poles that are guaranteed to provide the same asymptotic
rate of convergence. More specifically, the EDS {5} ;cn associated with lI/e[a’l] is
obtained with the following steps:

(i) Select ¢ € RT \ Q and generate the sequence {sj}jen =10, ¢ —1¢], 2¢ —
[2¢], 3¢ —13¢], ...}, where | -] indicates the greatest integer less than or equal
to the argument; this sequence has as asymptotic distribution (in the sense of
EDS) the Lebesgue measure on [0, 1].

(ii) Compute the sequence {#;} jen such that g(¢;) = s; where

g(t)‘—ift ol M'—/l 4y
S 2M a2 J(y—ad)y( —y) S Jo VA=) =1 —a?)y?)

(iii) Define 5; := \/7;.
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More generally, the EDS associated with llf[[“‘b], ngfkb] are obtained by applying either

a scaling or the Mobius transformation (11) to the EDS for lI/E[“’ U,

In our implementation, only the finite portion {G;}—o,...¢—1 is—incrementally—

generated for computing x,. As starting irrational number we select { = \/LE and

,,,,,

each quantity ¢; is approximated by applying the Newton’s method to the equa-
tion g(t;) — s; = 0. The initialization of the Newton iteration is done by
approximating 7 +> g(ef ) — s; with a linear function on the domain of interest,
and then using the exponential of its only root as starting point. This is done before-
hand selecting ¢ = a” and ¢ = a as interpolation points; in our experience, with such
starting point Newton’s method converges in a few steps.

3.6 Some numerical tests
3.6.1 Laplace-Stieltjes functions

Let us consider the 1D diffusion problem over [0, 1] with zero Dirichlet boundary
conditions

ou d%u s
EZGW_FJC(}C)’ u(x,0) =0, e =107"7,

discretized using central finite differences in space with 50,000 points, and integrated
by means of the exponential Euler method with time step At = 0.1. This requires to
evaluate the action of the Laplace—Stieltjes matrix function ¢ (he—zAtA)v, where A is
the tridiagonal matrix A = tridiag(—1, 2, —1). We test the convergence rates of vari-
ous choices of poles by measuring the absolute error when using a random vector v.
Figure 1 (left) reports the results associated with: the poles from Corollary 2, the cor-
responding EDS computed as described in Sect. 3.5 and the extended Krylov method.
It is visible that the three approximations have the same convergence rate, although
the choice of poles from Corollary 2 and the EDS performs slightly better. We mention
that, since A is ill-conditioned, polynomial Krylov performs poorly on this example.

We keep the same settings and we test the convergence rates for the Laplace—
Stieltjes function z_% W (z) where W (z) is the Lambert W function [22]. The plot in
Fig. 1(right) shows that after about 10 iterations the convergence rate of the extended
Krylov method deteriorates, while the poles from Corollary 2 and the EDS provide
the best convergence rate.

3.6.2 Inverse square root

Let us test the pole selection strategies for Cauchy-Stieltjes functions, by consider-
ing the evaluation of f(z) = z’% on the n X n matrix tridiag(—1, 2, —1), forn =
104, 5-10%, 10°. The list of methods that we consider includes: the poles lIJlelkbl from
Corollary 1, the associated EDS, the extended Krylov method and the adaptfve strat-
egy proposed in [19] for Cauchy—Stieltjes functions. The latter is implemented in
the markovfunmv package available at http://guettel.com/markovfunmv/ which we
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3
f(z) =p1(2) f(z) =2"2W(z)
ot [ 7 T “\L\\\‘ T K
. \*~\\\ —m— Cor. 2
102} 1| Mgy - EDS
:z - - - Bound
7ot 8 i
& .
102 ] “‘H““FW"
1071 5 ]
1 1 1 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 0 10 20 30 40 50
Iterations (¢) Iterations ()

Fig.1 Convergence history of the different projection spaces for the evaluation of ¢ (A)v and A7% W(A)v
for a matrix argument of size 50,000 x 50,000. The methods tested are extended Krylov (EK), rational
Krylov with the poles from Corollary 2 and rational Krylov with nested poles obtained as in Sect. 3.5.
The bound in the left figure is obtained directly from Corollary 2. The bound in the right figure has been
obtained as in Remark 4

used for producing the results reported in Fig. 2. The poles from Corollary 1 and the
extended Krylov method yield the best and the worst convergence history, respectively,
for all values of n. The EDS and markovfunm perform similarly for n = 10, but
as n increases the decay rate of markovfunm deteriorates significantly.

We consider a second numerical experiment which keeps the same settings apart
from the size of the matrix argument which is fixed ton = 10°. Then, we measure the
number of iterations and the computational time needed by the methods using nested
sequences of poles, i.e. EK, EDS, markovfunm, to reach different target values for
the relative error % The EK method has the cheapest iteration cost because it
exploits the pre-computation of the Cholesky factor of the matrix A for the computation
of the orthogonal basis. However, as testified by the results in Table 2, the high number
of iterations makes EK competitive only for the high relative error 10~!. The iteration
costs of EDS and markovfunm is essentially the same since they only differ in the
computation of the poles, which requires a negligible portion of the computational
time. Therefore, the comparison between EDS and markovfunm goes along with
the number of iterations which makes the former more efficient.” We remark that in
the situation where precomputing the Cholesky gives a larger computational benefit,
and memory is not an issue, EK may be competitive again.

We conclude the numerical experiments on the inverse square root by considering
matrix arguments with different distributions of the eigenvalues. More precisely, we
set A as the diagonal matrix of dimension n = 5 - 10* with the following spectrum
configurations:

(1) Equispaced values in the interval [%, 1],
(i1) Eigenvalues of trid(—1, 2 + 1073, —1) (shifted Laplacian),
(iii) 20 Chebyshev points in [10_3, 10_1] and n — 20 Chebyshev points in [10, 103].

2 To make a fair comparison between the methods, for this test we relied on the rational Arnoldi imple-
mentation found in markovfunm for the implementation of Algorithm 1 using EDS poles.
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10° - a .
108 |- a
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Fig. 2 Convergence history of the different projection spaces for the evaluation of Aié v, with A =
trid(—1, 2, —1), for different sizes n of the matrix argument. The methods tested are extended Krylov (EK),
rational Krylov with the poles from Corollary 1, rational Krylov with nested poles obtained as in Sect. 3.5
(EDS) and rational Krylov with the poles of markovfunm. The bound is obtained from Corollary 1

1
Table 2 Comparison of the time and number of iterations required for computing A~ 2 v with different
relative tolerances using markovfunm, EDS, and extended Krylov

Relative error markovfunm EDS Extended Krylov
Time (s) Its Time (s) Its Time (s) Its

10~! 0.37 18 0.10 7 0.32 20
10—2 0.76 29 0.26 14 2.17 64
1073 1.17 38 0.37 18 4.79 106
1074 1.64 47 0.43 20 8.16 144
1075 2.01 53 0.58 24 12.32 180
1076 2.56 61 0.82 31 16.72 212

The argument A is the 100,000 x 100,000 matrix trid(—1, 2, —1)

The convergence histories of the different projection spaces are reported in Fig. 3.
For all the eigenvalues configurations, EDS and markovfunm provide comparable
performances. The poles from Corollary 1 performs as EDS and markovfunm on
(ii) and slightly better on (i) and (iii). Once again, EK is the one providing the slowest
convergence rate on all examples.
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3.6.3 Other Cauchy-Stieltjes functions

Finally, we test the convergence rate of the different pole selection strategies for
the Cauchy-Stieltjes functions %, 7702, 7708
trid(—1, 2, —1).

The results reported in Fig. 4 show that in all cases the poles from Corollary 1 and the
extended Krylov method provide the best and the worst convergence rates, respectively.
The EDS converges faster than markovfunm apart from the case of z -2 where the

two strategies perform similarly.

and the matrix argument A =

4 Evaluating Stieltjes functions of matrices with Kronecker structure

We consider the task of computing f (M)v where M = I ® A— BT ® I. This problem
often stems from the discretizations of 2D differential equations, such as the matrix
transfer method used for fractional diffusion equations [32].

We assume that v = vec(F), where F = Up VIZ where Ur and Vp are tall and
skinny matrices. For instance, when f(z) = z~!, this is equivalent to solving the
matrix equation AX — X B = F. It is well-known that, if the spectra of A and B are
separated, then the low-rank property is numerically inherited by X [5]. For more
general functions than z~!, a projection scheme that preserves the Kronecker structure
has been proposed in [8] using polynomial Krylov methods. We briefly review it in
Sect. 4.1. The method proposed in [8] uses tensorized polynomial Krylov subspaces, so
it is not well-suited when A and B are ill-conditioned, as it often happens discretizing
differential operators. Therefore, we propose to replace the latter with a tensor product
of rational Krylov subspaces and we provide a strategy for the pole selection. This
enables a faster convergence and an effective scheme for the approximation of the
action of such matrix function in a low-rank format.

The case of Laplace—Stieltjes functions, described in Sect. 4.2, follows easily by the
analysis performed for the pole selection with a generic matrix A. The error analysis
for Cauchy-Stieltjes functions, presented in Sect. 4.3, requires more care and builds
on the theory for the solution of Sylvester equations.

4.1 Projection methods that preserve Kronecker structure

If A, B are n x n matrices, applying the projection scheme described in Sect. 3

requires to build an orthonormal basis W for a (low-dimensional) subspace W C an .
together with the projections of W* MW = H and vyy = W*v. Then the action
of f(M) on v is approximated by:

JMv~ Wf(H)vpy.

The trick at the core of the projection scheme proposed in [8] consists in choosing
a tensorized subspace of the form W := U ® V), spanned by an orthonormal basis
of the form W = U ® V, where U and V are orthonormal bases of &/ € C" and
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Equispaced eigenvalues in [%, 1] Eigenvalues in [1073,4 + 1079]
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Fig. 3 Convergence history of the different projection spaces for the evaluation of Aié v for a diagonal
matrix argument of size 50,000 x 50,000 with different eigenvalue distributions. The methods tested are
extended Krylov (EK), rational Krylov with the poles from Corollary 1, rational Krylov with nested poles
obtained as in Sect. 3.5 (EDS) and rational Krylov with the poles of markovfunm. The bound is obtained
from Corollary 1

Y C C", respectively. With this choice, the projection of M onto U ® V retains the
same structure, that is

UQVMUV)=1®Ay — B}, ®1,

where Ayy = U*AU and By = V*BV.

Since in our case v = vec(F) and F = Ur V], this enables to exploit the low-
rank structure as well. Indeed, the projection of F onto &/ ® V' can be written as
vy = vec(Fyy) = vec(U*U F)(VIZ V)). The high-level structure of the procedure is
sketched in Algorithm 1.

At the core of Algorithm 1 is the evaluation of the matrix function on the projected
matrix I @ Ay — Bg ® I.Even when U, V have a low dimension k < n, this matrix
is k% x k2, so it is undesirable to build it explicitly and then evaluate f(-) on it.

When f(z) = z~!, it is well-known that such evaluation can be performed
in &3 flops by the Bartels-Stewart algorithm [2], in contrast to the k¢ complexity that
would be required by a generic dense solver for the system defined by I/ ® Az; — Bg ®RI.
For a more general function, we can still design a O(k?) procedure for the evaluation
of f(-) in our case. Indeed, since Ay, and By, are Hermitian, we may diagonalize them
using a unitary transformation as follows:
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Fig. 4 Convergence history of the different projection spaces for the evaluation of f(A)v for different
Cauchy-Stieltjes functions f(z) and the matrix argumentA = trid(—1, 2, —1) of size 50,000 x 50,000.
The methods tested are extended Krylov (EK), rational Krylov with the poles from Corollary 1, rational
Krylov with nested poles obtained as in Sect. 3.5 (EDS) and rational Krylov with the poles of markovfunm.
The bound is obtained from Corollary 1

Algorithm 1 Approximate vec™ ! (f(M)vec(F))

procedure KroneckerFun(f, A, B, Up, VF) > Compute f(M)vec(F)
U, V < orthonormal bases for the selected subspaces.
Ay < U*AU
By < V*BV
Fyy < U*Up(VEV)
Y « vec™! (fU Ay — B‘T/ ® I)vec(Fyy)).
return UY V*
end procedure

SAEANE A

Q3 AuQa = Dy, Q%ByQp = Dp.

Then, the evaluation of the matrix function f(z) with argument / ® Azs — Bg ® I can
be recast to a scalar problem by setting

FU® Ay — B ® Dvec(U*FV) = (05 ® 04) £(D) (0] ® 0} ) veeW* FV),
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where D := 1 ® Dy — Dp ® I. If we denote by X = vec ™ (f(M)vec(F)) and
with D the matrix defined by D;; = (Da)i; — (D) jj, then

X =Q4[f°(D)o(QU*FVQp)] 0%,

where o denotes the Hadamard product and f°(-) the function f (-) applied component-
wise to the entries of D: [f°(D)];; = f(Dj;).

Assuming that the matrices Q4, Op and the corresponding diagonal matri-
ces Dy, Dp,areavailable, this step requires k? scalar function evaluation, plus 4 matrix-
matrix multiplications, for a total computational cost bounded by O(cy - k2 + k),
where ¢y denotes the cost of a single function evaluation. The procedure is described
in Algorithm 2.

Algorithm 2 Evaluation of f(I ® Ays— B]C ®I)vec(U*FV) for normal k x k matrices
Au, By
1: procedure FUNM_DIAG( f, Ay, By, U*FV)
2: (Qa.Dy) < EIG(Ay)
: (9B, Dp) < EIG(By)

3
4 Fyy < QRU*FVQp

50 fori,j=1,..., n do

6 Xij < f((Da)ii + DB (Fyw);;
7:  end for .
8:  return vec(Q4 X Q%)

9: end procedure

4.2 Convergence bounds for Laplace-Stieltjes functions of matrices with
Kronecker structure

The study of approximation methods for Laplace—Stieltjes functions is made eas-
ier by the following property of the matrix exponential: whenever M, N commute,

then eMtN = ¢MeN | Since the matrices BT ® I and I ® A commute, we have

x =vec(X) = fF(Mv = f e~ Myu(t) dt = vec (/ e "AURVEeB u(r) dt) .
0 0

Consider projecting the matrix M onto a tensorized subspace spanned by the Kro-
necker products of unitary matrices U ® V. This, combined with Algorithm 1, yields
an approximation whose accuracy is closely connected with the one of approximat-
ing ¢4 by projecting using U, and '8 using V. As discussed in Sect. 3, there exists
a choice of poles that approximates uniformly well the matrix exponential, and this
can be leveraged here as well.

Corollary 5 Let f(z) be a Laplace=Stieltjes function, A, —B be Hermitian positive
definite with spectrum contained in [a, b] and Xy be the approximation of X =
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Fig. 5 Convergence history of the different projection spaces for the evaluation of ¢|(M)v with the
Kronecker structured matrix M =1 ® A + A ® I, where A is of size 1000 x 1000 and has condition
number about 5 - 10%. The singular values of the true solution X are reported as well

vec ™ (f(M)vec(F)) obtained using Algorithm 1 with U ® V orthonormal basis
of Ur ® Vr = RK(A, Ur, W[*"y @ RK((BT, Vi, w}*")). Then,

14
IX = Xell2 < 1670 £ OF) o, 4y Fll2.

Proof If f(z)is aLaplace-Stieltjes function, we may express the error matrix X — X as
follows:

o0
X - X, = / [e—“‘FefB - Ue—’AfU*FVe’va*] w(t) dt,
0

where Ay = U*AU and By = V*BV. Adding and subtracting the quan-
tity Ue'A¢U* Fe'B yields the following inequalities:

IX — Xell2 < / mne*“‘F — Ue " U*F)ll2lle’® ll2(r) dt
O o0
+ f e FT — ve'BL (v FT) 2 lle™ A () di
0 - )
< 161 /0 () dt - pl, 4 IF 12

where in the last step we used Corollary 2 for both addends. O

Example 1 To test the proposed projection spaces we consider the same matrix A of
Example 3.6.1, and we evaluate the functionp; to M =1 ® A+ A® I, applied to a
vector v = vec(F'), where F is a random rank 1 matrix, generated by taking the outer
product of two unit vectors with normally distributed entries. The results are reported
in Fig. 5.
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4.3 Convergence bounds for Cauchy-Stieltjes functions of matrices with
Kronecker structure

As already pointed out in Sect. 3, evaluating a Cauchy—Stieltjes function requires a
space which approximates uniformly well the shifted inverses of the matrix argument
under consideration. When considering a matrix M = I ® A — BT ® I which is
Kronecker structured, this acquires a particular meaning.

In fact, relying on the integral representation (3) of f(z) we obtain:

[ee]

f(M)v:/ w@®) @l + M)~ vec(F) dt:/ w(t) X, dt,
0 0

where X; := vec™! ((tI + M)~ !vec(F)) solves the matrix equation
tI+A)X; —X;B=F. (16)

Therefore, to determine a good projection space for the function evaluation, we should
aim at determining a projection space where these parameter dependent Sylvester
equations can be solved uniformly accurate. We note that, unlike in the Laplace—
Stieltjes case, the evaluation of the resolvent does not split into the evaluation of the
shifted inverses of the factors, and this does not allow to apply Theorem 1 for the
factors A and B.

A possible strategy to determine an approximation space is using polynomial Krylov
subspaces IC,, (11 + A, Ur) @ K, (BT, V) for solving (16) at a certain point 7. Thanks
to the shift invariance of polynomial Krylov subspaces, all these subspaces coincide
withUp @ Vp = K (A, Up) ® K, (BT, V). This observation is at the core of the
strategy proposed in [8], which makes use of i/p ® Vp in Algorithm 1. This allows to
use the convergence theory for linear matrix equations to provide error bounds in the
Cauchy-Stieltjes case, see [8, Section 6.2].

Since rational Krylov subspaces are usually more effective in the solution of
Sylvester equations, it is natural to consider their use in place {p ® Vp. However, they
are not shift invariant, and this makes the analysis not straightforward. Throughout
this section, we denote by U ® V the orthonormal basis of the tensorized rational
Krylov subspace

Ur @ Vg := RK¢(A, Up, ¥) @ RK¢(BT, Vp, E) (17)

where ¥ = {1, ..., ¥} and & := {&, ..., &} are the prescribed poles. We define
the following polynomials of degree (at most) £:

L £
r@= J] G-vp. @@= [] c-&) (18)
J=1wj 00 J=1.Ej#00

and we denote by Ay = U*AU, By = V*BYV the projected (¢k x £k)-matrices,
where k is the number of columns of Ug and V.
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In Sect. 4.3.1, we recall and slightly extend some results about rational Krylov
methods for Sylvester equations i.e., the case f(z) = z~!. This will be the building
block for the convergence analysis of the approximation of Cauchy-Stieltjes functions
in Sect. 4.3.2.

4.3.1 Convergence results for Sylvester equations

Algorithm 1 applied to f(z) = z~! coincides with the Galerkin projection method for
Sylvester equations [28], whose error analysis can be found in [3]; the results in that
paper relate the Frobenius norm of the residual to a rational approximation problem.
We state a slightly modified version of Theorem 2.1 in [3], that enables to bound the
residual in the Euclidean norm. The proof is reported in the “Appendix 1.

Theorem 4 Let A, —B be Hermitian positive definite with spectrum contained in
[a, b] and X, be the approximate solution returned by Algorithm 1 using f(z) =
2! and the orthonormal basis U @ V of Up @ VR = REK((A,Ur,¥) ®
RK¢(BT, Vg, B), then

Remark 5 Using the mixed norm inequality ||AB||r < ||A||r||B]l2, one can state the
bound in the Frobenius norm as well:

IAXY — X5 B~ Fllr < (1 +K)\/9§<1A, Ig, ¥)+062Ip, 14, &) - | FllF,

which is tighter than the one in [3].

For our analysis, it is more natural to bound the approximation error of the exact
solution X, instead of the norm of the residual. Since the residual is closely related
with the backward error of the underlying linear system, bounding the forward error
IX — X¢||2 causes the appearances of an additional condition number.

Corollary 6 If X, is the approximate solution of the linear matrix equation AX —XB =
F returned by Algorithm 1 as in Theorem 4, then

a+b
Xe— X2 < 72

max{6;(a, Ip, ¥), Oe(Ip, 14, N} F 2

Proof We note that Xy, — X solves the Sylvester equation A(X; — X) — (X — X)B =

R, where R =  AXy — X¢B — F  verifies |R|2 < (14+x)
max{6; (I, Ig, ¥), 0¢(Ig, 14, Z)}| F |2, thanks to Theorem 4. In view of [21, The-
orem 2.1] | X; — X]||2 is bounded by ﬁ”R”Z ]

4.3.2 Error analysis for Cauchy-Stieltjes functions
In view of Eq. 16, the evaluation of Cauchy-Stieltjes function is closely related to

solving (in a uniformly accurate way) parameter-dependent Sylvester equations. This
connection is clarified by the following result.
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Theorem 5 Let f(z) be a Cauchy-Stieltjes function, A, —B be Hermitian positive
definite with spectrum contained in [a, b] and X, be the approximate evaluation
of f(z) returned by Algorithm 1 using the orthonormal basis U @ V of the sub-
space Ur @ Vg = RK¢(A, Up, W) @ RIC¢(BT, Vi, E). Then,

|X=Xell2 < fa)-(14)-| Fllamax [max {00 (1a, 1g = 1,9, 0l s +1. 8} ],

(19)
where Kk = 5’—1 and 0y(-, -, -) is as in Definition 5.

Proof Applying the definition of f(M) we have f(M)vec(F) = f0°° I +
M)~ vec(F)u(t) dt. We note that, for any t > 0, the vector vec(X;) = (¢1 +
M)~vec(F) is such that X, solves the Sylvester equation (t/ + A)X; — X;B = F.
Then, we can write X as X = fooo X (1) dt.

Let us consider the approximation UY; V* to X, obtained by solving the projected
Sylvester equation (¢ + U*AU)Y; — Y;(V*BV) =U*FV,and Y = fooo Y (t) de.
We remark that RIC, (A, Up, ¥) = R, (t1 + A, Up, ¥ +1).

Then, relying on Corollary 6, we can bound the error R; := || X; — UY;V*||, with

R < C(t) max{0y (Ip+1,1p, ¥ +1),00Up, Ia +1, E)}F2,

where C(t) := %. Making use of Lemma 3(i) we get:

Ry < C(1) -max {0y (Ia, Ip — 1, %), 00 (Ip, In + 1, E)}IF 2.

=0,(1)

An estimate for the error on X is obtained by integrating R;:

2(t +a+Db)F2

X — X¢ll2 S/O () 12y O (t)dt
=d +/<)||F||2/0 ti(tz)a@z(l)dt

=fQa)-A+x)-[F|2 - max O (1),

2(t+a+b)

TI3q 1S maximum over [0,00] att = 0. O

where we used that the function

Inspired by Theorem 4, we look at the construction of rational functions that make
the quantities 6y (14, Ip—t, ¥)and 6y (I, 14+t, &) small. If we choose & = —W then
(19) simplifies to

X = Xell2 < fQ2a) - (1 +x) - [|Fll2 ~max0p(Ia. Ip — 1. ¥), (20)

because O¢(Ia, Ip — t,¥) = Op(la, —1a — t,¥) = Op(—Ia,1p +1t,-V¥) =
Oe(Ig, Io + t, —¥), in view of Lemma 3(iii).
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Similarly to the analysis done for Cauchy—Stieltjes function for a generic matrix A,
we may consider a Mdbius transform that maps the Zolotarev problem involving
the point at infinity in a more familiar form. More precisely, we aim at mapping
the set [—o0, —a] U [a, b] into [—1, —a] U [a, 1]—for some @ € (0, 1). Then, we
make use of Theorem 3 and Lemma 3(iii) to provide a choice of ¥ that makes the
quantity 6,(I4, Ip — t, ¥) small, independently of 7.

Lemma5 The Mobius transformation

Atz—b
T =212"% A pl_a

A+a—b

Aath" The inverse

maps [—oo, —a] U [a, b] into [—1,—d]| U [a, 1], with @ :=

map T()~Lis:

b+2A)z+Db—A

T () :=
@ 1+z

In addition, we have a~' < 2b/a, and therefore piz 1] < Pla,2b)-

Proof The proof can be easily obtained following the same steps of Lemma 4. As in
that case, the overestimate introduced by the inequality oz 1] < p[q,25] is negligible
in practice (see Remark 3). ]

In light of the previous result, we consider Theorem 5 with the choice of poles

@bl ._ g1 gl@1] 5 [a.5]
=yl =1'",  E=-wly 2D

where lI/ElZ’ " indicates the set of optimal poles and zeros—provided by Theorem 3—
for the domain [—1, @] U [d, 1]. This yields the following.

Corollary 7 Let f(z) be a Cauchy-Stieltjes function with density u(t), A, —B be
Hermitian positive definite with spectrum contained in [a, b] and X, the approximate
evaluation of f(z) returned by Algorithm I using the orthonormal basis U ® V of
the subspace RK¢(A, U, lIJg;Z])) Q RK¢(BT, Vi, —llfé‘;’fz])), where lI/éZZIZ] is as in
(21). Then,

2
b4
IX — Xella <4- fQa)- (A +k) - IIFll2 plyop:  Pla2b] == exp <——8b)> :

log (2

Proof By setting I4 = I, Ip = —1I in the statement of Theorem 5 we get (20), so that
we just need the bound

Ol I — 1, T~ (@[
=00(a, —Ia — 1. T W) < 0(Ia. [—00, —a], T (@[
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10° - - |- Bound from Cor. 7
o Extended Krylov
—A— Polynomial Krylov
—— Poles from Cor. 7
=100 - . EDS
> o Singular values of X
>|< - -~ Bound for sing. values (Thm 7)
= 10-9p |
10-18 b B

Tterations (€)

1
Fig. 6 Convergence history of the different projection spaces for the evaluation of M~ 2 v with the Kro-
necker structured matrix M =1 ® A + A ® I, where A is of size 1000 x 1000 and has condition number
about 5 - 107, The singular values of the true solution X and the bound given in Theorem 7 are reported as
well

= 6([@, 11, [-1, —a1. ¥ < 4p%5 .

where the first inequality follows from Lemma 3(ii) and the last equality from
Lemma 3(iii) applied with the map 7 (z). The claim follows combining this inequality
Pra.1] < Pla,2p) from Lemma 5. O

Example 2 We consider the same matrix A of Example 3.6.2, and we evaluate the
inverse square root of M = I ® A + A ® I, applied to a vector v = vec(F),
where F is a random rank 1 matrix, generated by taking the outer product of two unit
vectors with normally distributed entries.

We note that, in Fig. 6, the bound from Corollary 7 accurately predicts the asymp-
totic convergence rate, even though it is off by a constant; we believe that this is due to
the artificial introduction of (1 4 «) in the Galerkin projection bound, which is usually
very pessimistic in practice [3].

4.4 Low-rank approximability of X

The Kronecker-structured rational Krylov method that we have discussed provides a
practical way to compute the evaluation of the matrix function under consideration.
However, it can be used also theoretically to predict the decay in the singular values
of the computed matrix X, and therefore to describe its approximability properties in
a low-rank format.

4.4.1 Laplace-Stieltjes functions

In the Laplace-Stieltjes case, we may employ Corollary 5 directly to provide an
estimate for the decay in the singular values.

Theorem 6 Let f(z) be a Laplace-Stieltjes function and M = 1 @ A — BT ®
I where A, — B are Hermitian positive definite with spectra contained in [a, b]. Then,
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if vec(X) = f(M)vec(F), with F = U VIZ of rank k, we have

€
o1k (X) < 160, £ (00 o, 4 I F 2.

Proof We note that the approximation X, obtained using the rational Krylov method
with the poles given by Corollary 5 has rank (at most) £k, and || X — X¢ll2 <
4

16y, f(0T) 'O[i, b]- The claim follows by applying the Eckart—Young theorem. O

4.4.2 Cauchy-Stieltjes functions

In the case of Cauchy-Stieltjes function, the error estimate in Corollary 7 would
provides a result completely analogue to Theorem 6. However, the bound obtained
this way involves the multiplicative factor 1 + «; this can be avoided relying on an
alternative strategy.

The idea is to consider the close connection between the rational problem (10)
and the approximate solution returned by the factored Alternating Direction Implicit
method (fADI) [3,5,6]. More specifically, for > 0 let us denote with X,, the solution
of the shifted Sylvester equation

I+ A)X; — X,B = UpV}. (22)

In view of (16), X, is such that X = fooo X, (t)dt. Running fADI for £ iterations,
with shift parameters T’l(llfz[a’l]) ={a,...,op and 7! (_%[Z,l]) ={p1,..., Be},
provides an approximate solution X E‘D (1) of (22) such that its column and row span
belong to the spaces

UPPY(E) = RK(A, Up, fag —t, ... a0 — 1), VPP =RIC(BT, Vi, {B1, ..., Be))-

Note that the space VZADI does not depend on ¢ because the right coefficient of (22)
does not depend on ¢. If we denote by UZADI(I) and VZADI orthonormal bases for
these spaces, we have X ?Dl(t) =U ?Dl(z‘)Y éADI(t)(VeADI)*, and using the ADI error
representation [3,5] we obtain || X; — X?Dl(z‘)nz < I X; ”2'0[2,217]‘

In particular, X ?D I(t) is a uniformly good approximation of X, having rank (at
most) £k and its low-rank factorization has the same right factor V¢ > 0.

Theorem 7 Let f(z) be a Cauchy—Stieltjes function and X = vec™(f (M)vec(F)),
with M := I @ A— BT @ I, where A, — B are Hermitian positive definite with spectra
contained in [a, b]. Then the singular values o ;(X) of the matrix X verifies:

o1 (X) < 41 Q2a)pf, o I Fll2-
Proof Letus define X, := [° X2 (t)u(n)dr = [° UAP () w(t)dr - YAPL(VAPHT,
Since VKADI does not depend on ¢ we can take it out from the integral, and there-

fore X ¢ has rank bounded by ¢k. Then, applying the Eckart—Young theorem we have
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the inequality

ee]

o0
ores(X) < 1X — Xell2 < / 1X: — XpP ) llapu()dr < 4 f Pla eI X2 (t)dt
0 0

<4/wﬂd;pl IFll2 = 4£Qa)pl, sl Fl
=Tl G t2a)” MleiTR2 [a, 2017112

5 Conclusions, possible extensions and open problems

We have presented a pole selection strategy for the rational Krylov methods when
approximating the action of Laplace—Stieltjes and Cauchy—Stieltjes matrix functions
on a vector. The poles have been shown to provide a fast convergence rate and explicit
error bounds have been established. The theory of equidistributed sequences has been
used to obtained a nested sequence of poles with the same asymptotic convergence
rate. Then, the approach presented in [8] that addresses the case of a matrix argument
with a Kronecker sum structure has been extended to use rational Krylov subspaces.
We have proposed a pole selection strategy that ensures a good exponential rate of
convergence of the error norm. From the theoretical perspective we established decay
bounds for the singular values of vec I(f(I ® A — BT ® I)vec(F)) when F is
low-rank. This generalizes the well known low-rank approximability property of the
solutions of Sylvester equations with low-rank right hand side. Also in the Kronecker
structured case, it has been shown that relying on equidistributed sequences is an
effective practical choice.

There are some research lines that naturally stem from this work. For instance, we
have assumed for simplicity to be working with Hermitian positive definite matrices.
This assumption might be relaxed, by considering non-normal matrices with field of
values included in the positive half plane. Designing an optimal pole selection for
such problems would require the solution of Zolotarev problems on more general
domains, and deserves further study. In addition, since the projected problem is also
non-normal, the fast diagonalization approach for the evaluation proposed in Sect. 4.1
might not be applicable or stable, and therefore an alternative approach would need
to be investigated.
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Proof of Theorem 4

According to [3, Theorem 2.1], the residue R := AXy; — X¢yB — F can be written3
as p = p12 + p21, with

pr2=U-r§(A)~" - F-r§(B) p21 =r$(A) - F-r§ (B~ 'V,

where rA (z) :=det(zI — Ay)/p(2),and rg(z) =det(zl — B¢)/q(z), with p(2), g(z)
defined as in (18). In addition, it is shown that p1o = UU*p(I — VV*) and py; =
(I -UU*pVV*™

Moreover, the proof of [3, Theorem 2.1] shows that, for any choice of (¢, £)-
rational function rp (x) with poles z1, .. ., z¢, we can further decompose p12 as p12 =
U(Jy — J2), where

1 B
Ji= — (zI — A[)_IU*F . i )V*dz,
27i Jp, rg(z)
1 B
Jr=Saz (——. (ZI—Ae)_lU*FV(ZI—Bz)_IMV*dZ>,
27i Jr, r(2)

with S4 p(X) := AX — X B and I'4 a path encircling once the interval /4 but not /p.
With a direct integration we get

Ji = rp(A))'U*F -rg(B)V*,

which yields /1112 < | Fllo-lrs (A0~ s (Bollo- Let B 1= V BeV* —c(1 =V V),
Then,

Sa, 5S4 5(12)

1 B
=S, 3 (—— [ Gr-ap v Fvr — By BB ey
& 27i Jr,

rg(z)
= T4 (AZ_ZI)(ZI—AK) U FV(ZI—B) er(BE)V*
2mi Q)
~ L i) U VG - By I - B 0 LICDIE
27'[1 s (Z)
—L * _ ,IVB(BZ) «
= omi )y, U VR B Y
rp(B e)

2l — A '\UrFv =2
i ( o rB(z)

3 In the original statement of [3, Theorem 2.1] the residual is decomposed in three parts; the missing term
is equal to zero whenever the projection subspace contains the right hand side, which is indeed our case.

4 The matrix B is not used in the original proof of [3], which contains a minor typo. There, the opera-
tor S Ao B is replaced by Sp,, g, which does not have compatible dimensions.
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1 B
=—— | @I-Ap)~'U* FVrB( 0 V*dz = —rg(Ag) " \U*FVrg(By)V*,

27i Jr, rg(2)

where we used that V*B = B,;V* and that the integral on the path I'y of (z/ —
By)~!/rp(z) vanishes. Notice that |Saz(X)2 < (IAl2 + IBll2)[ X2 and
IISX}B(X)Ilz < I Xll2/ min; ; [A;(A) — 4;(B)| [21, Theorem 2.1]. We get [|./2]l> <
icllre(Ae) " 278 (Be) 121l F |2 and consequently

lpwll < 1112 + 1212 < (14 1) lIra(A) ™ 2 llr(Bo) 2 F 2.

Taking the minimum over all (£, £)-rational functions with poles = provides || o122 <
(14k)0¢(Ip, 14, E)| F|2. Analogously one obtains the similar estimate for py; swap-
ping the role of A and B. Since p;; and py; have orthonormal rows and columns, we
have || p12 + p21ll2 = max{||p12|l2, | p21 ll2}, which concludes the proof.

Bounding an inverse Laplace transform

The proof of Theorem 1 requires to bound the infinity norm of an inverse Laplace
transform of a particular rational function, given in Lemma 2. The purpose of this
appendix is to provide the details of its proof, that uses elementary arguments even
though it is quite long.

Let us consider the following functions, usually called sine integral functions, that
will be useful in the following proofs:

Si(x) := /x SO g i) = /Oo sin@) ;.
0 t X t

Itis known that si(x) 4+ Si(x) = 2,and that 0 < Si(x) < 1.852(see[1, Section 6.16]),
and therefore [si(x)| < g . We will need the following result, which involved integral
of the sinc function by some particular measure.

Lemma 6 Let g(t) be a decreasing and positive C' function over an interval [0, y].
Then, the following inequality holds:

/V sin(s)g (s)
0

N

ds| < 1.852 - g(0).

Y
Proof Integrating by parts yields I = Si(s)g(s) ’0 — foy Si(s)g’(s) ds. The first term

is equal to Si(y)g(y), which can be bounded by 1.852 - g(y). The second part can be
bounded in modulus with

‘/y Si(s)g’(s) ds
0

14
< —{101% [Si(s)| /O g (s)ds = (g0)— g(V))r[r(% [Si(s)],
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where we have used that g’(s) is negative, so |g'(s)| = —g’(s). Combining the two
inequalities we have

1] < 1.852-g(y) + 1.852 - (g(0) — g(y)) = 1.852 - g(0).

]

Given a set of positive real points y; enclosed in ainterval [a, b] witha > 0, we define
the rational function
_ 1 p@)

7(s) = — )
s p(=s)
Note that 7(s) has poles enclosed in the negative half-plane which ensures that

lim;_, 0o L~ [7(s)] = 1. In particular £~ [7(s)] is bounded on R_.. We are now ready
to prove Lemma 2.

(23)

Proof of Lemma 2 We write the inverse Laplace transform as follows:

1 ir
f(#) = — lim 7(s)et ds.
27l T—o0 J_47
The integration path needs to be chosen to keep all the poles on its left, including zero.
Therefore, we choose the path y, that goes from —iT to —ie, follows a semicircular
path around O on the right, and then connects ie to i7'. It is sketched in the following
figure:

Splitting the integral in the three segments we obtain the formula:

f@) = L 7(s)e’ ds + lim (L /le 7(s)etds + L /IT’r\(s)e‘”ds) . (24)
27i JyB(0,e)nCy T—oo \ 27i J_ir 27i Jie
Concerning the first term, it is immediate to see that the integrand uniformly converges
to the 1/s for e — 0, and therefore the first terms goes to % for € small. We now focus
on the second part.
We can rephrase the ratio of polynomials defining r(s) as follows:

; vj€la,bl, 0<a<b.
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Then, we note that the above ratio restricted to the points of the form is yields a
complex number of modulus one, that must have the form pp @) — ¢106) where

¢
0(s) = arg( Iz(lls)> Zarg(y, is) —arg(y; +1is) = —ZZatan (yi) € [—Lm, L]

In particular, lims_, », 6(s) = —£€m and for s > 0 it holds

4 4 s
_ T_ S)) 2 UL L
€n+0(s)—;2<2 atan(yj)>_22(/o 1+x2dx /0 1+x2dx> (25)

4 o0 o0 L .
1 1 d=1vi 2
222 L degzz / ;dxzzng. (26)

This allows to rephrase the integrals of (24) in the more convenient form

1 i7 1 T i
— 7(s)e’ ds = —/ i-7(s)e" ds =
27i Jie 2ri Je

ds.

(_1)€ /T ei(st+9(s))
€

2mi )

Since we are summing the integral between [¢, oo] and [—00, €] we can drop the odd
part of the integrand, and rewrite their sum as follows:

(_1)[ T ei(xt-i—@(x)) ( I)Z € ei(xt-i—@(s)) B (_1)[ T sin(st +9(S))
ds + ds = d
€ €

2mi s 2ri J_7p s b4 s

The above integral is well-defined even if we let ¢ — 0, we can can take the limit

in (24) which yields exactly the value % for the first term, and we have reduced the
[ .

problem to estimate f(t) = % + (_ﬂl) I Sm(‘”jg(s)) ds. To bound the integral, we

split the integration domain in three parts:

l /‘00 sin(st + H(S))ds 1 / sin(st + 0(s)) sl /S sin(st + 9(s))
0 T Jy

b/ N N

I I

N 1/00 sin(st—l—@(s))ds’

I3

where we choose v = a tan(7;) and & = 4¢b. For later use, we note that 77 < v < 7.

Concerning I;, we can further split the integral as I 1 =1/ Sm(”)cswds +

1 /o Mds Note that |0 (s)| < 2s Z - yj , which can be obtained mak-
1ng use of the inequality |atan(?)| < |¢|. We can bound the second integral term as
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follows:
v 1 v ¢
l / cos(st) sin(0(s)) ds’ < l/ cos(st)|6(s)|ds < vl ZV-_I < l’
7w |Jo s T Jo s ™ J g
where we have used v < 7 and Z y =. The first part can be bounded making

use of Lemma 6, by 1ntroducmg the change of variable y = st, which yields

1 [V sin(st) cos(6(s)) 1 (" sin(y)cos(@(y/t))
—/ ——ds = —/ dy
0 0

T s T y

Note that on [0, #v] the function cos(6(y/t)) is indeed decreasing, thanks to our choice

ftv sin(y) cos(@()/t))dy‘

of v, and therefore the above can be bounded in modulus by 3

1. 852

, where we have used that cos(6(0)) = 1, and applied Lemma 6.
Concermng I, we have

1 (& sin(st+0 1 &1 1 1 1662b
T Jy N T J, s T v T arm

Concerning I3, we perform the same splitting for a since of a sum that we had for I,
yielding

I = l/’ sin(st) cos(@(s)) s L - /"O cos(st) sin(@(s))ds
3 3

T N N

Iy Is

By using (26) we have that Vs € [&, 00):

¢ 20b
cos(0(s)) = cos(—€m + @(s)) = (—1)" cos(p(s)), 0=<e(s) < —.
S

Using the Lagrange expression for the residual of the Taylor expansion we
get cos(p(s)) = 1 —sin(¥(s))e(s). This enables bounding 14 as follows:

Y el0,p(s)]
‘ - l /°° sin(st)ds'
S T £ S
sin(st) sin(y (s))@(s) J

N

4| = —

1 o0
L
T Jg

1 ‘/“’O sin(st) cos(@(s))ds -
§

1 ° sin(st) 1 [ 2b 1 2kb 1

<— ds|+— | SHds=—(lsi©l+=2) <5

| Je N TJe s b4 & 2
2£b 1 n 1
én 2 2w
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Analogously, for bounding /5, we remark that by using (26) we have that Vs € [£, 00):

. . ' 2eb
Sin(6(5)) = sin(~£ + () = (=)' sin(p(). 0 = g(s) < .

Hence,

N T N

o0
1/ @), _2%b 1
£ —&n T 2m

|mgév Eﬁ@ﬂﬁﬁwﬁl/ Isin(@G)I
5 ¢

o s &

Combining all these inequalities, we have

1 1 1.852 1 4
lf @y < §+—+—~|——10g 1602 —
T T T aim

1 1 2 b
+ -+ —<223+4+ —log|4C¢- -,/ —
2 o7 T Ta
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