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Abstract In this paper we introduce a family of rational approximations of the
inverse of a ¢ function involved in the explicit solutions of certain linear differential
equations as well as in integration schemes evolving on manifolds. For symmetric
banded matrices these novel approximations provide a computable reconstruction
of the associated matrix function which exhibits decaying properties comparable
to the best existing theoretical bounds. Numerical examples show the benefits of
the proposed rational approximations w.r.t. the classical Taylor polynomials.
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1 Introduction

Numerical methods for the computation of matrix functions involved in the solu-
tion of certain ordinary or partial differential equations have witnessed growing
interest in recent years (see [I1] and the references given therein). Several methods
are concerned with the evaluation of the matrix ¢-functions ¢ (A), k > 0, for a
large and possibly sparse matrix A, where ¢ (z) are entire functions defined re-

_ |
cursively by ¢ry1(2) = M with ¢o(2) = e* [12]. Here we focus on the

related issue of approximating the inverse ¢1 matrix function 1 (A) where 91(2)
is a meromorphic function defined by
di(z) = ¢1(2) ' =

z
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and A is banded or more generally rank-structured (see [§] for a survey on such
matrices). This problem also plays an important role in a number of applications.

Two-point inverse problems for first order differential equations are frequently
encountered in mathematical physics (see Chapter 7 in [18]). Let us consider the

differential problem

%:Au(t)—l—p, 0<t<n (1.1)

where A € R¥*? ig given, while p € R? is unknown. In order to find the solu-
tion w: [0,7] — R? of , and the vector p simultaneously the overdetermined
conditions

u(0) =uo =g, u(r)=h, (1.2)

can be imposed. A more general formulation of the inverse problem ,
in a Banach space with a closed linear operator A is treated in [22l2I]. A new
formula for the solution of the problem , using Bernoulli polynomials is
given in [I9].

Assume that the complex numbers

2mik/T, k=+1,£2,... (1.3)

do not belong to the spectrum of A. Define the complex-valued functions

qe(z) = £ e, wi(z) = 1, 0<t<Tt, zeC (1.4)

e’TZ_l eTZ_l

with ¢:(0) = %, w¢(0) = L. The complex functions g¢(z),w¢(z) are meromorphic

in z with the poles (1.3)). One can check directly that the solution of the inverse
problem (1.1)), (1.2)) is given by the formulas

p=qo(A)(h—g) — Ag (1.5)

and
u(t) =wi(A)(h—g)+g, 0<t<T (1.6)

Using (1.5) and the formula go(z) = 41(72)/7 we obtain the formula

p=10r(rA) (h—g) -~ Ag (L.7)

to compute the unknown vector p via the function 1.
Notice also that the formula

v(t) = ¢(A)ve, 0<t<rT
yields the solution of the nonlocal problem

-
), 0<t <, / o(t) dt = vo

dt 0

studied by the authors in [4].

Computing the inverse of ¢1(B), B € R also plays a fundamental role in the
application of exponential integrators for the numerical solution of systems of dif-
ferential equations. The reason is twofold. First, certain integration schemes called
Runge-Kutta Munthe-Kaas methods [I7,[16,13] for computing numerical solutions



Computing the Inverse of a ¢—Function by Rational Approximation 3

of differential equations that are guaranteed to evolve on a prescribed manifold re-
quire explicitly the approximation of the inverse of the linear map g: RIxd _, Rdxd
given by g(B) = ¢1([A, B]) = (/™) — 1,)(]A, B]) ™! where A € R¥? is fixed and
[A, B] = AB — BA is the matrix commutator. Including the evaluation of the map
1¥1([A, B]) in numerical algorithms seems to be awkward and several polynomial
approximations of 11(z) have been presented in the related literature (compare
with [5] and the references given therein). Secondly, the study of reliable proce-
dures for the evaluation of 1 (A4) and 11 (A)v based on rational approximations
of the meromorphic function 1(z) might be used to foster the development of
rational Krylov methods for computing ¢1(A) and ¢1(A)v that is the main com-
putational bulk in exponential integrators for stiff systems of differential equations
[9]. Indeed the properties of these methods depend heavily on the features of the
underlying rational approximations for the selection of the poles and of the sub-
space of approximation.

Customary approximations of ¢ (B) derived from truncated Taylor expansions
goes back to the work of Magnus [I4]. These approximations are quite accurate
if the norm of the matrix B is sufficiently small. On the other hand, rational
functions may exhibit approximation properties and convergence domains superior
to polynomials provided that the poles of the rational functions involved have been
chosen in a suitable way. Moreover, if B is banded or even just rank-structured then
the same property holds in a certain approximate sense for the matrix ¢1(B) and
thus a fortiori for its inverse 11 (B). Polynomial approximations for the function
11(z) often require a quite high degree of the approximating polynomial in order
to achieve a reasonable quality of approximation of the numerical rank structure
and the decaying properties of the matrix 11 (B). Rational approximations would
typically obtain the same quality with substantially fewer degrees of freedom.

In this paper we present new algorithms that efficiently approximate the func-
tions of a matrix argument involved in the solution of ,. In particular,
we propose a novel family of mixed polynomial-rational approximations of 1 (z)
required for the computation of the vector p according to . By combining
Fourier analysis methods applied to the function ¢:(z)/z with classical tools for
Fourier series acceleration [7] for any fixed s > 1 and m > s we obtain approxima-
tions of 11 (B) = (¢1(B)) ™" of the form

U1(B) ~ps(B) + Y s B™ (B +K°1a) 7Y, (1.8)
k=1

where ps(z) is a polynomial of degree ¢ = £(s) and 75 = 7(s) € N. These novel
expansions have better theoretical and computational properties than polynomial
approximations based on the Maclaurin series. In particular numerical evidence
suggests that the formulas are accurate on larger domains thus allowing for
larger integration steps.

Two potential drawbacks against the use of rational formulas are the pos-
sible higher computational cost of linear system solving w.r.t. matrix-by-vector
multiplication and the requirement of the full storage of the matrix for direct
solvers. However, these issues do not apply for remarkable classes of matrices in-
cluding band, rank structured and displacement structured matrices. It is shown
that for a symmetric banded matrix A these novel approximations yield a
computable reconstruction of the associated matrix function 1 (A) which exhibits



4 Paola Boito et al.

decaying properties comparable to the best existing theoretical bounds and signif-
icantly superior to the behavior of the corresponding polynomial approximations.
The matrix function 1 (A4) can thus be manipulated efficiently using its resulting
data-sparse format combined with the rank-structured matrix technology [8]. Fur-
thermore, when A is rank-structured the action of the matrix 1 (A) on a vector
can be computed efficiently using the direct fast solver for shifted linear systems
proposed in [4].

The paper is organized as follows. In section [2] we present a general scheme for
the design of accurate rational approximations of the matrix functions involved
in the solution of ,. In Subsection this scheme is specialized for the
construction of mixed polynomial-rational approximations of the meromorphic
function 1(z). In section [3| we investigate both theoretical and computational
properties of the application of these formulas to computing ¢1(A) where A is a
symmetric banded matrix. Finally, conclusions and future work are presented in
section Ml

2 Rational Approximation of the Inverse Problem and the Inverse
¢1-Function

The solvability of the inverse problem , in an abstract Banach space is
studied in [221[211[T9]. Under the assumption that all the numbers pj, = 2mwik/7, k =
+1,+2, 43, ... are regular points of the linear operator A the inverse problem ,
has a unique solution. Without loss of generality one can assume that 7 = 2.
As it was mentioned above in the matrix case this solution is given by the formulas

We introduce the auxiliary function

ezt
rt(z) = W, OStSQTF (29)
Using the formulas (|1.4) we have
qt(2) = zri(2), we(z) =1¢(2) —ro(z), 0<t<2m (2.10)

Expanding the function r+(z) in the Fourier series of ¢ we obtain

1
ri(z) = 5 ;+k622/;{0} —% | 0<t<2m

We consider the equivalent representation with the real series given by

L
21

—_

re(z) =

:1

72 zcos(kt) — ksin(kt)) (2> + k27, 0<t< 2. (2.11)

It is well known that the convergence of this series must depend strongly on the
smoothness of the periodic extension of 7¢(z). Acceleration techniques proposed in
[7] make use of the Bernoulli polynomials for the approximate reconstruction of
jumps.
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Applying the formula

2
to the last entry in we obtain that for 0 < ¢ < 27 it holds
1 L1 11
re(z) = % = Z zcos(kt) fz Zsin(kt)) (22 + k%)~ - Z Z sin(kt).
Since
— 1
2Z%sinkt=7r—t, 0<t<2r
we arrive at the following formula for 0 < ¢t < 27,
() = g+ o () (2.13)
with
yi(z) = 1 i (2 cos(kt) fz Zsin(kt)) (22 + k*) 7! (2.14)
T
If z € K ¢ C, K compact set, then definitively we have
|z —ik| ™' < % (2.15)

and, therefore, using the Weierstrass M-test one can easily check that the series
in converges uniformly in (¢,z) € [0,27] x K. Hence, by continuity we may
extend the formula over the whole interval [0, 27].

Combining the formulas and we get

qe(z) = 27r +z 2 T4 2y (2) (2.16)

and .
we(2) = 5+ (1 (2) —yo(2)). (2.17)

Here there are no singularities at z = 0. Inserting (2.16)), (2.17) in (1.5)), (1.6) we

obtain

p= (51— A+ Ay(A)(h—g) - Ag (2.18)
and
u(t) = (51 + @A)~ w(4))) (h—g)+g, 0<t<2n  (219)
with
yi(A) = % i(A cos(kt) + %AQ sin(kt)) (A 4+ K21) 7" (2.20)
k=1

The rate of convergence of the series in (2.20) is the same as for the series
Oy k2. The last may be improved by using repeatedly the equality (2.12) as
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above. For each integer k > 0 denote as By(t) the Bernoulli polynomials (extended
by periodicity onto the real line) defined by

(&) t = Zk
= > Bi(t)7y, [t <2m, (2.21)
k=0

By, = Bi(0), k>0,

where By, are the Bernoulli numbers. Then, using (2.12]) we prove by induction the
following formulas.

Lemma 1 Lett € [0,2n] and y¢(2): C — C be defined as in (2.14). Then we have

y(2) = pnt(2) + sni(z), n=0,1,2,... (2.22)
with -
n
@2m) )l ! i1
P Z (%) P (2.23)
and

smot(z) = (=" i 22" (z cos(kt) + £2° sin(kt))).

- ey (2.24)

k=1
Proof For n = 0 the relation (2.22)) follows directly from (2.14)). Assume that for
some n > 0 the relation (2.22) holds. Using (2.12) we have

s 220D (zcos(kt) + 27 sin(kt)))
sn,t(2) = ™ Z k2(n+1) (22 4 k2)
o k=l

(—)" 2" (2 cos(kt) + 427 sin(kt)))
G Z E2(n+1) ’
k=1
ie.
500(2) = Sn10(2) + bua (2), (2.25)
where
-1 2t cos kt) ) 20+ sin(kt)
bnt(2) = Z 2t T Z E2nt3
Using the formulas from [[I], formula 23.1.18] we know that
i cos(kt) (27T)2(n+1)32(n+1)(t/(QW))
—~ k2(n+1) (=1)2(2(n+1))!
and

i sin(kt) (2m)?" 3 By (1) (t/(2)

— k2n+3 (=1)n2(2n + 3)!

Hence it follows that

S (2m) " Byt (2m) 212 2m) " 2 Bap ) (t/(2))
(2n+2)! (2n + 3)!

Inserting this in (2.25)) and using (2.22]) we complete the proof of the statement.

bnt(z) =
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Fig. 1: Polynomial and rational approximations of w¢(z). Note that the plots of
wt(2z) and of the rational approximation overlap.

Based on this result in the next section we derive accelerated series represen-
tation of the function y:(z) and a fortiori of ¢:(z) and v¥1(2). In Figure [1| we give
an illustration of the quality of the rational approximation of the function we(z)
obtained from combined with the decompositions introduced in Lemma 1.
More precisely we consider the (original) function wx(z) and compare the accu-
racy of the (polynomial) approximation of degree 19 generated from and
the (rational) approximation derived from Lemma 1 with n = 4 and by truncating
the series to the first 10 terms.

2.1 The application to the ;-function

It follows that qo(2) = 91 (272)/(27) and +1(z) admits a Maclaurin series expan-
sion which can virtually be used to evaluate go(A). The following classical result
provides the Maclaurin expansion of 1 (z).

Theorem 1 ([1], formula 23.1.1) It holds

“+o0 B
P1(2) =n(z) ' = ?fzk, |z| < 2,
k=0

where By, denotes the kth Bernoulli number.

Different rational approximations of 1(z) can be derived from the Fourier
series expansion of r+(z). It turns out that such series representation is also related
with the Mittag-Leffler expansion of go(z).
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Specifying the formulas and representations obtained above to the function
11(A) we obtain the following. Using the formula (2.16)) we have

at(A) = 71 + —A + Ay (A) (2.26)
and using (2.20]) we find that
q(A) =1+ 57A+ L ZAQCOS (kt)(A% 4+ K2I5) '+

o k=1 (2.27)
i

3sin(kt)(A% + K2I,) ", 0<t<7T=2m,

w\H

which implies

P1(A) = 2mqo(A/(2m)) = Iy — 2A+2 Z ( > (i)Q +E )T (2.28)

Relation (2.28]) is the first member of our family of rational approximations of
Y1(A).

The last may be improved by using repeatedly the same approach as above.
Indeed using (2.26]) and (2.22)), (2.23)), (2.24)
2n+1

@A) = I+ tmAy Z (2n )l : B (o) A'+

(—1) Z A2”+1(Acos(kt) + 1A2 sm(kzt)))(
™ k2n

A? KD
k=1

Setting t = 0 we get

2n+1 oo
27r —1)" o AP
q(A) = 717 A+ Z BA’+( ﬂ) T

(A2 + k1)1
k=1
Since for n > 1 the odd Bernoulli numbers B,, are zeroes we have

2n+1

>

1=2

o 1—1 271_ 274+1
( ) B AZ Z ( ) B(Z(l-‘rl))A (+ )

Hence, using 11 (A) = ¢1(A) "' = 2mqo(A/(27)) we arrive at the main result of
the present paper

Theorem 2 For any fized n > 0 it holds

s = 20075 ()7 (A) e

k=1

where
Ba(iv1)

1 = 2(i+1)
plt) =l =54+ 2 A Dy

=0
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Observe that pn(A) is the classical approximation of ¢1(A) given in Theorem
1. Also notice that the rate of convergence of the series is the same as for the se-
ries 21?;1 k21 where 2n is the degree of the polynomial approximation. The
above result presents a rational correction of this approximation aimed to improve
its convergence properties. Specifically, based on Theorem [2| we introduce the fol-
lowing family {tn,s(A)}n,s)enxn of mixed polynomial-rational approximations of

¥1(A):

Vn,s(A) = pn(A) +2(-1)" (;;1 k%( (;)2 + szd)1> (%) oy . (229

Remark 1 The above approach based on the Fourier series expansion of ¢:(z)/z
encompasses some rational approximations of 11 (z) which can also be derived by
applying Mittag-Leffler pole decomposition (see e.g., [2] for a concise, hands-on
presentation) to the function go(z). More precisely, let us apply formula (7.54) in
[2] to go(z) = ¢(2m2) = 622,,7;31 with p = 1. The poles of our function are {ik} ez 10}
and the corresponding residues are readily seen to be {ik}rcz\ 0} as well. So we
have

q0(2) = qo(0) +2¢'(0) + ) %:
keZ\{O}
=1—-7mz+ Z ( —’ij)

kez\{o}

,l—ﬂz+222+k2,

which is exactly formula (2.13]) with ¢ = 0. At this point we can apply (2.12)) and
proceed as above (always with ¢t = 0) to yield:

2%

(z)—1—m+2z (Z ’k;+2+(1)"k2n(;+,€2)>

1=0
1
2142 2

_]_—7TZ+22( 1)%22% ka_m 1)nzn27k2”(z2+k2)

n—1 1
_ 1 _21+2 . n_2n
=1—mz+2 2(4) 22220+ 2) +2(-1)"2 kzlm (2.30)

1= =

where ¢ denotes the Riemann zeta function. Now recall that even-indexed Bernoulli
numbers are characterized by the relation

-1
Byy = %g(%) (2.31)

(see e.g. [10], item 9.616), whereas the odd-indexed ones are zero except for By =

—1. From (2.31)) we deduce

BQ@(—I)Z7122Z717T2Z

¢(20) = @0 (2.32)
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10k
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— 9g(x)
f(x)
-5 L 5
s

Fig. 2: Polynomial approximation f(z) = w20,0(z) against the function g(z) =

P1(x).

labelfigl
8 ;
oL
[ — 9(x)
4t r(x)
2 |-
-5 L 5

Fig. 3: Rational approximation r(z) = v4,16(z) against the function g(z) = ¢1(z).
The two plots overlap.

and by plugging (2.32) with £ =4+ 1 in equation (2.30) we obtain

n—-1 2042 o
_ B2i+2(27rz) n_2n 1
q@(z)=1-—mz+ Z @it +2(-1)"z2 Z 2 RR)
i=0 k=1

which is essentially the same mixed polynomial-rational development as in Theo-
rem [2| in scalar form.

In Figures [I] and [3| we show the plot over the interval [—3,37] of the func-

tions g(z) = ¥1(z) = its polynomial approximation f(z) = t20,0(z) and

et —1’°



Computing the Inverse of a ¢—Function by Rational Approximation 11

. x 1078

8.
6.x1076
4.x107
2

. x1076

Fig. 4: Absolute error of rational approximation.

its rational approximation r(z) = v4,16(z). Clearly, the rational approximation
performs better when the points are close to the border of the convergence disk
of the Maclaurin series given in Theorem 1. This same phenomenon can be ob-
served in the complex plane. In Figure [d] we illustrate the absolute error of rational
approximation at complex points x = a + ib with a,b € [-3m, 3x].

In the next tables we compare the accuracy of polynomial and rational approx-
imations for computing both the matrix function 1 (A) and the vector 1 (A)b,
where A € R¥™*? is symmetric and b € R?. As claimed in the introduction we are
interested in the case where A is structured so that we can assume that a linear
system Az = f can be solved in linear time (possibly up to logarithmic factors)
with a linear storage. Our test suite is as follows:

1. A is Toeplitz tridiagonal generated as A = gallery('tridiag’,d, —1,4, —1);
2. A is order one quasiseparable matrix generated as

A =0.7 % inv(gallery('tridiag’,d,d/2,[d: —1: 1],d/2));

3. Ais the Kac-Murdock-Szegt Toeplitz matrix generated as A = ((O.S)abs(i - J))

An accurate approximation of ¢ (A) is determined by computing the spectral
decomposition of A. For any given n > 1 the polynomial and rational approxi-
mations of ¢1 (A)_1 are ¥n,0(A) and ¥m n—m(A), respectively. The corresponding
normwise relative errors are

_ ” "/)(A) - wn,O(A) ‘ _ || 1!)(14) - ¢m,n—m(A) H
e [ 07 N [no(A)

Tables and [3] show the errors evaluated using MatLab for our testing ma-
trices. At this time we are just interested in comparing the accuracy of different
approximations without incorporating fast linear solvers in our code. However, we
point out that for the considered examples fast solvers exist that are expected to
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d errpPso | €rr-pso.3
256 3.33e—1 | 1.15e—12
512 3.33e—1 | 1.15e—12
1024 | 3.33e—1 | 1.15e—12
2048 | 3.33e—1 | 1.15e—12

Table 1: Errors for Example 1

d err_ps err_psg 3
256 2.25e—12 | 2.25e—12
512 6.42e—12 | 6,42e—12
1024 7.94e—3 2.78e—11
2048 2.8e77 2.0e—2

Table 2: Errors for Example 2

d err_psg | err_psgs
256 | 6.68e—8 | 3.7le—14
512 7.4e—8 | 3.78e—14
1024 | 7.6e—8 3.8e—14
2048 | 7.65e—8 | 3.80e—14

Table 3: Errors for Example 3

err_psg err_rso,s
1.24e—11 | 1.24e—11
1.33e—10 | 1.25e—11
6.9¢e4 1.26e—11
16 | 4.15e+18 | 7.0e—11
32 | 3.1e+32 4.2e—9
64 | 7.0e+46 9.0e—7

00 W po|2

Table 4: Errors for scaled companion matrices.

behave like Gaussian-elimination-based algorithms. Observe that in Example 2 for
d = 2056 the eigenvalues are out of the disk centered at the origin of radius 27
and this explains the divergent behavior of the polynomial approximation.

In order to investigate the behavior of the different approximations under the
occurrence of possibly complex eigenvalues we have compared the accuracy of
polynomial and rational methods for approximating the matrix ¢1(A) where A =
~F and F is the generator of the circulant matrix algebra, that is, the companion
matrix associated with the polynomial z% — 1. Since we know that the eigenvalues
of F lie on the unit circle the parameter ~ is used to estimate the convergence of
the methods when the magnitude of eigenvalues increase. Table E| illustrate the
errors for the case d = 1024. The divergence of the polynomial approximation for
~ > 8 is in accordance with the theoretical results.

Finally, for v = 64 we consider in Table [f] the errors generated by rational ap-
proximations of increasing order. The table suggests that rational approximations
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0% err_rs0,3 | err_rigo,3 | €rr-r200,3 | €rr_rqoo,3
64 9.0e—7 5.7e—9 5.3e—11 1.28e—11

Table 5: Errors for rational approximations of increasing orders.

of higher orders are suited to give accurate results independently of the magnitude
of the eigenvalues of A.

3 Bounds on the Decay of the Inverse ¢i-Function

In this section we investigate the approximate rank structure of 11 (A) for a suitable
A. Specifically, as an application of Theorem [2| we can deduce a priori bounds on
the decay of the inverse ¢;-function applied to symmetric banded matrices.

Now, let A € R¥*? be a symmetric banded matrix. Denote as m the half-
bandwidth of A, that is, A; ; = 0 if | — j| > m. It is well-known that the off-
diagonal entries of 11 (A) exhibit a decay behavior in absolute value (the same is
true of any other function of A that is well-defined and sufficiently regular [3]). We
can use the (n, s)-mixed polynomial-rational approximation to give bounds
on this decay behavior.

Define

S

ety =2 (S

1 n—1 BZ('+1)
_q_ 1 2(i+1) v
pn(z) =1 2z—|— Eoz @G+ 1)
=

which we will call the rational and the polynomial part of (2.29)), respectively, and
let

en,s(2) = ¥1(2) = pn(z) = rns(2)

be the (n, s)-approximation error. We have

[ (A5l < Nlpn(A]i gl + 1[rn,s (AD]i gl + llen,s(A)]ij- (3.33)

Observe that p,(A) is a banded matrix with half-bandwidth 2nm. So, if we choose
i,j such that |i — j| > 2nm, then |[pn(A)]; ;| = 0 and we only need to focus on the
rational and error terms.

For the rational term, let us start by giving a bound on

s 1 A 2 -1
met= e () )
k=1

The matrix Ay = (%)2 + k21, is positive definite with semi-bandwidth 2m, and
several exponential decay bounds for the inverse of a positive definite matrix have

been proposed in the literature. Prop. 2.2 from [6], for instance, gives

1[(Ag) " i < CRAL,
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where )
ap = k%, by = (#) + k2, = %: (3.34)
Ve —1 L/2m —1 (1+ﬁ)2
>\k = (W) 5 Ck = max {ak ,W} 5 (335)

where p(A) is the spectral radius of A and 0 < ay, < b, are such that the spectrum
of Ay, is contained in [ag, bg]. Therefore we have

S 1 A 2 -1 s 1 | |
2 i—7
> ((QW> tk fd) <D O
k=1 i k=1

2(n+1) .

for all indices ,j. Now recall that (%) is a banded matrix of bandwidth

2m(n + 1). So we have:

d 40\ 20D
e (Wi = | Sl | (55) }
v=1 v,j
Jj+2m(n+1) 2(n+1)
- Fus(io | 25
: 27
v=j—2m(n+1) v,j

TRERQAD PO (o
DD = > e
v=j—2m(n+1) 2 k=1
LA 2(n+1) J+2m(n+l) s Ch i
- % ) k2n "k ’
v=j—2m(n+1) k=1

where in the sums over v it is understood that 1 < v <d.
Let us now bound the error term. Define

A 2(n+1) oo 1 A 2 )
en,s(A) = &ns(A) <§> where &,5(4) = Y = (%) + k21,

k=s+1

-1

Therefore we find that

2(n+1)
|[en.s(A)]i gl < llen.s(A)ll2 < [lEn,s(A)ll2

A
2

2

Let us bound ||éns(A)|2. Let A = UDUH be the eigendecomposition of A and
denote the spectrum of A as (A); recall that o(A) is real. We have

[én,s(A)ll2 < [|En,s(D)]l2 = max [&n, s(z)]
zET(A)

and moreover

1 [[a\? B DR 1

~ 2

@l =| 2 mm ((£)+#8) |2 X =c@ntD-3 e
k=1

k=s+1 k=s+1
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from which we deduce

A

|len,s(A)]iz] < H%

2(n+1) s 1
(conv2 -3 b ).

2 k=1

where ((s) is the Riemann zeta function.

Summing up the following estimates are obtained for the entries of 1 (A).

Theorem 3 Let A € R¥*? pe g symmetric banded matriz with half-bandwidth m. For
all (n,s) € Nx N it holds

()]sl < Mlrn,s (AD]i gl + en,s(Dligl, 1= jl > 2mn,

where ( :
2(n4+1) J+2m(n+l s
A C i
|[rn,s (A)]i 51 < ‘ o kT]:L)“kl "
2 v=j—2m(n+1) k=1
and
A 2(n+1) s 1
en.s (gl < 5| <<<2n+2) -> W) :
k=1

and Cy and Xy, are given in (3.34)),(3.35)).

To illustrate the significance of these bounds we present in Figure [5| numerical
comparisons with other existing bounds deduced from [3]. Recall that these latter
estimates are based on a theoretical result on the best degree-k polynomial ap-
proximation of the function 1 (z) on [—1, 1] that cannot be explicitly computed.
The corresponding best polynomial approximation error satisfies

2M (x)
xF(x —1)

and depend on a parameter y that defines a Bernstein ellipse in the complex plane,
where the function is analytic. For the case considered in Figure[5|a good choice is
x = 12. If the spectrum of the matrix is not contained in [—1, 1], one needs to scale
the matrix, that is, apply the function ¥1,¢(z) = % to A/¢, for a suitable choice
Q%i; the minor semi axis
3 of the ellipse should be chosen a little smaller than %’r and x = 8+ /B2 + 1.

We see that the proposed mixed polynomial-rational approximation and the
best polynomial approximation exhibit a similar decaying profile.

Ei(y1) <

of £&. Then the poles of the function closest to zero are at +

4 Conclusion and Future Work

In this paper we have introduced a family of rational approximations of the inverse
of the ¢;-function encountered in exponential integration methods. This family
extends customary approximations based on the Taylor series by showing better
convergence properties. Therefore, the novel formulas are particularly suited when
applied for computing the inverse of the ¢; matrix function of a structured matrix
admitting fast and numerically robust linear solvers. Mixed polynomial-rational
approximations of a meromorphic function based on the Dunford-Cauchy integral



16 Paola Boito et al.

a0k

as b

20 b

log, , of bounds

251

30 b

35 L

-40
0

Fig. 5: Bounds for a symmetric tridiagonal matrix A with spectrum lying in [-1, 1].

formula that are suited for computation with rank-structured matrices have been
recently proposed in [I5]. Theoretical and computational comparisons between the
two families of approximations of 11 (z) = ¢1(z) " is an ongoing work.

Also, rational Krylov methods have been shown to be very effective for the
computation of ¢1(A) especially in the case where the linear operator A comes
from stiff systems of differential equations [9]. Since the features of these methods
depend heavily on the properties of the associated rational function approximation
problem we argue that the analysis of the proposed family of rational approxima-
tions of 1/¢1(2) can give insights for the design of novel rational Krylov schemes.
In particular, the zeros of our rational approximants of 1 (z) seem to provide some
eligible sets of poles to be used in the design of parallel rational Krylov algorithms
for the computation of ¢1(A). In Figure |§| we show the set of roots of 1,80(z) and
¥1,80(z). We see that the all the zeros are symmetrically distributed in the right
complex half-plane which makes the Krylov process suitable for matrices whose
eigenvalues lie in the left complex half-plane [9].

Finally, comparison of the approaches based on the Mittag-Lefller theorem and
the rational Carathéodory-Fejér approximation [20] for evaluating 1 (z) would also
be interesting.
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