AN ERROR ANALYSIS FOR RATIONAL GALERKIN PROJECTION
APPLIED TO THE SYLVESTER EQUATION*
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Abstract. In this paper we suggest a new formula for the residual of Galerkin projection onto
rational Krylov spaces applied to a Sylvester equation, and establish a relation to three different
underlying extremal problems for rational functions.

These extremal problems enable us to compare the size of the residual for the above method
with that obtained by ADI. In addition, we deduce several new a priori error estimates for Galerkin
projection onto rational Krylov spaces, both for the Sylvester and for the Lyapunov equation.
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1. Introduction. Given two square matrices A € CM*M B ¢ CV*N not nec-
essarily of the same size, with disjoint spectra A(A), A(B), the Sylvester equation

(1.1) SapX =AX - XB=C

has a unique solution X = SngC € CM*N for all C € CM*N_ One obtains for the
special case B = —A* and C' = C* the so-called Lyapunov equation. Here the star
denotes complex conjugation and transposition.

Sylvester equations appear frequently in many areas of applied mathematics, see
for instance the survey [10] and the references therein. For instance, Sylvester equa-
tions occur naturally in matrix eigendecompositions [22], control theory [14], model
reduction [1, 2, 33], but also numerical solutions of Riccati equations [18], or image
processing [12]. In many of these applications, A, B are fairly large and sparse, and
C' is of low rank d < M, N, so that direct methods for solving (1.1) are not suitable.
In this case we will use a full rank factorization of the right-hand side

C = ab*, aeCMxd pechxd

In order to simplify presentation, we will deal in this paper with the case d = 1, the
statements for the case d > 1 are similar, but since some tangential interpolation
problems are involved we leave this for another paper.

The aim of this paper is to compare error estimates for two popular iterative
methods for solving (1.1). The ADI iteration due to Peaceman and Rachford [27] has
been adapted by Wachspress [35, 36] for solving (1.1), see also related work by Birkhoff
and Varga [11]. Roughly speaking, this method requires parameters z41,...,24.n €
C\A(A) and 251, ...,25.n € C\ A(B) and computes an approximation XAP7 of rank
nd by solving shifted systems with coefficient matrices (24 ;1 — A) and (zp;I — B).
Two aspects make the ADI method particularly attractive. First, it is possible to
implement the method through full rank decompositions of the iterates X P and
thus it essentially remains to solve 2n shifted systems with d right-hand sides, see [9]
and the references therein. Another attractive aspect is that the ADI error X — XAPT
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2 B. Beckermann

and the ADI residual Sy (X — XZ'PT) can be described via very simple formulas,
namely

(1.2) X — XAPT = RAPI(A)"' X RAPI(B),
Sap(X — X, 1P1) = RAPI(A)~ab*RAPI(B),

with the rational function

RADI(Z) _ H Z— ZAJ.

j=1 Z — ZB,j

It turns out that with a “nearly” optimal choice of parameters the ADI error is small
even for modest values of n, but this is no longer true if the parameters are not well
chosen, and here it makes sense to consider instead projection methods.

Given matrices with orthonormal columns

(1.4) vecMxm yU=1, VeCc"" V'V=I,

for the Galerkin approach one looks for an approximant of the form Xg)n =UYyecv
with Y& € C™*" by requiring that the residual satisfies the orthogonality conditions

U*Sap(X — X5 )V =0.
Introduce the projected Rayleigh matrices
(1.5) A, =U"AU eC™™, B, :=V*BV € C"*",

and suppose that A(A,,) N A(B,) is empty. Then it is not difficult to check the
following formula for the Galerkin approximant

(1.6) Xo,=U0Yeve Y9 =8." 1 (amb}),
where
(1.7) am, :=U%a, by :=V"h.

Here we suppose that m,n < M, N, making it possible to solve the Sylvester equation
Sa,..B, Y =ApnY —YDB, = a,b} by, e.g., some direct method, and to compute the
above quantities A,,, U, am, By, V, b, in reasonable time. One big advantage of such
projection methods is that for the fields of values we have the inclusions W (A4,,) C
W(A), and W(B,) C W(B).

For parameters z4 1, ..., za.m € C\A(A) and zp 1, ..., zp,n € C\ A(B), C denoting
the extended complex plane C U {oo}, we introduce the polynomials

m n

(18) Qa2 = I G-z, @)= ][] (-2,

j=1,z4, jF#0 j=1,2p,;#00

and denote by Py the space of polynomials with complex coefficients of degree at most
k. The rational Krylov spaces

Kam={Ra(A)a: Ra € Pp_1/Qa},

(19) K:B*m, = {RB(B>*b : RB S P’n—l/QB}a
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built with help of rational functions of fixed denominator play a particular role in the
construction of the ADI method, indeed in the case m = n we find that

colspan(XAPT) € K o.p, colspan((X21P1)*) € Kp« .,

where up to some degenerate cases there holds equality in both inclusions. Hence
in what follows we will always suppose that the columns of U, and of V, form an
orthonormal basis of K 4 ,,, and of Kpg- ,, respectively, which makes sense to compare
the errors for ADI and for Galerkin projection onto rational Krylov spaces (or shorter
rational Galerkin).

The original idea of projecting onto polynomial Krylov spaces (all parameters
Za,j,%2B,j = 00) probably goes back to Saad [29], the case of rational Krylov spaces
has been considered subsequently by many authors, see for instance [19, 20, 21] and
the references therein. However, to our knowledge, until recently little was known
about a priori error estimates in the spirit of the famous CG estimate in terms of the
condition number. We found first results in this direction by Penzl [28], followed by
Druskin and Simoncini [32] and by Kressner and Tobler [25]. The work of [32, 25] is
based on an integral representation for the solution X of the Sylvester equation (1.1)
in terms of the exponential function. There exists another integral representation in
terms of resolvents
(1.10) X = i (21 — A)~tab*(2I — B) ™! dz,

21 Jp

the curve I' encircling once the eigenvalues of A but not those of B. This integral
formula has been the starting point for similar a priori error estimates for so-called
extended Krylov spaces (all parameters z4 ;, zp,; € {0,00}) in [24], see also [25]. The
case of arbitrary rational Krylov spaces was considered by Druskin, Knizhnerman and
Simoncini in [16] using elegant but deep tools from complex approximation theory like
Takenaka-Malmquist orthogonal rational functions and Faber-Dzhrbashyan rational
functions; we will summarize all these findings in §2.4 below. The results in [16] are
more general but weaker than those of [32, 25, 24] in the sense that the authors only
obtain nth root asymptotic upper bounds for the error, with an explicit convergence
factor given in terms of the parameters z4 ; and the fields of values of the matrices A
and B.

Tools from approximation theory also have been an important argument in [25,
Theorem 4.3 and Eqn. (39)] where the authors suggest for the Lyapunov equation
with selfadjoint positive definite A = —B™* to consider a bivariate polynomial approx-
imation problem.

Our approach is based on an orthogonal decomposition of the residual for rational
Galerkin in Theorem 2.1 below, which to our knowledge is new, and which conceptu-
ally differs from the one given for instance in [17, Proposition 4.1], the latter being
an immediate consequence of the representation of AU — UA,, for rational Krylov
projections. Each of the three terms in our new representation of the residual can be
related to some extremal problem for (univariate) rational functions with prescribed
poles. The starting point for this new residual formula is the observation that enforc-
ing the residual to be orthogonal reminds of the well-known FOM method for solving
systems of linear equations. Thus we may use in (1.10) a well-known formula for the
FOM error for shifted systems, given, e.g., in [5].

As a consequence, we are able to relate in Corollary 2.2 the residual norms of
both ADI and the rational Galerkin method. We obtain in Theorem 2.3 an explicit a
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priori estimate for the rational Galerkin residual for couples A, B having disjoint field
of values, and state an improved formula for A, B being selfadjoint. The particular
case of a Lyapunov equation is studied in Corollary 2.5, which enables us to compare
in §2.4 the upper bounds proposed in this paper to existing work. In particular, our
upper bounds describe a geometric convergence behavior, with the same convergence
factor as that discussed in [16].

The rest of the paper is organized as follows. Section 2 contains further definitions
and the statements of our main results, together with motivating remarks. The proofs
for these statements can be found in Section 3. In particular, good candidates for
our rational and matrix-valued extremal problems are constructed in Theorem 3.4,
generalizing previous work [4] for polynomial matrix—valued extremal problems like
matrix Chebyshev polynomials.

Notation. In what follows, || - || denotes the Euclidian vector norm and the
spectral matrix norm, whereas by || - || we denote the Frobenius norm. The field
of values of a square matrix A is defined by W(A4) = {y*Ay : |ly]| = 1}, which is
known to be always convex and compact. By stacking the columns of X, C' in a large
column vector, one may rewrite (1.1) as an ordinary system of equations Mz = ¢ with
M =Iy®A— BT ®I). It is not difficult to show that W (M) = W (A) — W (B), see
for instance [16, Proof of Theorem 4.2]. As a consequence, in the case W(A) N W (B)
being empty, we may give simple estimates for the norm of our Sylvester operator and
its inverse

1) Sasl = sup LG gy < o diam(w(a), w(B)),
¢ Cllr
- Cllr _ 1
1.12 Sl =sup 4 ME g <
( ) H A,B” Cp ||SA7BC||F || || — dlSt(W(A), W(B))
(1.13) where diam(W (A), W(B)) := max, |z —yl.
yeEW (B)

2. Statement of results.

2.1. A new formula for the residual for rational Galerkin. In order to
state our main results, we need to introduce some particular rational functions

(2.1) RSG(2) = W €Pn/Qa, RG(2)= ‘W €P,/Qp.

where Q4,@Qp are as in (1.8). From the theory of rational Krylov spaces it is known
that

(2.2) U*RG(A)a=0, V*R$(B)b=0,

in other words, RG(A)a € KA m+1 together with the columns of U form an orthogonal
basis of K4 m+1, and, similarly RE(B)*b € Kp« n11 together with the columns of V
form an orthogonal basis' of Kp+ ,11.

Notice that, by construction, the residual p = Sa (X — X5 ) has columns in
K A,m+1, and its adjoint has columns in Kpg« ,41. The following result tells us how to
represent the residual in these orthogonal bases.

1We keep the same denominators in the rational Krylov spaces, or, equivalently, we take the new
poles 24 m41 = ZB,nt1 = OO.
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THEOREM 2.1. Let d =1, and write shorter p = Sa (X —X%n) for the rational
Galerkin residual. Then p = p12 + p21 + pa2,2, with

1 1
(2.3) PL2 = UT(Am)amb*Rg(B): P2,1 = RE(A)ab:T(Bn)V*a
RE R
p RE(A)ab* RE(B)
2,2 = )
R (00) R (00)

and in particular

7+ o217 + lp2.2l|%-

(2.4) ol = llp1.2]

If W(A)NW(B) is emply, each term is the minimal value of some extremal problem

. | Ra(A)ab*Rp(B)
2.5 — inf ‘ ‘ — (I = UU*)ab* (I — VVH)|
@lmalle = it | T e S = 10— vva i

Rpeln

B QB

Tt 1

2. = mi H— A, ap b B’ — (A amb Rp(B)| |,
@Olale = iy [ Gt Ra(B)], + 0| (Amant )]

. [ L 1 L 1
@Dlpnallr = iy, {[Raciat g (B, + o | RatAmsant g (5 il

where ¢o = 2 diam(W (A), W (B))/dist(W(A),W(B)). For each extremal problem
(2.5), (2.6), and (2.7), the minimum is attained for Ro = R§ and R = RG.

From (2.5) we see that ps o = 0 provided that one of the poles z4; or zp,; is
chosen to be co (as for instance in [24, 25, 32] where z41 = zp,1 = 00), since then
either a € Ky or b € Kp= .

2.2. Rational Galerkin versus ADI. By comparing the expression (1.3) with
Theorem 2.1 it is not difficult to see that XAPT = Xﬁn provided that the poles
za,j, and zp ;, coincide with the nth Ritz values of B and A, respectively (i.e., the
eigenvalues of B, and A,), since then RAPT = RE = 1/RG. This observation was
already mentioned, e.g., in [16, Theorem 3.4]. However, it is quite difficult to choose
such poles since of course the Ritz values depend on the poles.

Theorem 2.1 allows us to compare the size of the residual for the ADI method
with that of rational Galerkin for arbitrary poles. A weaker result in this direction
can be found in [16, Theorem 4.2] where the authors show that the rational Galerkin
error is always smaller than a (classical) upper bound for the ADI error.

COROLLARY 2.2. Provided that W(A)NW (B) is empty, we have for the residuals

184,8(X = X5 )r < C8a5(X = XP)|F,

with a constant C' < 3+ 2¢q with cq from Theorem 2.1 independent of the parameters
ZA,jy%B,j-

We do not claim of having found the optimal value of the constant C'. However, it
becomes clear from Corollary 2.2 that, even for optimal poles, ADI cannot give much
better results as rational Galerkin. Recall that for poor poles ADI is known to give
much larger residuals [9].
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2.3. Explicit bounds for the residual of rational Galerkin. We now state
some a priori upper bounds for the residual of the rational Galerkin method in terms
of the fields of values of A and B. In case of selfadjoint A, recall that W(A) =
[Amin(A), Amax(A)], and that || f(A)|| < |[flz=w(a) for any function f analytic on
W(A). Crouzeix [13] showed recently the deep result that there exists a universal
constant Copoyzeiz < 11.08 (he conjectures that Corouzeir = 2) such that || f(A)]] <
Ccrouzeiz || fl Lo (w(a)) for any matrix A and any function f analytic on W (A). This
makes the field of values quite attractive for matrix function analysis, though in
general field—of—value estimates may be pessimistic.

Theorem 2.1 tells us that for upper bounds of the rational Galerkin residual it is
useful to have upper bounds for the matrix-valued rational extremal problem

Al —
(2.8) E(A,Qa,z2) = Juin - |QA( N z € C,

which for z = 0o and z4,; — o0 is related to a matrix Chebyshev extremal problem
studied by several authors, see, e.g., [34] and the references therein. Indeed, according
0 (2.5), for pa 2 we require E,, (A, Qa,0) and E, (B, Qp, ), whereas, according to
(2.7), for bounding po 1 (and similarly pq2) we can use the upper bound

N < rouzeir E,, A7 y2).
i |- EB)] < Cormmie 1 (A, Q)

Notice that such kind of estimates are potentially not very sharp, though (up to the
factor Corouzein) there exist sequences of normal matrices for which asymptotically
equality is attained. Again using the Crouzeix estimate we may relate (2.8) with the
quantity

P .
(2.9) En(E,Q4,2) = min HQf;DniL“E), 2eC, EcCC,
PEPm |55 (2)]
A

here for E = W(A). As we will see in Theorem 3.4 below, it is possible for convex E and
in particular for E = W(A) to give an explicit upper bound both for E,,(A, Qa4, 2)
and for E,,(E,Qa4,z) which (knowing only W(A)) can be at most improved by a
modest factor. Notice that lower bounds for E,,(E, Q 4, z) and arbitrary E are easily
obtained by the rational version of the Bernstein-Walsh inequality due to Gonchar
[23], see also [16, Lemma 4.4], and Theorem 3.4 below.

In order to describe the rate of convergence, we denote by ga(-,¢) the Green
function of C\ W (A) with pole at ¢ € C, see [31], and define

uAm *exp( ZQAZZAJ)

Recall from [31, §1.1.4] that Green functions satisfy ga(z,{) > 0 for z,{ & W(A),
and ga(z,¢) = 0 else. If we disregard the particular case z4.1,...,24,m € W(A), we
may conclude that 0 < ug,,(z) < 1 for all z ¢ W(A) including z = oo, and that
Uam(za,;) =01if z4 ; § W(A).

Similarly, we define
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We remark that in case of selfadjoint matrices we may make the expressions for w4,
and up ,, more explicit: the Green function g for a real interval [, 5] is known to be

9(2,¢) = 1og\/\/£\/\/;+1(

with the principal branch of the square root, v/1 = 1, and thus

\/ >\max(A \/ZA,j_)\min(A) _ 1
—Amin ( ZA,j —Amax (A
(2.10) wam(z H‘ = A )
—A

max(A W_Atnin(A)
\/ i )V T max(A) T 1
We have the following result.
THEOREM 2.3. Let d =1 and W(A) N W (B) be empty, and define?

YA,B = Zénw“lﬁfg)“‘“”( z), VB,A = zélvlvaﬁfq)“B"( z),

then we have for the rational Galerkin residual and for general A, B,

[S4,8(X = X5 Dlr

2v4.B 2vB,A
<4c; HlaX{’YA,B,’YB,A}JFCz( T4, + 1B, )

l[all fo] l—vaB 1-7Ba4
where
1
c1 = min
F s (T ew(=galza g, 00)) (1~ exp(~g5 (5.4, )
measuring how far the “furthest” pole is from the fields of values, and co = (1 +

o) Ccrouzeiz With ¢y from Theorem 2.1. For selfadjoint A, B and {za1,....,24,m},
{#B,1,..,2B.n} closed under complex conjugation, we have the improvement

18a,8(X — X7 )lr

e = Amaxivas vmal+alias +95.a)
with
o5 =2,/2 max{ | Amin(B) — Amax(A)], [Amin(A) — Amax(B)”"
min{|Amin(B) = Amax(A4)]; | Amin (4) — Amax(B)|}

REMARK 2.4. We learn from the upper bounds of Theorem 2.3 that we should
keep both va,p and yp 4 small. Optimizing ya,p can be done by choosing z4 ;, and
optimizing yp,a can be done by choosing zp ;. We claim here without proof (being a
consequence of [31, Theorem VIII.2.3]) that

V{5 = ROW(A),W(B) ™' % = ROW(A), W (B))™,

2For simplifying notation we do not display the dependency on m,n which in what follows are
always supposed to be fixed. However, all appearing explicit constants cg, c1,c2 do not depend on
m and n.
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with R(W (A),W (B)) the Riemann modulus of the doubly connected domain C \
(W(A)U W (B)), and that both inequalities are asymptotically sharp, since they can
be attained by appropriate choices of the poles. O

It is worthy to write down the bounds of Theorem 2.3 for the special case B = — A
of a Lyapunov equation and m = n. We will make some simplifying assumptions.

*

COROLLARY 2.5. Consider a Lyapunov equation (B = —A*) with d = 1 and
m =n and W(A) N (=W (A)) being empty. We suppose in addition that A has real
entries, and that the poles are chosen such that z4 ; = —zp ; occur in conjugate pairs.

Then with ¢y, co as before

18a,5(X — X7l
llall llo]

YA,B
(1—\74.B)?*

If in addition A is selfadjoint (and hence positive or negative definite) then we have
the improvement

< (4 + 402)

1S4,8(X = X5,)lr

ol < (At 42 cond(d))va 5.

Proof. Since A has real entries, we get that W (A) is symmetric with respect to the
real axis, and thus W(B) = W(—A*) = —W(A). Also, by our symmetry assumptions
on the poles,

Uan(2) = uan(Z) =upn(—2), Y4B =784

Therefore, as in the proof of the first part of Theorem 2.3 we conclude that w4 ,(c0) =
upn(00) < \/¥a B, and we may relate [|p22||F to v4,p without introducing ¢;. Ob-
serving that (1— /745 )2 < 1—1a.B, we arrive at the first claim. The second follows
by observing that ¢; = 24/2cond(A). O

Notice that one may improve slightly all upper bounds in Theorem 2.3 and Corol-
lary 2.5 (namely, drop each time the first of the two or three terms on the right) if one
of the poles z4 ; or zp ; is chosen to be oo (since then ps o = 0). Also, we should men-
tion that each upper bound also implies an upper bound for the error | X —X& || by
using (1.12). Finally, comparing with Theorem 3.4 it is possible to get upper bounds
if one replaces W(A) and W(B) in the definition of w4 m,uB n,v4,B,78,4 by larger
convex sets.

2.4. Comparison with existing work. We have not seen elsewhere in the
literature a priori upper bounds for rational Galerkin applied to a Sylvester equation
as in Theorem 2.3. Let us therefore compare the findings of Corollary 2.5 for the
Lyapunov equation with other results from the literature. In what follows we suppose
that A is real, and o := Apin((A + A*)/2) > 0. Also, we denote by ¢ the Riemann
map of W(A).

We first have a look at polynomial Galerkin, that is, all z4 ; = zp,; = co. Then
uan(z) = 1/|¢(2)|™. Since with W(A) also its level lines (where |¢(z)| is constant)
are convex, we see that the first level line hitting —W (A) passes through —a«, and
thus y4.5 = 1/|¢(—a)|™. Druskin and Simoncini [32, Proposition 3.1] and Kressner
and Tobler [25, Corollary 4.4] consider the particular case A = A* here & = A\pin(A4),
and we find using (2.10) that

\/E—l)"

(2.11) m:(wm
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with

)\max (A) + )\min (A)

= P (A)

the same rate of convergence as that found by these authors. However, our constant
in front is somehow different. For not necessarily selfadjoint A, if W (A) is included in
some ellipse E then the level lines are explicitly known and v4 g can be computed. In
this case we find the rates of convergence of [32, Corollary 4.5] and [25, Theorem 4.8],
though it seems that our constants are somehow better. In particular, compared to
[24, Remark 3.3] we gain a factor n.

The case of extended Krylov spaces, that is, even n, and half of the poles z4 ; being
0 and the other half being oo, has been discussed in [25, Lemma 6.1] and [24, Section 4]
for selfadjoint A. The authors find the rate given in (2.11) with K = y/cond(A), in
accordance with (2.10). For general A, we have that

- 1 ¢(z) —¢(0)

which at least for disks has been computed in [24, Proposition 5.1]. In the general
case the authors show in [24, Theorem 3.2] that the error is bounded by C'nvy4 g
with a not explicitly given constant C' depending on all the data but not on n. We
are able to drop this factor n.

Finally, the only result which we are aware of for general rational Galerkin is
[16, Proposition 4.5]: for infinite dimensional matrices (operators) A the authors
show that the limsup of the nth root of the error is bounded above by the limsup
of [ya.g]'/™. They conclude in [16, Theorem 4.6 and Proposition 4.7] that if the
poles are distributed asymptotically like the equilibrium measure of the condenser
consisting of the plates W (A) and W(—A) then the nth root of the error behaves at
worst like R(W (A), W (—A))~!, where R(W (A), W(—A)) is the Riemann modulus of
this condenser. This is exactly the classical upper bound for ADI with poles which
are optimal for W (A).

We recall the conformal invariance

R(W(A), W(=4)) = R(¢(W(A)),p(W(-A))) = R(D, p(W(-4))),

the latter being related to some classical well-studied Zolotarev problem. In what
follows we use some results from [5, Section 6.2], we refer the reader to the references
of that paper for more details. According to [5, Eqn. (6.9)] one has

1
(2.12) TAB 2 ROV(A), W(—A))"

for any choice of the poles.

For the particular case W(A) C (0,00) a real interval and hence also ¢(W(—A))
an (explicitly given) interval C (—oo,—1), one may give an explicit expression of
R(W(A),W(—A)) in terms of the condition number of A, a formula which involves
elliptic integrals. Moreover, it is known that there are poles achieving the lower
bound up to a factor 2: according to [5, Proof of Theorem 6.6], one should take as
#(za,5) € B(W(—A)) the elliptic points of the two intervals ¢p(—W (A)), p(—=W (A))~1,
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that is, the zeros of the explicitly known rational function solving the corresponding
Zolotarev problem

. P _
213) Zunl®F)i= i, |5 loem |5l E=o(-WA) =5

It is known that this extremal rational function is a Blaschke product, and hence
YA,B =/ Zn,n(Ev F) < 2/R(W(A)7 W(_A))n

For not necessarily selfadjoint A, in general the shape of ¢(W(—A)) might be
complicated, and hardly any results on the solution of (2.13) are known. However,
“good” poles with small y4 g are obtained by the same principle to choose as ¢(z4 ;) €
d(W(—A)) the zeros of a Blaschke product P/Q giving a small value in (2.13), the
choice of poles suggested in [16, Theorem 4.6 and Proposition 4.7].

2.5. Linear versus superlinear convergence. For selfadjoint A, B we have
used in this paper the simple upper bound ||7(A)|| < |7 g a)) for rational func-
tions r. This sometimes severe overestimation might be acceptable for many applica-
tions. However, for instance for a cyclic choice of a few multiple poles this leads to
upper bounds describing a linear convergence behavior, that is, we consider a “worst
case” eigenvalue distribution.

The authors in [3] work instead with discrete maximum norms on A(A). For
sequences of selfadjoint matrices A = A(N) of order N, which for N — oo have a joint
eigenvalue distribution, they are able to quantify superlinear convergence behavior for
the (nth root of the) error after n CG iterations applied to A(N) for n, N — oo such
that n/N tends to some t > 0.

Recently, the asymptotic behavior of rational Ritz values and thus the nth root
behavior of |RS (2)]/|| RS (A)| has been found in [7] in a similar setting, if one sup-
poses in addition that also the sets of poles have some joint distribution (such as a
cyclic repetition of few multiple poles). A nice Buyarov—Rakhmanov type formula for
this expression in terms of marginal condition numbers can be found in [8]: roughly
speaking, instead of w4 ,, one takes a mean of the formula of w4 ,, over a family of
decreasing sets instead of the fixed set W(A). Inserting these formulas directly in
(2.4) allows us to describe superlinear convergence for rational Galerkin applied to a
Sylvester or a Lyapunov equation. However, in order to make such a formula more
explicit, one has to solve some extremal problems in logarithmic potential theory,
involving the asymptotic distribution of eigenvalues and of poles.

In such an (asymptotic) superlinear convergence theory, in order to find opti-
mal poles for ADI or rational Galerkin one should solve (approximately) the discrete
Zolotarev problem Z, ,(A(A), A(B)) instead of the continuous Z, ,(W(A4), W(B)).
The nth root asymptotics for the corresponding optimal rate of convergence can be
found in [6].

3. Proofs.

3.1. Proof of Theorem 2.1. For a proof of Theorem 2.1, we need three auxil-
iary results, which we state each time for K4 ,, and for Kp« , (however, the second
statement follows from the first by taking adjoints). The first and the third property
are classical facts for rational Krylov spaces.

The first property is usually referred to as the exactness property of rational
Krylov spaces, a proof may be found in [5, Proof of Theorem 5.2] for z4 1 = o0, or in
[15, Lemma 3.1] for general poles and selfadjoint A. For the sake of completeness we
add a proof.
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LEMMA 3.1. For any Ry € Pp—1/Qa we have that Ra(A)a = URA(Am)am.
Similarly, for any Rg € Pp_1/Qp we have that b*Rp(B) = bX Rp(B,)V*.

Proof. By linearity, it is sufficient to consider R4 (z) = 1/(2—2;)* € Pin—1/Qa for
some integer £ > 1 (and Ra(z) = 2° € Pp—1/Qa in case deg Q4 < m). By definition
of Ka,m and U, there exists a vector ¢ € C™ such that

Ra(A)a = (A—zI) ‘a="Ue.

In case £ = 1 we multiply on the left by U*(A — 2;1I), leading to a,, = U*a = U*(A —
z;I)Uc = (A —zjI)c, or ¢ = (A — 2;1) " am,, as required. In case £ > 1 we argue by
recurrence on £, and obtain (A, — z;I)c = U*(A — z;1) " ta = (A, — z; 1) ay,,
again as required. The analysis for R4 (z) = 2* for £ > 0 is similar, we omit details. O
The second property is required for the second part of Theorem 2.1.
LEMMA 3.2. For any Ry € P,,/Qa we have that

-1 _RA(Am) 2T — —1a
)zl = A) " a=U( Ralz) (2] = Ap) ™ .

Similarly, for any Rg € P,/Qp,

Rp(B)
RB(Z)

Rp(B,)

RB(Z)

b* (21 — B)™'(I — ) =bi(z] — B,) (I — W*.

Proof. 1t is sufficient to observe that, for fixed z, the function

o 1—Ra(x)/Ra(z)

zZ—X

T

is an element of P,,_1/Q 4, and to apply Lemma 3.1. O

Our third property is the classical representation of the FOM error for shifted sys-
tems in terms of the rational functions (2.1). It follows immediately from Lemma 3.2
by observing that RG (A, )am = 0, bX RG(B,,) = 0.

LEMMA 3.3. We have that

(21 —A)ra— Uzl — Ap) tam = (21 — A)~La.
R§(2)
Similarly,
b*(z1 = B)™' = by (2] — Bp) 'V = b (21 — B)‘le(B)
T RG(z)

Proof of the first part of Theorem 2.1. Write shorter * = (21 — A)"la, T =
(21 — Ap)tan, y = b*(2I — B)™1, § = b} (2] — B,)~!, then according to (1.6) and
(1.10)

X -X¢ = ! (xy—U%ﬂV*)dz

men 211 Ta

where the compact contour I'4 encircles once in mathematical positive orientation
A(A) and A(A,,), but not A(B) and A(B,,). We also consider I'g, a compact contour
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encircling once in mathematical positive orientation A(B) and A(B,,), but not A(A)
and A(Ay,). Then we can write using Lemma 3.3

X - X& 1

m,n

=5 . (@ UDy+aly—3v") — (o~ Uy V") )z

1 (Rﬁ(A) RE(B)  R§(A) )
= — Ty + Y — Ty )dz.

2mi Jr, \ RG(2) R§(z)  R(z) " RE(2)
Let us integrate each term separately. For the first term, observing that the integrand
is O(272), 00, we replace I'4 by I'g which by the residual theorem gives a change of
sign, and thus

1 G(A 1 GA
— R’g( )Axydzf—, R‘é( )xdez:IMffl 2,
2mi Jr, RG(2) 2mi Jr, RG(2) ’ ’
1 RG(A) 1 RG(A)
L= — L *(z2I - B)™! Lo 2
WS g o R @SBz L

= — I—A)tab*d
ami Jp, RG(z) GL A bt
where, again by the residual theorem, I » vanishes.

Similarly, we obtain for the second term the expression —I5 1 + I3 2, with

1 (B 1 a(B
Iy = —/ ab* (21 — B)-lng;( ) g, Ioi=5— [ (z2I—A)" ab* Rg( )

270 Jr, R%(2) 270 Jr, R%G(2)

and here the first integral I5 ; vanishes by the residual theorem. Finally, for the third

term we get 7]3_’1 + 1372, with

dz,

1 A (B
I = — Rgf )ab*(zI—B)—lRFg< )dz,
2mi Jr, R3(2) RE(2)
1 RG(A) . R&(B)
I35 = — A 2I — A) 7 tab* =B dz,
22 omi Jr, Rg(z)( ) RG(2)
where by the residual theorem
RG(A) RS(B) 1 RG(A) RS(B)
I _ A b* B o A I— A -1 b* B dz.
%27 700" RG(o0) ~ 2w Jr, RG(e) T :

RE(2)
By putting the three terms together and applying twice Lemma 3.3, we find that

RG(4) ., RE(B)
Sap(X —X8 Y- A —<ab* B
2 ) ™ o) G o)
G G
2mi Jr, R%(2) Rg(z)
1 RG(A) R%(B)
I — A T— A -1 b* B
o FB( R4(2) JI=A)"a RS (2)
1 RE(A) * —1y/7* 1
== 1-B, —
27 o RI(2) ab (z )TV dz 4+

(00

)dz

dz

¢ (B
Uzl — Ay) tanb* Rg( ) dz
1 T'a RB(Z)

1 1
= RG(A)ab}—5 (Bn)V* + U—g (An)amb*RE(B),
RA RB
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as claimed in (2.3). Introducing the orthogonal projectors
(3.1) Iy, =U0U", g =VV*,
we know from (2.2) that IT4p(I —Ig) = p1,2, (I —I4)pllp = pa1, and (I —II4)p(I —

IIg) = p2,2, from which (2.4) follows. O

Proof of equation (2.5) of Theorem 2.1. For any Ry € P,,/Q 4 there exists c4 € C
such that

CA o 1
Ra(o0)  Rf(00)’

R4 — CARE S Pm—l/QA?

Taking into account the definition of U, (2.2), and Lemma 3.1, we conclude that

Ra(4)  _ R3(4)
Ra(o0)" ~ RE(0)

(I—HA) a

and, similarly, for Rg € Pn,_1/Qp,

. Re(B)
RB(OO)

’ RS (o)

(I-Ilg)=0>

implying the first part of (2.5). For the second part one has to distinguish two cases:
if RG(00) = oo (at least one of the 24 ; equals oo) then a € K4, and the property

is trivially true. Otherwise, Ifg(g) —1 € Pp—1/Q4 which together with Lemma 3.1
A
implies that
R§(A) R§(A)
RG(oe) "~ T I RG (o T U Tk

By the same argument, b* gg((z)) =b*(I —IIp), as claimed in (2.5). O
B

Proof of equations (2.6), (2.7) of Theorem 2.1. We only show (2.6), the proof of
(2.7) is obtained by exchanging the roles of A and B. Since p1 2 = Hp(I —IIg), we
find that ||p12||F = |[U*p1,2||F. Let us show that, for any Rp € P, /Qs,

(3:2) 10zl < | 7= (Andand Ra (B, + o | - (An)anbiRa(B.)]|,

Since R%(B,) = 0 by (2.1), we see from (2.3) that there is equality in (3.2) for
Rp = R$, and hence (2.6) follows.
We have

RE(B)

dz
RE(2)

1 1
Upro = —=(Am)amb*RE(B) = — I—A,) ta,b*
2= g A BG(B) = o [ (1= Aw)

_ i _ —1 * _ -1 _ px* _ —1y/* _
=5 1= Aw) am<b (2 — B)™  —b% (2] — B,)"'V )(zI B)dz
= Il - -[27

I 1 -1 * _ —1RB(B) _
I g | G- 4) am(b (:I =B (Z))(zl B) dz,

1 _ 1 Rp(By)

I:= — I—An)! *(2f — Bp) ' V) (2 - B
2= g (BT = An) am (Vi (=1 = By) e )1 - B)dz,
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where we have applied first Lemma 3.3 and then Lemma 3.2. Notice that if one
of the roots of Rp coincides with one of the eigenvalues of A,, then we adapt the
convention that ||é(Am)|| has norm oco. Otherwise, we may deform I'4 such that it

encircles A(4,,) but not the roots of Rp. In this case, I} = R—lB(Am)amb*RB(B), and
it remains to show that

1
(33) ||IZ||F <c “F(A77L)ameRB(Bn)‘|F
B

By (1.10) and the Cauchy residual formula,

Syl gl = % (a A 2m /F (zI — Ap) tan,
(b*( [— B, RB((;)‘) )( [—B)dz(CI — B)"'d¢
1 1
=y (I - Ay, 12/FA (21 — Ap,
(21 — By)~ RR;i))V*)(z —()dz (I - B)"'d¢

1 B(Ba) V*) dz (I — B)~'d¢

(21 — B,)~ Rp(2)
—1RB(Bn)

(v

:2;/%2;/“(( Ap)™ = (T = Ap)
(b
1

=—— I—A) tanbi(2I — B, *dz.
57 (z m)  amby(z ) R (2) V*dz
As above we deduce that
_ 1 - Rp(B,)
1 T. - _ = I — A 1 * B n *
Shai (5398 =~ [ 1= A B
1
=——(4n)anb; Rg(B,)V*.
Rp

Hence
_ 1 .
12/l < 1S4 5,1 ISa,. 5] IIR—B(Am)ambnRB(Bn)IIF,

and our claim (3.3) follows from (1.11) and (1.12). O

3.2. Proof of Corollary 2.2. Comparing (1.3) with Theorem 2.1 for m = n,
we may choose RAPT = Rp = 1/R4 in (2.5), (2.6), and (2.7).
Then R4(co)Rp(c0) =1, and thus by (2.5)

F < |RA(A)ab*Rp(B)||p = [|Sa,5(X — XP1)||p

G
For the upper bound for ||p1 2| given in (2.6), we first observe that R4 — % €
A

Pm—1/Qa4, and hence by Lemma 3.1, (2.1), (2.2), and (3.1),

HARA(A)G = UU*RA(A)(I = URA(An)an,
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and similarly b*Rp(B)Ilg = b Rp(B,)V*. Hence by (2.6)

o121 < [1RA(AR)anb® Re(B)|[r + co | Ra(An)anb} R (By)l| e
< (1+co) [|Sa,p(X — X221 p

The same conclusion is obtained for ||p2,1||, and thus Corollary 2.2 holds.

3.3. Proof of Theorem 2.3. We start by giving a result related to the extremal
quantities F(A,Qa,z) and E(W(A),Qa, z) defined in (2.8), and (2.9), respectively.
In our proof of Theorem 3.4 we do not use field-of-value estimates of Crouzeix [13],
but merely generalize the techniques from [4].

THEOREM 3.4. Let E C C be some conver compact set (not a single point), and
A a square matriz with W(A) C E. For all Ry € Pp/Qa and for all z ¢ E

[BallLe @) N
Fia 20— X ateea)

with g(-,C) the Green function of C\ E with pole at {. This inequality is sharp up to

some modest constant in the sense that there exists Rjﬁ € Pm/Qa having m zeros in
E with

IR | <2, [RA(A)l <2,
1 u(z)

TR RG] T T

~—

Proof. The first inequality is known as the rational version of the Bernstein—Walsh
inequality due to Gonchar [23]. For a proof, it is sufficient to notice that the function
f(z) =log|Ra(z) u(z)| is subharmonic in C\ E, and to apply the maximum principle
for subharmonic functions, leading to f(2) < [|f||z~(or) < [[log|Ral L)

For showing the second part, we denote by ¢ the Riemann conformal mapping of
C\E onto C\D, D the closed unit disk, with ¢(co) = 0o and ¢’(c0) > 0. Also, denote
the inverse map by ¢ = ¢~1. If all z4; € E, then u(z) = 1 (all Green functions
vanish), and the second statement is trivially true. Otherwise, we may choose Rff by
prescribing as roots all z4 ; € E. Since the corresponding terms in u vanish, we may
suppose without loss of generality for our construction of Rﬁ that all roots z4 ; of
Q4 are outside E. Then it is known that one can write the function u in terms of
Blaschke products

m

L ho(@)], h(w) = [ LAy

u(z) o v w—(za;)

Notice that h is analytic in D, and meromorphic outside of D.
The Faber map F identifies functions analytic in D with functions analytic in E
via the formula

2 € Int(E) : f(p)(z):/ ) wy'(w) dw

Y(w) — z 2miw’

in particular F(Py,) = Py, and F (P /Q) = P /Qa, with Q(2) = [[[2, (w—6(24,5)),

see for instance [5] and the references therein. In particular,

R%(2) := F(h)(2) + h(0) € Ppn/Qa.
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By deforming the path of integration towards oo we also see that

— wy'(w) dw I wy'(w) dw 1
[, mw =/ 3 = =)

Y(w) — z 2miw (w) Y(w) — z2wiw  h(co)

since 1/h is analytic outside D. Thus

w (w) \ dw
3.4 R%(2) = h(w)Re(2————— | ——.
(3-4) 4(2) /|w|—1 (w) e( w(w)—z)Qm'w
Since the real part is positive for all z € Int(E), we obtain
! dw
Rl < ||h]| 7,00 sup/ ReQM — =2
IRl < Iilimy s [ Re(2 ) 20

As explained in more detail, e.g., in [5, Proof of Theorem 2.1], the above reasoning
remains true after replacing the scalar argument z by the matrix A, leading to the
similar conclusion ||Rﬁ(A)H < 2. Finally, for |v| < 1, we have the Poisson kernel
formula

(3.5) h(v) = /w|_1h(w)Re(“’+”) dw

w—v/ 2miw’

which can also be shown directly as in (3.4). The above convexity argument shows
that

w (w) w+ v)
P(w) =) w-wv

is > 0 for |v] =1 = |w|, v # w, and thus also for |[v|,|w|] > 1 by the maximum
principle. Combining the two integrals (3.4) and (3.5), we conclude that

| W(w)  wtoy dw
R#ow—h o ghmsup/ Re(2—— - — =<
1% Iz ) =0 |y 1=1 J | =1-4e ( P(w) —vw) w-— v) 2miw

Finally, the maximum principle applied to the function v Rf(w(v)) — h(v) analytic
in C\ D tells us that, for all z ¢ E,

1
#(2)| > =
REG)] 2 h(0()] - 1= o5~ 1>0,
as required for the assertion of Theorem 3.4. O

We learn from Theorem 3.4 that, for convex compact E and for matrices A with
W(A) CE, z ¢E,

Em(]EvQAaZ) 2 Em(AvQAaZ) 2
= u(z) = 1—u(z)’ u(z) = 1—u(z)’

where we may construct (diagonal) matrices A with E,, (A, Qa,2) < En(E,Qa,2)
arbitrarily close to E,,(E, Qa4, ). In the particular case Q4 = 1 and thus z4 1 = ... =
ZA,m = 00, our assertion reduces to

{ < E,.(E,1,z2) < 2 E.(A,1,2) < 2
I CIE) | I S 16 [p()~m T 1= le(z)[mm
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the left-hand inequality being known as the classical Bernstein-Walsh inequality.
With the notations of the proof of Theorem 3.4, we get h(w) = w™, and hence
Rﬁ (2) = F(w™)(z) = Fp,(2), the mth Faber polynomial. The inequalities || F},(A4)] <
2 and the slight improvement E,,(4,1,2) < 2|¢(2)|7™/(1 — |¢(2)]7™ 1) have been
established already in [4, Théoréme 1 and Théoréeme 2].

The following example shows that, in special cases, we have even found the solu-
tion of the extremal problem E,,(E,Q4, z).

EXAMPLE 3.5. For the particular case of E = [a, 8] a real interval (and hence
A selfadjoint), z € R\E, and {z4.1, ..., 2a,m} closed under complex conjugation, it is
known that, for |w| > 1,

+ « —aw—i—w‘l
_Bta B

plw) = 4 AU

F(P)((w)) = Pw) + P(.-) ~ P(0).

Hence here, for |w| > 1,

L

R (¥ (w)) = h(w) + h(--

) = h(w) + 1/h(w),

and it is not difficult to see that ||Rfff||Loc(E) = 2 and, more precisely, Rf has the
alternation property of oscillating m + 1 times between the values £2 on E. One may
deduce [26] that Rﬁ is the extremal function of the extremal problem E,, ([« 5], Qa, 2)
for z € R\ [o, F], i.e.,

Em([aaﬁ],QA,Z) _ 2 _ 2
u(z) u(z)|R%(2)]  1+u(2)?

€ [1,2].

Hence it is quite unlikely that Theorem 3.4 can be essentially improved, even for
selfadjoint A. O
We are now prepared to proceed with our proof.

Proof of Theorem 2.3 for general A, B. Since W(A,,) C W(A), W(B,,) C W(B),
each of the terms occurring in equations (2.5), (2.6), and (2.7) of Theorem 2.1 can be
bounded from above in terms of (2.8), Theorem 3.4, and the field-of value estimate
of Crouzeix.

For (2.6), taking into account that the matrix ab* is of rank 1, we have that

lpr2]l e gy (An)awll |0*Re(B)|| | lag (Am)anll [|b; Rp(B,)|
< min + Co
lal Tl = roezs — [lall o] la] [ol]
2UB.n 2
< Corouzein (1 + CO) max op. (Z) = Ccrouzeix (1 + CO) 154

2eW(A) 1 —upg n(2) 1—9a’

and similarly

2v4,B
1—va8

[p2,1]l 7
- <C i (1
||aH ||b|| > UCrouzeix ( + CO)

For (2.5) we obtain

lpallr _ o IRa(A)al | Re(B)]|
lal el = n.E2s TallblRa(o0) s (50)]

QA

P

Pn
Rp€qg

(3.6)
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< Em(W(A)a QA; OO) En(W(B)? QB: OO)

< 2ug m(00)  2up (o)
T 1= uam(0) 1l —upn,(0)

< 4epuam(00)upn(co),

the last inequality following immediately from the definition of ¢1, 44 m, uB,, by taking
into account that Green functions are nonnegative. In order to relate this last quantity
to max{va,B,vB,4} < 1, we notice that z — log(ua,m(z)upn(z)) is subharmonic in
C\ (W(A)UW(B)). Hence using the maximum principle

<
log(ua,m(00)up n(0)) < zeW(IE)aj(W(B) log(ua,m(z)upn(z))

:l { m ) n } :l ) N
og max zGHVl[?’(}E?)UA’ (2) Zé%ia)ua (2) ogmax{va B,VB,A}

Thus we have established the first estimate of Theorem 2.3. O

Proof of Theorem 2.3 for selfadjoint A, B. We closely follow the proof above, but
here we may slightly change some arguments in order to improve our constants. By
assumption, W(A), W(B) are disjoint real intervals, and we may suppose without loss
of generality that W (A) lies on the left of W(B) (otherwise we pass to the adjoint
equation).

First of all, from Example 3.5 we have the slightly sharper bounds

Em(Aa QAvZ) S Em(W(A),QA,Z) S QU’AJ’I’L(Z)?
En(B7QB>Z) < En(W(B)vQB7Z) < 2uB,n(Z)'

Comparing with the above proof, we may therefore drop the constant ¢; and conclude
that ||p22(lp < 4 max{ya,p, 75,4}

Concerning ||p2.1]/r, we will return to the proof of Theorem 2.1 since on the
real line we may exploit another extremal property, namely that the nth orthogonal
polynomial for some discrete measure is a kernel polynomial of a modified measure,
and hence solution of some L? extremal problem.

Write more explicitly RG(2) = pm(2)/Qa(z), then (2.2) tells us that, for all
JAS Pm—h

[ duz) =0, [Padu= %(A)ar%

and hence p,, is a monic mth orthogonal polynomial with respect to the positive
discrete measure g with real support C A(A). Consider now for some o > Apax(A)
the modified positive measure dv(z) = du(x)/(o — x), together with the orthonormal
polynomials qo, ..., gm+1- Then ¢m11(2) = gm (2)gm+1(0)/@m (o) = (2 —0)q(2) for some
q € Pp,. The v—orthogonality conditions for (z — o)g(z) allow us to conclude that ¢ is
p—orthogonal to P,,—1 and hence a non—trivial multiple of p,,. Taking into account
the Rodriguez formula for orthogonality on the real line, we conclude that p,(2) is a
non—trivial multiple of the kernel polynomial

m
> 4i(0)g;(2).
§=0
Since this latter is known to be extremal, we conclude that

TP [P dr) [l 2
pePm  |p(0)]? |pm (0)|? pm(@)]2

(A)a
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In terms of linear algebra, this implies that

1 IRG(Aal® _ (RG(A)a) (0] — A)~'RG(A)a
o= Amin(4) [RG(0)]*> ~ |RG (0)[?
—  min (Ra(A)a)* (oI — A)"*Ra(A)a
RAE€Pwm/Qa |Ra(0)[?
lal?
S m m(AaQA,U)2-

Hence by (2.3)

2,1]| 7\ 2 IRG (A )abnRG( B)llF 2
(i) = (= )

LN
RY
=A%) ||l|z||2|§~zG)Ez ||>|
= ,\eA(Bn)i\\j\\::(((fl)) ag\?gn En(4,Qa,0)"
< A g} o

and similarly

(” ; )2 <4 Amax(B) — Amax(A) '7%3,14’
l[all 6]l Amin(B) = Amax(A)
Thus our claimed estimate follows from (2.4). O

The arguments used in the second part of the preceding proof can also be used
to show that, for systems of equations with a Hermitian positive definite matrix of
coefficients, the FOM method is mathematically equivalent to CG. Indeed, Kressner
and Tobler in [25, Section 4.1] used for the Lyapunov equation an expression remind-
ing of the A—norm of the error of CG, by exploiting bivariate polynomial extremal
problems.
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