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Abstract Theextended Krylov subspace method has recently arisen as a competitive
method for solving large-scale Lyapunov equations. Using the theoretical framework
of orthogonal rational functions, in this paper we provide a general a priori error
estimate when the known term has rank-one. Special cases, such as symmetric coef-
ficient matrix, are also treated. Numerical experiments confirm the proved theoretical
assertions.

Mathematics subject classification 65F10 - 65F30 - 15A06 - 93B40

1 Introduction
The numerical solution of the large-scale matrix Lyapunov equation
AX + XA*+BB* =0 (1.1)

is of great relevance in a large variety of scientific and engineering applications; see,
e.g., [1,4,29]. Here and later on x* denotes conjugate transposition of the vector x.
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568 L. Knizhnerman, V. Simoncini

In the following we shall assume that B = b is a vector, but our results can be
generalized to the case when B is a tall and slim matrix.

Projection type approaches are particularly appealing approximation methods to
reduce the order of the problem, so that the projected matrix equation is solved in a
much smaller approximation space. Usually some condition is imposed on the resid-
ual to produce the smaller equation so as to uniquely derive an approximate solution
within the approximation space. A very common choice, the Galerkin condition, is
to require that the residual matrix be orthogonal to the approximation space. Vari-
ous alternative approximation spaces have been proposed in the past, starting with
the now classical Krylov subspace K,,(A, b) = span{b, Ab, ..., A’"‘lb} [28]; see
also [18]. Although the Galerkin procedure associated with the standard Krylov sub-
space has been used for a long time since it was first proposed in [28], its convergence
analysis was only recently developed in [30]. Other approximation methods based on
projection include the well-established ADI method, in its factorized form [25,27],
the global Krylov solver [19], and the Kronecker formulation approach [16]. Except
for the approach based on the Kronecker formulation, projection approaches have the
convenient feature of determining an approximate solution of low rank, which can be
written as X, = Z, Z},, where Z, has few columns, so that only Z,, needs to be
stored.

In this paper we analyze a recently developed Galerkin-type method, which pro-
jects the original problem onto an enriched space that extends the Krylov subspace
recurrence to inverse powers of A. This extended Krylov subspace is given by

EK,, (A, D) := Kyn(A, b) + K (A™L, A7),

This approximation space was first introduced in [8] to approximate the action of
matrix functions to a vector. It was later used in [31] for solving the Lyapunov equa-
tion. The spaces EK,,, (A, b) in the sequence are nested, that is

EK,,(A,b) CEK,+1(A,b),

and it was shown in [31] that the spaces can be iteratively generated by means of a
recurrence similar to that used for computing the standard Krylov subspace K, (A, b).
Results in [31] demonstrate the effectiveness of the enriched space with respect to the
state-of-the-art ADI method, which suffers from a somewhat difficult parameter selec-
tion. However, a complete theoretical understanding of the method’s performance was
not presented in [31]. A first attempt in this direction was recently proposed in [22] for
A real symmetric. In this paper we solve this open problem: we provide new general
estimates for the convergence rate of the extended Krylov subspace method for A real
nonsymmetric with field of values in the right half-plane. Numerical results confirm
the quality of our estimates.! We also show how these bounds can be simplified under
additional hypotheses on A, e.g., A symmetric, recovering for instance the leading
convergence rate in [22]. Finally, we propose a conjecture leading to an even sharper
rate.

I Numerical experiments with data stemming from control theory problems can be found in [31, Sect. 5].
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Convergence analysis of the extended Krylov subspace method 569

In the following we assume that A is positive definite, although possibly nonsym-
metric, namely, R(x*Ax) > 0 for any x € C", ||x|| = 1, where || - || is the Euclidean
norm. This condition ensures that (1.1) has a unique solution. In fact, a unique solu-
tion is obtained by requiring the less strict condition that the eigenvalues of A all
have positive real part. However, this latter hypothesis is not necessarily preserved
by projection type methods such as those discussed in this paper. Instead, positive
definiteness is preserved under projection. Throughout the paper we also assume that
6]l = 1.

2 Galerkin approximate solution in the extended Krylov subspace

Let the orthonormal columns of Q,, € R"*%" form a basis for EK,,(A, b), and
let H,, := QO AQ,,. We shall assume that Qb =eq; In particular, the basis built
according to the algorithm from [31] satisfies this condition. An approximate solution
9,YQr =~ X is sought by imposing that the residual R,, = AX,, + X, A* + bb*
be orthogonal to the space, which in this case corresponds to setting Q7 R, 9, = 0,
yielding

HnY + YH, + (Q50)(* Q) = 0.

Let Y}, be the symmetric positive semidefinite solution to the reduced Lyapunov equa-
tion above. Then an approximation to X is obtained as X,, = Q,,,Y,,, Q5.

We are thus interested in evaluating the accuracy of the approximation by estimating
the error norm || X — X, ||, where || - || is the matrix norm induced by the Euclidean
vector norm. To this end, we define the field of values W := W(A) = {x*Ax, x €
C*, | x|l = 1}, and we assume that W is symmetric with respect to the real axis R
and (strictly) lies in the right half-plane. The solution to Eq. (1.1) may be written as
(cf., e.g., [24], [13, exercise 4.4]):

+00 +o00
X = / e Abe by dr = % /(iwl — A7 bb*(iwl — A) Fdw
0 —00
. oo
= —i / (zI — A)~'bb*(—z1 — A% dz
—100
= —i /(z] — A7 'bb*(—z — A% dz, (2.1
r

where I" is a closed contour in C\[W U (—W)] homeotopic in @\[W U (—=W)] to the
imaginary axis iR being passed from —ioco to +i0c0.
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570 L. Knizhnerman, V. Simoncini

A similar expression can be used for X,, (see also [28]), namely

400
Xm = / Qe ey (QeMme)*dr
0
i
- _E/ Qm(ZI _Hm)_leleT(_ZI _H;)_IQ;dZ' 22)
r

Note that these relations are common to any projection method with approximation
space spanned by Q,,, and they are not restricted to the extended Krylov space.
We can thus write the error of the approximate solution as

X_Xm:_5%/(@1_Arwwqu—Aﬂ—%—gau—Hw*
r
x eleT(—zl—H;)—lg,’;) dz.

3 Error estimates for the approximate solution

Let D denote the closed unit circle, and let ¥ : C\D — C\W, & = W~! be the
direct and inverse Riemann mappings for W (preserving infinity and having positive
derivatives there). Introduce canonical contours (isolines of Green’s function) and
canonical domains for W

I'={zeC\W :|®()|=r} and G, =WU{zeC\W :|P(2)| <r}, r>1.

Consider the Takenaka—Malmquist system of rational functions (see [34,26], [35,
Sect. 9.1], [32, Chap. 13, Sect. 3]) for the cyclic sequence of poles 0, 0o, 0, 00, 0, .. .:

V1=120)2

du(w) = Bw)', ¢ys1(w) = — wBw), 1eN, @3.I)

1—o0) 1w
where
B 1—d0)w
B(w) =w |:—q>(0) — i| . 3.2)

Function (3.2) is a finite Blaschke product (see, e.g., [5, Sect. 1.31).2 As such, B
possesses the properties |B(w)| = 1 for |w| = 1 and, thus,

|[B(w)| <1  locally uniformly in the open unit disk. 3.3)

2 Note that Blaschke products are also used in [3] for other computational mathematical purposes.
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Convergence analysis of the extended Krylov subspace method 571

The functions defined in (3.1) are orthogonal and uniformly bounded on the unit
circumference (see, e.g., [32]):

1 P
3= | ¢ B @ldul =8, nom e (3.4)
[lwl=1
max max |¢,(w)| < 400. 3.5)
neN |w|=1

In [10] Dzhrbashyan introduced the following rational functions that are now called
the Faber—Dzhrbashyan rational functions’:

r>1, 7¢G,. (3.6)

}’l

/¢n (®(C))

2711

Taking into account the definition and the properties of the Faber transformation
F (see [33,11], [32, Sect. 7.4, Sect. 9.3], [12]), one concludes from (3.5) and (3.6)
that M,, = F[¢,], therefore M, is a rational function of type [2//!] if n = 2I, of
type 21 + 1/1+ 1if n = 2] + 1 (I € N). Moreover, M,, has only a zero finite pole
(of multiplicity / and, due to the convexity of W, [ + 1, respectively) and is uniformly
bounded inn on W.

In [21] Kocharyan established for M, the following generating relation

\Il/
T = —Zm( )Mk(”) ) > 1,

which in our case gives

- ;im(@(z)—l)m(m, ZgW, (37
PV (P(2) &
and
1 o0
— AN = d(—2) " HM (A", —-W.
(2 =AY = v e ))gdn( (-7 HMIA"), ¢

(3.8)

3 In the symmetric case, a similar system of rational functions (Laurent polynomials) was used in [17].
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572 L. Knizhnerman, V. Simoncini

Owing to [6, Theorem 2 and formula (1)] and the uniform boundedness of My
on W, we have*

Igle%(max{lle(A)ll, Mk (A I M (Hu) || M (H) N < 400, (3.9)

Substituting (3.7)—(3.8) and the analogous decompositions for H,, into (2.1) and
(2.2), respectively, we obtain 5

o0 o
l
X === 37> a M Abb Mi(A) (3.10)
k=0 (=0
and
l, o0 o
X, = _EgmZZak,le(Hm)ele;"M,(H;‘;)Q;’;, (3.11)
k=0 [=0
where

—1 T |
ak,1=/ o1 (@@ ¢y (P(—2)7 1) dz 3.12)

J PV ((2) ()W (P(—2))

Combining (3.9) with the exactness of the extended Krylov subspace for My, k <
2m — 1 (i.e., that My (A)b = QM (H)ey; see [9, Lemma 3.1]) and subtracting (3.11)
from (3.10), we derive the bound

o0 o0 o0 oo
I1X = Xl < > laisl < DD acal + D0 D lakal, (3.13)

k,leN, max{k,[}>2m k=2m 1=0 k=01=2m

the symbol < denoting the same as 0.°
It remains to estimate the coefficients ay ;.

Lemma 3.1 There exists a number u, 0 < u < 1, such that the coefficients in (3.12)
satisfy the inequality

arg S pkth (3.14)

4 See related results in [2] (for Faber polynomials) and in [3, Theorem 2.1].

5 Dueto (3.3)and (3.9), series (3.7) and (3.8) uniformly converge for z € I', so we may exchange summation
and integration.

6 The multiplicative constants hidden under < symbols shall depend on W and be trackable, so our results
are constructive.
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Convergence analysis of the extended Krylov subspace method 573

Proof Tt follows from (3.12) with T' = iR, (3.1), (3.3) and properties of Riemann
mappings that

/ o (P71 ¢ (P(—2)7") | - ldz |B (P(2)! ] <
I D)W (P (2) P(—2)V' (q;( 7)) | max{l |Z| } ~ ’
where p = \/maxze,-R IB(®()71)| <1 o

Introduce the function

h(w) = B(®(—¥(w )™ (3.15)
and the number
p = ‘mla_xl [h(w)| < 1 (3.16)

(the inequality follows from (3.3)).

Theorem 3.2 The following error estimate holds:
1X — Xl < mp™. (3.17)

Proof Let I' =0W. Making in (3.12) the change of variable z = U(w),dz =
—V' (w Hw2dw, we get

. __/ ¢ (P@ ") o (@(=7")d
= D)W (P(2)) D(—2) W (P(—2))

¢1<<1> (—w@w=")Hdw
/ i (w)— TN =
—W(wH) ¥ (@ (¥ (wh))

Jlw|=1
/ ok w)h ()P g (wydw = i / ok (w)h(w)/2 gy (w) exp(i Argw)|dw],
[w|=1 lw|=1
where
1 . .
T u:@(—W(w*l))7 if [ is even,
§=1 w0z if s odd
=8O T " VW |, _g(—g)’ '

All the functions h, g; and exp(i Argw) are smooth on the unit circumference.
Accounting for the orthogonality (3.4), the definition (3.16) and Parceval’s theorem,
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574 L. Knizhnerman, V. Simoncini

we derive the inequalities

- 2 [1/2] 2 1
>aiis | |p) )| diwl S
k=0

[wl=1

and

> D a S0 (3.18)

Analogously, exploiting in (3.12) the contour —9 W, we “symmetrically” obtain the
inequality

oo o
> > a0 (3.19)

Z ag; < p™". (3.20)
k.1eN, max{k,[}>2m

Setting jo = [m logp ] and exploiting (3.20) and (3.14), we obtain

log 1
> laral = > lax,| + > |ag.1]
max{k,[}>2m max{k,[}>2m, k+I< jo max{k,[}>2m, k+I> jy
< Jo Z ag, + jou” < mp™.
max{k,l[}>2m
Substitution of this into (3.13) gives (3.17). O

The scheme of the proof is quite general for projection-type methods, as emphasized
by the following remark.

Remark 3.3 With a similar approach as in the proof of Theorem 3.2, and using plain
Faber polynomials instead of Faber—Dzhrbashyan rational functions, one can obtain
the following error estimate for solving the same Lyapunov Eq. (1.1) with B = b
by means of m steps of Arnoldi’s method, that is, within the standard Krylov sub-
space ([28]):

X — Xl Smp™, where p= |d>(—oemin)|_1 and opip = min R N W. (3.21)
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Convergence analysis of the extended Krylov subspace method 575

The closed form expression for p is obtained due to the convexity of canonical domains
for the convex compact W.” This result generalizes the ones in [30].

Our experience with bound (3.17), and specialized results for A symmetric ([22])
seem to show that the factor m is an artifact of our proof methodology, and that
IX — Xl = O(p™) may be a realistic estimate. For this reason, our further discus-
sion focuses on the leading term p™. In fact, relying on the results of our numerical
experiments partially reported below (cf. Example 5.4—4.4), we would like to formu-
late the following conjecture which, if true, would considerably sharpen the result of
Theorem 3.2 and of available bounds especially for p close to one.

Conjecture 3.4 Under the conditions of Theorem 3.2, the following estimate is valid:

m

P
X = Xl S —=- (3.22)
m

We think that one way to improve (3.17) is to account for the non-constancy of
|A(w)| on the unit circumference in the integral formula for a; ;. However, it can be
realized that the estimate (3.22) cannot be derived from (3.13); thus, to achieve (3.22),
a different estimation strategy should be adopted. Conjecture 3.4 appears to be partic-
ularly appropriate as p — 1, that is for difficult problems, where p™ becomes looser
than that in (3.22).

In the following sections we report on numerical experiments that confirm the
quality of the bound in Theorem 3.2, and the appropriateness of our setting. In some
specific case, such as A symmetric, the estimates are simplified thanks to the explicit
knowledge of the Riemann’s mapping. Unless explicitly stated, our experiments use
the vector of all ones as b, normalized so as to have unit norm.

4 Numerical evidence: symmetric A

We first give an explicit form for the convergence factor p in terms of the extreme
eigenvalues of A.

Proposition 4.1 Let A be symmetric and positive definite with spectral interval
[Amin» Amax], and define k = Amax /Amin- Then

(< -1y 4.1

p=\ams) D

Proof We show that the function B(u) defined in (3.2) has a single local maxi-
mum for u € R, attained at some u; since such u4 is contained in the image of

(P(—w(1/w)))~" with |[w| = 1, we will conclude that p = B(uy) = ((k'/* —
/(4 + 1))

7 The authors thank V. Dubinin and S. Suetin for indicating the fact that this convexity follows from [14,
Chap. 4, Sect. 5].
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576 L. Knizhnerman, V. Simoncini

Let ¢ = (Amax + Amin)/2, 7 = (Amax — Amin)/2. We first recall that for real seg-
ments, ®(z) = (z — ¢)/r + /(z — ¢)2/r? — 1, or its reciprocal, so that |®(z)| > 1.
Moreover, W(w) = c +r(w + 1/w)/2.

We have

1
B = max |B(u)l,
d(—1) uelly, 2]

where €1 = 1/®(—Amin) and €2 = 1/P(—Amax). The function B = B(u) is
positive for <I>(O)’1 < u < 0, and because of the monotonicity of &, <I>(O)’] <
1/®(—Amin) = £1, therefore B is positive in [€1, £2]. Hence,

1
b (cb(—ww)))‘ = dhax B

Foru € R, B (u) = ®(0)(u? — 2®O)u + 1)/(P(0) — u)?. Therefore, B has the
following two critical points: u+ = ®(0) & /®(0)2 — 1, where

-1
c c\2 \/Tax + m
*O = (_; * (;) - 1) - v Amax — v/ Amin @2

1
Bl|——— )| = max
(q)(—ll/(w)))’ A€[Amin»Amax]

lw|=1

[w|=1

A sign analysis of B’ shows that B increases between u_ and u 4 and decreases on the
right of #_, which implies that u . is a local maximum point. After some little algebra

we can write that B(uy) = B(®(0) + /P (0)2 - 1) = u%r Explicitly writing u in
terms of Amin, Amax W€ obtain

2
IM | V)\max +V)\min + (V)\max +V)\-min) 1
T _ _

v )\max -V )‘-min v )\max -V )\-min

_ v )\max + )‘-min + 2()\min)tmax)1/4
\/)\max - \/)\min \/)"max - \/)\min

1/4 1/4

B Kot — A4 kA
1/4 1/4 — _1/4 :
htta A A

Using (4.2) it can be verified that (—Amax —¢)/7 < ®(0) < (—Amin —¢)/r, there-
fore again for the monotonicity on R of Riemann maps for real-symmetric domains on
R, we have that u € [£1, £2]. In addition, it can also be verified thatu_ < —1 < £;.
Therefore, B(u4) is the maximum in [£{, £>], completing the proof. O

Example 4.2 We consider a 5,000 x 5,000 diagonal matrix A with eigenvalues A =
c+rcos(@),c=(104+1/10)/2,r = (10—1/10)/2, and with 6 uniformly distributed
in [0, 2], so that the eigenvalues belong to [0.1, 10]. These values give p = 0.26987
in (4.1). The true convergence history and the estimate are reported in the left plot of

@ Springer



Convergence analysis of the extended Krylov subspace method 577

- HX*Xmll IIX—XmH

m N
p o N __..m

P

norm of error

0 5 10 15 20 0 10 20 30 40 50 60
number of iterations number of iterations

Fig. 1 True error norm and asymptotic estimate for A symmetric. Left: Spectrum in [0.1, 10]. Right:
Spectrum in [0.01, 100]

Fig. 1, showing the good agreement of the a-priori bound with respect to the actual
error norm. Here and in the following the Frobenius norm is used.

Example 4.3 In this example the diagonal matrix A of size n = 10,000 has higher
condition number, having spectrum uniformly distributed in [0.01, 100], generated as
in Example 4.2. This setting gives p &~ 0.66942. Here b is a random vector with nor-
mally distributed values and unit norm. The true convergence history and the estimate
are reported in the right plot of Fig. 1, showing once again the good agreement of
the leading a-priori bound p" with respect to the actual error norm also for a higher
condition number.

Example 4.4 We wish to numerically justify our Conjecture 3.4. To clean out the influ-
ence of adaptation to a discrete spectrum from the results of our numerical experiments,
we used the rational Krylov quadrature [7, Sect. 3] initially designed for computing
scalar products in the space Lo(] — 1, 1[; (1 — xz)_%). Let the Hilbert space H be

the result of linear translation of the independent variable in Lo ([—1, 1]; (1 — x2)_%)
from [—1, 1] to the spectral interval of a symmetric matrix A. Let A be the operator
of multiplication by the independent variable in H. If A is a diagonal matrix, whose
eigenvalues are the nodes of the n degree quadrature with suitably chosen shifts, and
if the vector b € R” consists of the square roots of the quadrature’s weights, then
a rational Krylov process (and thus also the extended Krylov method) with A and b
up to step n — 1 gives the same error as the rational Krylov process in H with the
operator .4 and the initial “vector” 1 (the constant function “unit” from ). Since the
spectral measure of the pair (A, 1) is regular and its support is a segment, such an
example shall not show adaptation. The true convergence curve and the conjectured
rate p™ //m for these data are reported in Fig. 2, for n = 5,000 (the value of n is
shown for completeness) and spectral interval [0.002, 500]. The true rate is optimally
captured throughout the convergence history.
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578 L. Knizhnerman, V. Simoncini

2
10

norm of error

. . . . .
0 10 20 30 40 50 60 70 80 90 100
number of iterations

10 L L L L

Fig.2 Example4.4. True error norm and asymptotic estimate (solid line) of Conjecture 3.4 for A symmetric.
Spectrum in [0.002, 500]

4.1 Further considerations for A symmetric

In [22] an estimate of the error norm || X — X, || for A real symmetric was proposed.
In our notation, the bound in [22] can be written as

||X—Xm||s(1+k“‘a") ! ﬁ“(ﬁ_l) , 43)

Amin Xmin «/? \/?‘l'l

where Xmin = 2+/AmaxAmin and Kk = ZIL(\/)\min + \/A«max)z/\/)\makaim see also the
revised published version [23]. Here we propose a simple derivation of the estimate in
[22] by rewriting the extended Krylov subspace approximation in terms of the Stan-
dard Krylov subspace with a suitably chosen coefficient matrix, and then by applying
the bounds in [30].

We consider the two equivalent equations

AX + XA*+bb* =0, A X+ XA + A bb*A™* =0

(A™* is a short-hand notation for (A~")*). We multiply the second equation by y?2,
where y € R, y > 0, and we sum the two equations and obtain the new equivalent
one:

A+’ A DX+ XA+ 2 A 4 b, cllb, c]* =0, c=yA"'b.
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Convergence analysis of the extended Krylov subspace method 579

Analogously, Y solves the following two equivalent equations:
HnY + YH}, +eref =0, H,'Y +YH,* +H, ereiH,,* =0,
so that we can write once again
(Hon + Y2 H, )Y + Y (Hyy + y*H,H)* + [er, v Hy, erller, yHy, er]* = 0.

Therefore, we can write the analytic solutions as

o0
X = / exp(—t(A+ y?A~Y)[b, y A b1Ib, y A~ b]* exp(—1 (A + y2 A~ ) ar,
0
and
(o]
Xpp = OnY Ol = / o (D) 0m (01,
0

X (1) = Qu exp(—t (Mo + y*Hy Dler, yH,, e .

We next recall from [20] that polynomials of degree up tom — 1in A + y2A~! with
vector b or A~'b can be represented exactly in the extended Krylov subspace, that is,

k(A +y2 AN, y A6l = Qp pi (Hon + v2H; Dler, yH,, erl,

where py is a polynomial of degree k < m — 1. Therefore, the obtained approximation
X belongs to EK,, (A, b). It is interesting to remark that the derivation up to this
point is very general, and it also applies to the nonsymmetric case. However, it is not
completely clear how the optimization performed below could be generalized to the
nonsymmetric case, and whether this approach would lead to a sharp estimate of the
convergence rate.

If ®; denotes the Chebyshev polynomial of degree k, then the exponential function
of the matrix —1 (A+y2A~") can be expanded in terms of Chebyshev series as follows
(see, e.g., [30]):

o0
exp(—t(A+y>A")[b, yA7'b]1 = D" axOr(A + y* A~ )b,y A7'b]
k=0

oo
= Qu exp(—t (M + v*Hy Vet yHy, e+ ax®r(A +y* A~ [b, y A~'b).
k=m

This setting allows us to use the estimate in [30] for A = A + y2A~! symmetric.
We only need to chose y so as to minimize k(A + y2A™"). This is determined next.
But first, we would like to remark that the fact that polynomials in A + y2A~! are
exactly represented in the extended Krylov subspace does not necessarily imply that
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580 L. Knizhnerman, V. Simoncini

the obtained bound is sharp. In other words, the extended Krylov subspace solution
could be the result of a possibly better rational functionin A, A~!. Our argument below
seems to support the claim that using A 4+ y2A~! does yield the desired formulation,
at least in the symmetric case.

Lemma 4.5 Let A be symmetric with spectral interval [, B]. We have

. _ _ a+p8 1
min k(A +y2A Y = k(A +aBA™) = S
J/2E]R+( 4 ) ( BAT) 2y Jap

attained at y = JapB, and hmin(A + A" = 2/af, hmax (A + A = a + B.

Proof Let f,(A) = A+ y2 /. It holds that min;epq, g1 fy (A) = 2y, while max; c[q, g)
2 2
fy(A) = max {oz + %, B+ %} . By collecting the two extremes we obtain « (A +

y2A) = %max [% + £, 5 + %} . The minimum over all possible y is obtained when

the two quantities are equal, that is for y = /af. O

Using the bound in [30, Proposition 3.1] for the symmetric matrix A = A+aBA~!
we obtain

X — Xl <4

e+l (V-1
2)\min(v‘l)\/?\ \//;\4—1

where € = (Amax (A) + Amin(A))/(2Amin(A)). Using the formulas for the extreme
eigenvalues in Lemma 4.5 we find © = (/& + +/B)?/(4/aB), which is precisely ¥
NI
i+

) I b, VaBA™ b |12

in (4.3). We conclude this discussion with a comparison between the rate and

p given in (4.1). We have

= 1/4 1/4
\//? -1 o \/)"min + \/)‘max - 2\4/)\min)¥max ()\m/ax - )\m/in)z _

ViE+1 B Vmin + VAmax + 2/ AminAmax B ()»rln/fx + )\1/4)2 B

min

Therefore, our convergence rate p in (4.1) coincides with that in [22].

Finally, we would like to compare the convergence rate for A symmetric, obtained
by the extended Krylov subspace method, with that obtained either by the Standard
Krylov method ([30]) or by the ADI method with a single pole. In the latter case, the
rate is known to be ([25, (2.12)])

2
1 — k1 Amax
Eadi X ——F—) , K= .
o 14+ /K1 Amin

In Fig. 3 we show the different rates of convergence (considering p!/? for the extended
Krylov subspace) as Amax Vvaries in [102,10°] and Amin = 1. The curves clearly show
that the extended Krylov subspace provides the best (smallest) rate among the con-
sidered methods, with a significant gap for large condition numbers.
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Fig. 3 Convergence rate of competing methods as the condition number of the symmetric and positive
definite matrix A increases

5 Numerical evidence: nonsymmetric A
We first derive an explicit formula for p in the case of a disk.

Proposition 5.1 Assume that W(A) C C7 is a disk with center ¢ > 0 and radius
r < c. Then

—|B ! __r ith R(w,) = ——, Jw,| = 1
S CYSTOY | B

Proof For adisk D(c,r), ®(z) = (z — ¢)/r, for z in the exterior of D(c, r) and on
dD(c, r); moreover, ¥(w) = c+rw, |w| = 1. Note that ¥ (1/w) = ¥ (w), therefore
we can directly work with W(w), |[w| = 1. Let « = r/c. After some little algebra we

have
1
B =
‘ (Q(—‘P(w‘l)))‘
2

=r

rw rew + r2
2cew+r 22 —rHw +cr

cw+r
Qcw + 1) (2c2 — rHw + cr)

w+ o
Qw+a) (2 —a®)w +a)

o? w+ o

T | wr Hw | .1)

2—a?

2
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where we used the fact that [w| = 1 and 0 < o < 1. Using once again |w| = 1, we
have

lw + af? B 1+ a? + 20N (w)

(W + W+ 3757 (1 + % 4+ afiw)(1 +2/2 — a?)? + 20/(2 — a2)d(w))
e 4 %i(w)
( (£ m(w)) (oo | yy,)
B1 + R(w)
% (B2 + RN(w)) (B3 + R(w))

where B; () are positive constants only depending on «.
Critical points of f are obtained for f/(%(w)) = 0, whose numerator, except for
the positive constant Sy, equated to zero gives

= Bo

=p

= f(R(w)),

—N(w)? — 281N (w) + P23 — B1B2 — B1B3 =0,

which yields 9t (w) = — B :F\/,B]z + B283 — B1B2 — B1B3. A sign analysis shows that

the local maximum of f is obtained for the root w, with positive square root sign.
Some tedious algebra shows that the square root argument can be written as

—a®+4dot — 507 +2  —(a? — D’ -2)

Bt + BaBs — Bipr — B1Bs =

402 (2 — a?) T 422 —-a?)
so that
l+a?2 1—0a? r
R(w,) = — + = —-.
(w.) 2a 2 c

Substituting in (5.1) we find p = /(4 — 3a?) = r?/(4c* — 3r?). We conclude by
observing that substituting w = =£1 into (5.1) we obtain that | B(1/(®(—V(£1))))| =
/(4 —a?) < p. o

Example 5.2 Our first experiment for A nonsymmetric aims to confirm the result of
Proposition 5.1. We consider the 5, 000 x 5, 000 upper bidiagonal matrix with diag-
onal ¢ and off-diagonal r, withc = (g + 1/g)/2and r = (g — 1/g)/2 and g = 6,
resulting in W (A) being tightly enclosed in the disk of center ¢ and radius r, yielding
p = 0.68018. Figure 4 displays the true convergence rate and the leading asymptotic
estimate p"" as predicted by Theorem 3.2 with the help of Proposition 5.1. The slope
is well captured by the a-priori estimate.

Example 5.3 We consider an external mapping from the family used for instance in
[15], (301,

1.5
1/f(w)=2+2(1+$) w, lw| > 1. (5.2)
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Fig. 4 Example 5.2. True error norm and asymptotic estimate p™ for W (A) being a disk

The function ¥ maps the exterior and boundary of the unit circle onto the exterior of a
wedge-shaped convex set Q in C* (cf. left plot of Fig. 5). We consider the 500 x 500
(normal) diagonal matrix A whose eigenvalues are the image through ¥ of uniformly
distributed points on the unit circle. The optimal rate is computed numerically as the
maximum of the function % in (3.15), yielding p ~ 0.051971. The true convergence
history and the estimated convergence curve with leading term p™ are reported in the
right plot of Fig. 5, confirming once again the good agreement of the bound.

Example 5.4 We generalize Example 4.4 to the nonsymmetric case to numerically
verify our Conjecture 3.4. Since we are not aware of a rational quadrature like the one
in [7, Sect. 3] for the non-Hermitian case, we content ourselves with the construction
of an approximately adaptation-free test for a disk, by orthogonally lifting the eigen-
values (rational Chebyshev nodes) from the corresponding segment to points on the
given disk’s boundary (circumference). The data used to generate the results of Fig. 6
were obtained for n = 100, 000 and a disk withc = (g + 1/g)/2,r = (g — 1/g)/2
and g = 50. Because of the problem size, the residual norm is plotted rather than
the error norm. The plot shows how well the rate p™/./m captures the true (slow)
asymptotic regime, which is missed by p".

6 Conclusions

In this paper we have analyzed the convergence of the extended Krylov subspace
method for numerically solving large scale Lyapunov equations. Our main
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Fig. 5 Example 5.3. Left: spectrum of A. Right: True error norm and asymptotic estimate for W(A)
enclosed by a wedge-shaped curve
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Fig. 6 Example 5.4. Residual norm and estimate of Conjecture 3.4 for the disk W:W N R = [0.02, 50].
A normal with spectrum on 0 W

Theorem 3.2 shows that after m iterations the error norm decreases as least as mp™,
where p is related to information on the field of values of the coefficient matrix. We also
conjecture that the faster rate o™ /./m should hold, which appears to be appropriate
in some specifically chosen tough numerical examples.
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