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BACKWARD ERRORS AND PSEUDOSPECTRA FOR
STRUCTURED NONLINEAR EIGENVALUE PROBLEMS

SK. SAFIQUE AHMAD AND VOLKER MEHRMANN

(Communicated by R.-C. Li)

Abstract. Minimal norm structured perturbations (backward errors) are constructed such that
an approximate eigenpair of a nonlinear eigenvalue problem is an exact eigenpair of an appro-
priately perturbed problem. Structured and unstructured backward errors are compared. These
results extend previous results for (structured) matrix polynomials to more general functions.

1. Introduction

In this paper we consider the perturbation analysis for the nonlinear eigenvalue
problem (in homogeneous form) of computing points on the Riemann sphere {(c,s) €
C2, |c|*> + |s|> = 1} and vectors x € C" such that the nonlinear system of equations

EMjfj(c,s) x=0 (1)
=0
holds, where we assume that the scalar valued functions fy(c,s), fi(c,s),..., fm(c,s)

and the coefficient matrices My, M|, M>,...,M,, € C"" are given data.
Simultaneously, we study the problem in non-homogeneous form to determine
complex numbers A and vectors x € C" such that

ZMJf,(A) x=0. (2)
Jj=0

We call pairs (c,s) satisfying (1) or A satisfying (2) eigenvalues and the associated

vectors x eigenvectors. If the functions f; are all rational in c,s then by introducing
A = < and scaling with appropriate powers of ¢ and s, then these two versions of the

problém can be easily transformed into each other, but this transformation to nonhomo-
geneous form is not always possible, see problem (9).
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For convenience we often write problems (1) and (2) in product notation (M ®
Sfle,s))x=0, (M® f(A))x = 0, respectively, with tuples of matrices M := (My, M,
oy Myy) € (C M+ and tuples f(c,s) := (fo(c,s), fi(c,s), ..., fu(c,s)), or f(A) =
(fo(A),..., fm(A)), respectively.

Backward error analysis, see e.g. [20], studies the question to compute, for
an approximate eigenvalue (y,u) (or A) and associated approximate eigenvector x,
the smallest (in some appropriate measure) perturbation tuple of coefficient matrices
AM := (AMy,AM, . .. ,AM,,) € (C™**)™*1 and perturbation vectors Af = (8 fo, 8 f1,. ..
8fm) € C™*! such that the perturbed nonlinear equations

(M+AM) @ (f+Af) (1, 1)) x =0, (M+AM) @ (f +Af)(A)x=0, ()

hold, respectively.

Classical backward error analysis would construct the perturbations both for the
nonlinear functions (f; +6&f;)(c,s) ((f;+6f;)(A)) and the coefficients M; 4+ AM;,
j=0,...,m. This problem is, however, extremely difficult for general sets of functions
fj. Instead, in this paper we assume that the perturbations in the functions f; are
known (so that for simplicity we may assume that there are no perturbations in these
functions at all) and we consider only perturbations in the coefficient matrices M;. This
is a reasonable assumption in many applications, since the f; are typically elementary
scalar functions and thus the perturbation analysis is well understood. However, if there
are errors in the functions f;, then these would have to be incorporated in the analysis.

Under this assumption, for a given eigenvalue (y,u) or A, we can express the
function values fj(y,u) or fj(A4), respectively, in a uniform way as scalars y;, where
we have the following choices that incorporate all cases that are considered in this paper.

1. The choice y; = A/, j=0,1,....m encodes the nonhomogeneous polynomial

case f;(A)=AJ.

2. The choice y; = y/u™ 7, j=0,1,...,m encodes the homogeneous polynomial
case.
3. The choice y; = fj(A), j=0,1,...,m encodes the nonhomogeneous case with

general functions f;.

4. The choice y; = fj(y,u), j=0,1,...,m encodes the homogeneous case with
general functions f;.

The backward error then is the smallest perturbation AM (in some measure) such that

m

(M+AM) @ y)x = <2(MJ+AMf)l//.f>x:0' S

j=0

Nonlinear eigenvalue problems of the described form arise in many applications,
see e.g., [34, 40] for surveys with a large number of applications and [9] for a collection
of benchmark examples.
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A nonrational eigenvalue problem of the form

<K+l\/K2—K3D—K2M>x=0

has been studied in [43]. Here x is an unknown, ¥, is a fixed reference frequency,
and K, M, D are large and sparse symmetric stiffness, mass and damping matrices,
respectively. This problem can be turned into a polynomial eigenvalue problem by
introducing A = /K% — k2.

In [12] a rational eigenvalue problem arising in the numerical solution of a fluid-
structure interaction is introduced. It has the form

A? A?
—M+K+———D |x=0 5
<a2 Py ) ! )
where «a is the speed of sound in the given material, and o,  are positive constants.
The matrices M, K are large sparse symmetric positive definite mass and stiffness
matrices, respectively, and the symmetric positive semidefinite matrix D describes the
effect of an absorbing wall. Clearing out the denominator in (5) leads to a cubic eigen-
value problem

(APBM + A2 (oM + a*A) + A (a*BK) +a*oK)x = 0. (6)

Similar rational eigenvalue problems arise in the finite element simulation of me-
chanical problems, see e.g., [33, 36, 42].

For (6) in the polynomial setting (and also in many other cases), to deal with
infinite eigenvalues arising from a singular leading coefficient, it is convenient to use
the homogeneous framework, setting A = <, and studying

(s°BM + s*c(aM + a*A) + sc*(a*BK) + *a® aK)x = 0, (7

which can be written as M ® f(c,s) = Mo fo(c,s)+M fi(c,s)+Mafa(c,s)+Ms f3(c,s),
where f; =c's",i=0,1,2,3, m=3, My=BM, M| = (oM +d’A), M, = (a*BK),
M; = a*aK . This representation may still not cure all the difficulties with infinite
eigenvalues, e.g., the homogeneous version of (5)

§2 2
M® f(c,s))x:= <c2a2M+K+c(sﬂ+c(x)A>x_O’ (8)
still is problematic if ¢ = 0. We often prefer nevertheless to work in the homogeneous
framework also for this particular problem.

Once a nonlinear eigenvalue problem of the form (3) has been converted into a
polynomial eigenvalue problem, it can subsequently be turned into a linear eigenvalue
problem by one of the usual linearization approaches, see e.g., [16, 31, 32]. This ap-
proach of turning a rational problem into a larger linear problem is successful in many
practical applications, see e.g., [24, 25, 29]. However, the size of the problem may
substantially increase and, moreover, typically extra eigenvalues are introduced which
have to be recognized and removed from the computed spectrum.
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EXAMPLE 1.1. Consider the symmetric rational eigenvalue problem

1
A,—(X-f—m 1:|x:0’

R(A)x:= [ ] 0

which has no finite eigenvalues, since detR(A) = —1. Scaling the problem by A — 1,
the rational eigenvalue problem becomes a symmetric polynomial eigenvalue problem

A-1DA—a) 141
L AR P

which has a double eigenvalue at = and also a double eigenvalue at 1.
Considering a symmetric linearization [22, 31] of the polynomial problem one
obtains

10 0 0 —(a+1) 1 a -1
00 0 O 1 0 -10

LA)z=1| A 00 —a 1 + o 10 0 z=0.
00 1 0 -1 0O 0 O

Analyzing L(A) for different o, one sees that it has a Jordan block of size 2 at eo and
two Jordan blocks of size 1 for the eigenvalue A = c.

Due to the Jordan block at oo this problem is very sensitive to perturbations. If,
e.g., we perturb the problem to

Po(A)x = ({(A—l)}fk_—la)ﬂlgl])x:&

then the problem has two finite eigenvalues as roots of (A2 — (at+1)A +1)e — (A —1)?
and by appropriate choices of € and o large perturbations may arise.

There also exist practical problems where a nonlinear eigenvalue problem can-
not be turned into a polynomial eigenvalue problem. Consider, e.g., the non-rational
eigenvalue problem of the form

(AMO M+ Mze*”> x=0, ©)

where the M; are real matrix coefficients, and 7 is a real parameter. Such problems
arise in the stability analysis of single delay differential equations [14, 18, 26, 35],
where 7T describes the delay time.

Example 1.1 shows some of the difficulties that may arise in eigenvalue problems
of the form (3) and it shows the need for a careful perturbation analysis on the original
data. This analysis is still mainly open and even for polynomial problems the (struc-
tured) perturbation theory and the computation of (structured) backward errors is only
very recent, see e.g., [1,3,5,7,8, 10, 11,21, 22,23, 30, 38, 39].

There is very little literature that deals with the perturbation analysis of rational or
more general nonlinear eigenvalue problems, see e.g., [12, 15, 37], but in these articles
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usually only problems without infinite eigenvalues are considered. But, as we will see
below, it turns out that for the discussed class of backward errors, the theory developed
in [7, 8] for the polynomial case can be easily extended.

The paper is organized as follows. In Section 2, we introduce the notation and
recall some of the techniques for polynomial eigenvalue problems from [7, 8]. In Sec-
tions 3 and 4 we then construct structured backward errors for complex symmetric/skew-
symmetric and Hermitian/skew-Hermitian problems, respectively, and compare these to
the corresponding unstructured backward errors.

2. Notation and preliminaries

For a nonnegative vector w = [wy,ws,...,w,]7 € R" and a vector x € C", we
introduce the weighted (semi-)norm ||x||,.2 := || [wix1, waxa, ..., waxa] " ||2, where || |2
denotes the classical Euclidean norm in C". If w is strictly positive, then this is a
norm, and if w has zero components then it is a semi-norm. For a nonnegative vector
w € R", we define the componentwise inverse via w™! := [w ', wy !,... w17, where
we use the convention that wlfl =0if w;=0. By Omax(A) and Oyin(A), we denote the
largest and smallest singular values of a matrix A, respectively. The identity matrix is
denoted by I, AT stands for transpose and A¥ for the conjugate transpose of a matrix
A€ C™" . For x € C" with x'x = 1, we frequently use the projector P, := I —xx onto
the orthogonal complement of the space spanned by x.

We will construct structured and unstructured backward errors both in spectral and
Frobenius norm on C™", which are defined by

All2 := Hmax |Ax]|2, [|A||F == (traceA”A)'/2,

x||=1

respectively, and we sometimes use ||A||,, where g € {2,F}. For z € C, define sign(z)
= ﬁ if z#0, and sign(z) ;=0 if z=0.

z

The vector space of all tuples M = (Mo, My, M,, ..., M,,) with coefficients in M; €
C™", is denoted by .#,,1(C™"). With a nonnegative weight vector w € R"*! it can
be equipped with a weighted norm/seminorm ||.[| .., given by

[M[llwg == (Mo, ... Mn)|[w,g = (w(2)HM1||Z+ e "‘W%qHMm||2)l/2»

for g € {2,F}, respectively. For convenience, if w:=[1,1,...,1]7 then we leave off
the subscript w.

In the following, we consider matrix functions of the form M ® f as in (1) or
(2). Such a matrix function is called regular if det(M ® f) # 0 for some eigenvalue
(y,10) (L), otherwise it is called singular. Let (y,1) (A) be an approximation to an
eigenvalue with corresponding approximate right eigenvector x # 0. Then for the tuple
v =: (Yo, V1,..., Wy) constructed as in (4), we construct Frobenius and spectral norm
backward errors

Mg (W, x, M) := inf{||[AM|lug, ((M +AM) @ y)x = 0}.
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If the problem has coefficients M; that are structured in a subset S C .#,,(C""), then
we construct structured backward errors

nvg,q(u/’)@M) = inf{|||Ame7q: AM e S7 ((M+AM> ® W)x - O}

Such backward errors were introduced for matrix polynomials in [19, 38], but here we
follow [3, 4, 5].

In order to compute the backward errors, we will need the partial gradient V;||z|,.2
of amap C""!' — R, z ||z|,.2 which is just the gradient of the map C — R, z;
1205 - - »zm) " |lw2 which fixes the variables zo,...,zi—1,Zit1,--.,Zn as constants. The
gradient of the map C" ™! — R, z+ ||z]|,.2, is then defined as

T
Vllzlhw2) = [Vollzllw2, Villzlhvz, -, Vinll2llwe2]
With these definitions we have the following proposition, see [4, §].

PROPOSITION 2.1. Consider the map H,, : C" ™1\ {0} — R given by H,,»(z) :=
Il[z0, - - - ,Zm}THw,z. Then H,,, is differentiable on C" and

2
W4z
ViHua(@) = o ’2(;) j=0,1,...,m
Furthermore,
n VHW n 2 2
2 :l’ w_ VH2Z :1.
g’HM() ,gof"”’“'

In order to simplify the presentation, in the following we use the abbreviations

. VjHWQ
;= Hy»

ra) j:O7"'7m7 (10)

where z:= [20,21,---,2m]" -

We will construct backward errors for the following structured nonlinear eigen-
value problems, which extend the polynomial classes that were introduced in non-
homogeneous form in [31]. Defining M” := (M ,MT ... ;ML) and M := (M} ,M¥,

.,MH) | we say that problem (4) is complex symmetrzc/skew -symmetric if (M? @ y) =
+(M ® ), and Hermitian/skew-Hermitian if M7 @ y = £(M V).

For symmetric/skew-symmetric problems of the form (4), if x € C" is a right
eigenvector of (1) or (2) corresponding to an eigenvalue (y,u) (1), then X is a left
eigenvector. For Hermitian/skew Hermitian eigenvalue problems, if x € C" and y € C”
are right and left eigenvectors corresponding to an eigenvalue (y,u) (A1) of (1) or (2),
then y and x are right and left eigenvector corresponding to the eigenvalue (7, 1I) (A).

For a given approximate eigenvalue (y,u) (4), we can determine the smallest
norm perturbation AM to the tuple M that makes this an eigenvalue, and when this
is known we can determine a concrete perturbation with this norm and a given right
eigenvector x. This follows from the following proposition.
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PROPOSITION 2.2. Let M € My 1(C"") and a set of functions f;, j=0,...,m
be given. For an approximate eigenvalue (y,1) (A ), consider the tuple = (W, ..., W)
asin (4). Set

Hyz (W) = [[wowt, ..., wn W] " II2, (11)

where we assume that not all weights w; are zero. Then the backward error satisfies

(M@ y)x]|
. ,X,M) = min —————.
T2 (¥, M) =1 Hy,1 (W)

Proof. The tuple that defines the backward error satisfies (M +AM) ®@ y)x =0
for some normalized vector x, which implies that (M ® y)x = —(AM ® w)x. Hence
we have that

(M@ y)x|| < [|[AM][l2H,-1 2 (W),

where w™! = (wy ', wt,...,wy 1), with w;' = 0 if w; = 0. The perturbation AM;
depends on w; and hence if w; = 0, then there is no perturbation in the ith coefficient
matrix of M ® v, i.e., AM; = 0. If at least one w; is nonzero and (M ® y)x + (AM ®

¥)x =0, then

i.e., we have
[(M @ y)x|

nW. 7X,M 2
2(W ) Hw”,Z(V’)

To show that equality can be achieved, consider any normalized vector x, a nor-
malized vector y with yx =1, as well as the rank one matrix (M @ y)xy! , and choose
fori=0,...,m,

—w; *signyi| |
H w12 ( W) 2

Then we have that (M ® v+ AM ® y)x = 0, which implies that

AM; = (M@ y)xy.

(M @ y)xy"x|| _ |[(M @ y)x|
H,1,(y) H,1,(y)

Minimizing over all possible normalized vectors x then gives the desired inequal-
ity,. O

We will also make use of the following completion result which is a direct corol-
lary of Theorem 1.2 in [13].
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PROPOSITION 2.3.

A

1. Let A= :|:AT,C = +B" ¢ C"" and X ‘= Omax ( B:|

). Then there exists a

. . . an A +BT
symmetric/skew-symmetric matrix X € C"" such that Gy B X =X,
and X has the form

X := —KAK" + y(I—- KK")'/?z(1 - KK")"/2,

where K := B(y*I —AA)~'/? and Z = +7ZT € C*" is an arbitrary matrix such
that ||Z]|, < 1.

. Then there exists an Hermitian/skew-
2
H
2iDB} =y and D is of
2
the form D := —KAK" + y (I — KK")'/2Z(1 — KK™)'/2, where K := B(3*I —
A)"Y2 and Z = +7" is an arbitrary matrix such that || Z||, < 1.

2. For A=+A" B=+B" set y:= H m

Hermitian matrix D, respectively, such that

3. Backward errors for symmetric/skew-symmetric nonlinear
eigenvalue problems

In this section we will construct backward error formulas for non-homogeneous/ho-
mogeneous symmetric/skew-symmetric nonlinear eigenvalue problems.

THEOREM 3.1. Consider a regular symmetric/skew-symmetric nonlinear matrix
equation of the form (4) with M € My, 1(C™"), and let x € C" with x"'x = 1. For
an approximate eigenvalue (y,lt) (A ), construct the tuple ¥ := (Yo, W1,..., WYn) asin
(4), and let k := —(M ® y)x. Introduce the perturbation matrices

A {—;—chM,»xxH + 201, (XK 4+ ke —2(xT kx| if M = M7,
=

N o o "] if My=-MT,

Jor j=0,....m, where zy; is as in (10). Then AM has the desired symmetry structure
and satisfies (M Qy)+ (AM @ y))x =0, i.e., (V, 1) (A)is an exact eigenvalue and

M+AM@y))x=0.
Proof. The proof is a slight modification of the proof for the polynomial case in

[7]. In the symmetric case we have for all j =0,...,m that AM; = AMJT Hence AM
is symmetric, and we have that
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I

B

0

(M+AM) @ y)x = (
J

I

(M; +AM)1V>

B

v [Mjx —xx" Mjx + 2z, (3" x+ k—2(x"k)x]]
0

= (- ZM,u/,x+[xk x+k—2(xTk) ]ZZMWJ
=

~.
Il

m
By Proposition 2.1, we have ) 2 yj = 1, and also kTx =xTk. Hence
J=0
(M+AM) @ y))x = —(I— %" )k +3kT x4k —2(x"k)x
= —k+x(x"k) +x(k"x) +k —2(x k)T =
The proof for the skew-symmetric case follows analogously. [J
Using Theorem 3.1, we then obtain the following backward errors for complex

symmetric nonlinear eigenvalue problems.

THEOREM 3.2. Let M € My,41(C"") be as in (4) with complex symmetric co-
efficients, and let x € C" be such that x"'x = 1. Let (y,1) (A) be an approximate
eigenvalue, let the associated tuple W = (Yo, Y1, ..., l//m) be as in (4), and let k :=
—(M @ y)x.

i) The structured backward error with respect to the Frobenius norm is then given
by
2([k]13 — X"k
I_Iw*l 2 ( W)

and there exists a unique complex symmetric AM with coefficients

AM; =z, [xk" + k" — (T l)xe ], j=0,...m,

nF(W,x,M) =

such that the structured backward error satisfies n‘i r(y,x,M) = ||AM|||,r and
X, x are left and right eigenvectors corresponding to the eigenvalue of (M +
AM) ® y, respectively.

ii) The structured backward error with respect to the spectral norm is given by

L3I
Hw*1,2(lV)

and there exists a complex symmetric AM with coefficients

nwsz,2(w7va) =

—xxT)kkT (1 — xx™)
IK]13 — x" &

XTk(I
AM; =7z T+ kol — (K o)m! — S (
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such that ||AM||y,» = niz(y/,)@M) and (M +AM) ® y)x = 0, where ||k||5 #

IxTk|>. Then (y,u), (A ) is an exact eigenvalue satisfying (M +AM) @ y)x =
0.

Proof. The proof is a slight modification of the proof for the polynomial case [7].
By Theorem 3.1 we have that (M + AM) ® y)x =0 and hence k = (AM ® y)x. Now
we construct a unitary matrix U which has x as its first column, i.e., U = [x,U;] € C"*"

__ T
and let AM; :=UTAM;U = [d” a; } , where D; j = DT, € C"=1*("=1) Then

J i
U(M @ w)U! =TU"T (AM @ w)UU = AM @ v,
and hence - -
UMM @)U x=(AM @ y)x =k,
which implies that

— T
(AM @) UTx=UTk= [’“ k] .

Ulk
Therefore, we get that

[z;-"o w,-d,-.,,} _ [ Zowidy v
Xiovid; Siowiwidiwy

X Tk
~ Uk

To minimize the norm of the perturbation, we use the same procedure as in the polyno-
mial case [7] and solve this system for the parameters d; j,d; in a least squares sense
which, together with Proposition 2.1, yields

dij=agx"k, di=z5U[k, j=0.1,...m,
and, since UjU! = (I —xx), we have
AM; = UAMU™ =5d; ! + Tid ! +3d7 Ul +TiD; ;U1
=z (& k) + U ! + 3" 0,0 4+ Ty U
=2, [k + 3" — (K )z | + UD; ;UL (12)

Further, we note that if w; = 0, then by our definition w;l =0, and hence there will
be no perturbation to the coefficient matrix M;, i.e., AM; =0.

In Frobenius norm, the unique minimal perturbation is obtained by taking D; ; =0
and hence we get

2
|AM || = |d;.;

2420113 = Jaaa, P (KK + 21|07 KIB)
2 2[k[3 — Tk

e VH _
| J5Hw 1,2(‘//)| HW7172(W)2 )
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since ||UTk||3 = |xTk|? +||U'k||3. By Proposition 2.1, we have that

2 2 2
wiV;H, -1 ,(y)|* =1, andhence, |[|AM|sr .
}g% i1V 2 " H,1,(y)?

As kTx is a scalar constant, it follows that all AM ; and thus also AM are symmetric
and

(M+AM) @ y)x = y;(M;+AM))x = —k+ (3, w;AM;)x
=0 =0

= —k+ Y fizg ke’ + 3" — 3k x =0
j=0

where we have again used Proposition 2.1, i.e., X7 Wz, = 1.
For the spectral norm we can apply Proposition 2.3 to (12) and get

_ M T T
D, = —=5 [FTrUT @0 |
2 e 12
CWwinwin? [ uTkwie”
i |I- et 2|

where Z = ZT and ||Z]y < 1, P2 = ||k|3 — |xTk2, x == \/lld;j]|> + ||d;|3. With the

special choice Z =0 we get D; j = — 11;42'/ [ Tr(Ulk)(Uulk)” } where P # Oand

G
—P—zijk(I—xxT)kkT (I —xx™).

U\D; U = —%EU_MT kU Ul =
Hence,
AM; =77, [k +3k" — x(k"x)x" | — %m(z —xxT Yk (I — xx),
AM is symmetric, and ((M ® y) + (AM ® y))x = 0. With

d VH, ()
‘= Omax Z xT k|2 + UTk 2 ’
1= o (| 47]) = ok TP

then by Proposition 2.3 we have y = |[AM;]|», and again by Proposition 2.1,

I
I_Iw*l 2(W)

9

[1&l2,

M2 (W, M) = [|AM]|,2 = -

As a corollary we have the following relations between structured and unstructured
backward errors.



550 SK. S. AHMAD AND V. MEHRMANN

COROLLARY 3.3. Consider a regular problem (1) with symmetric M€ My, (C"")
and let x € C" be such that x'x = 1. For a given approximate eigenvalue (y,1) (1)
define W = (Yo, Y1,..., W) asin(4) andlet k :== —(M ® y)x. Then

nS,F(W7x7M) < \/Enw,2(W»X7M)7
n\?},Z(wvx7M) = nw,2(W7x7M)~

We obtain an analogous result in the case of real problems and real perturbations which
we omit here for brevity, we just mention that we need that the function evaluations f;

yield real values to obtain a real backward error. Defining y as in (4), in this case the
m

minimal perturbation has the form Z y;AM; , with coefficients
Jj=0

AM; = zu; [ka—chT - (ka)xxT] ., j=12,....m.

The same technique of proof also applies in the complex skew-symmetric case. We
state the results here for completeness.

THEOREM 3.4. Consider problem (1) with complex-symmetric M € M1 (C""),
and let x € C" be such that xx = 1. For an approximate eigenvalue (y, 1), (2 ) define
m

V= (Y0,..., V) asin(4)andlet k= —(M @ y)x. Introducing AM@y = Y y;AM;
=1
with coefficient matrices

AM; =~z [xk" — k"], j=0,1,2,....m,

we have that AM is complex skew-symmetric, and (Y, L) is an exact eigenvalue with
eigenvector x of the perturbed problem (M +AM) ® y)x = 0.

THEOREM 3.5. Consider problem (1) with complex-symmetric M € My, (C""),
and let x € C" be such that xx = 1. For an approximate eigenvalue (y,1t), (A ) define
v = (Wo,...,Wm) as in (4) and let k := —(M ® y)x. Then the structured backward
errors with respect to the Frobenius norm and spectral norm are given by

—— 2[[k[13
w, 3 Xy = 7y
d v wal,z(‘!/)
s &2
nw_ ,)C,M = Ty
2(V/ ) wal,z(‘!/)

respectively.

The relation between structured and unstructured backward errors is then clearly
the same as in the symmetric case for the spectral norm.

In this section we have shown that the backward error results for symmetric and
skew-symmetric matrix functions carry over from the polynomial case to (4) with very
little modifications.
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4. Backward errors for Hermitian/skew-Hermitian
nonlinear eigenvalue problems

In this section we present the results for the Hermitian and skew-Hermitian case.

THEOREM 4.1. Consider problem (1) with Hermitian or skew-Hermitian M €
My 1(C™), and let x € C" be such that x'x = 1. For an approximate eigenvalue
(y, 1) (A), define w= (Wo,...,Wy) asin (4) and let k := —(M ® y)x. Introducing
m
AM @y = 2 W;iAM; with coefficient matrices
=1
ang o | R Mt (zmxk™ P+ 2o Pekx™ |, if My = MY,
P e Mot — [pg k" P —2ag Pk, if M= —MY,

we have that AM is Hermitian or skew-Hermitian, respectively, and (y,|t) (A ) is an
exact eigenvalue with eigenvector x satisfying (M +AM) ® y)x = 0.

Proof. The proof follows in the same way as for the symmetric/skew symmetric
problems. [J

For the construction of the backward errors we introduce

_ FR(WO)WEI %(Wn)wml]
TS (wo)wy ! Sy, ]
and set R

= [tOw“vtm}T = T+ [S((XH]]:)):| ,

where T denotes the Moore-Penrose inverse of 7', see [17]. Denoting by e; the j-th
unit vector, we have the following structured backward errors.

13)

THEOREM 4.2. Consider problem (1) with Hermitian M € My+1(C""), and
let x € C" be such that x*'x = 1. For an approximate eigenvalue (y,u), (A ) define
v =(V,...,Wn) asin (4) and let k== —(M Q y)x.

i) The structured backward error in Frobenius norm is given by

) 2[5 — k2
nw. ,)C,M = 7 N
F(V/ ) wal,z(‘!/)
with
AM;; = zy; [k 4+ xk™ — (K x)xx" | + U, AD; ;UL

Ifall yj, j=0,...,m are real then

4113 — x"k[?
Hw’l,2(ll/)2 7

s [ letl3
nw7F(W7va)_ 2 2 +2
=0 Wj
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with
AMj = w7 ' xel ix + Z3g Pdex + 2y xkH P+ UL AD U

ii) The structured backward error in spectral norm is given by

s |1kl
M (W7X7M) = 7
"2 Hw*1,2(W)
with
2. X1 kPkkH P,
AEj=AMj — ———b——,
p P2
ifall y;, j=1,...,m are real, where AM; is as in part i), and
m 2 2 2
s lejtll3 , [1klI3 — x"k]
M2 (W,x,M) = + :
"2 jga W? I_IW*I,Z(V/)2
with

w;lejT-thkkH P
AE; =AM —

T T and  |k||E # XK,

otherwise, where AM; is as in (i).

Proof. The proof follows as in the proof of Theorem 3.3 in [8]. [

The result for the skew-Hermitian case is obtained analogously, just replacing M
by 1M, we omit the result here.

The relationship between the structured and unstructured backward errors for the
Hermitian/skew-Hermitian case is the same as in the symmetric/skew-symmetric case.
Here we state the results for the Hermitian case, the analogous results for the skew-
Hermitian case are again omitted.

COROLLARY 4.3. Consider problem (1) with Hermitian or skew-Hermitian M €
My 1(C™), and let x € C" be such that x'x = 1. For an approximate eigenvalue
(y, 1) (L), define w= (W,..., W) asin (4) andlet k := —(M @ y)x. Then we have
the following relations between the structured and unstructured backward errors.

i) Mo (v, M) = nya(w,x,M), if y; €R for 0< j<m,

i) nS,(y,x,M) =nya(y,x,M), if y; €Rfor0<j<m,
iii) N5, (w,,M) < Mya(y,x,M), otherwise, if H,,-1,(y)[|T"] <1,
iv) 1S p (W, M) < VIna(y,x,M), if yeR for 0<j<m,

V) n‘iF(l//,x,M) <V2nu2(w,x,M), otherwise, if H,1,(y)|T7] < V2.
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Proof. By Theorem 4.2, we have

nS r(y,x,M)

N

v | L
2|

Jj=0

1K1
H,

W*I,Z(W)2

? 3 — xfk?
ol bk

\/||T+|| e k|> —

\xH kP2

|1

12 (y)?

+2

[ k|?

I7*1? -

2

+2

H

< \/51’]W72(1{/7X,M)

if H,-1,(w)[IT7] <

The other results follow from Theorem 4.2.

O

We illustrate the results with some examples.

w’l,2(W)2

V2, where using (13) we have 7 |1;* = [|¢]|* =

HW’I,Z(WV

]
HW’I,Z(V/)2

R T 2.

EXAMPLE 4.4. Consider the delay differential equation %(¢) + M x(¢) + Mox(t —
7) =0, where

1 1/21/3 —149 —50i —154i+ 1 Ve
1/31/41/5 154i+14—i 1 £

and the delay is 7 = 1000. For given A and y as in (4) the associated eigenvalue
problem is M @ y = I +M; +Moe *T with w = (W, w1, yn) = (—e *7,—1,1). The
coefficient matrices M> =1, M;, My are Hermitian and if A is such that y; € R, for

ji=0,...

,m, then we obtain the following backward errors.

A TIZ(V/:'X’M) n2s(l//7x’M) ng(W’x7M)
0.3 0.3703 0.3703 0.5104

3 0.9000 0.9000 0.9074

10 0.9780 0.9780 0.9787
107> | 140.5133 140.5133 168.3081

If A € C such that y; € C for j =0,

.,m, then we obtain

A nZ(Wax7M) nzs(lV’x7M) nfg(l/hx’M)
20+3i 0.9903 1.0158 1.0158
3+5i 0.9725 1.0176 1.0176
0.3+ 10i | 0.9953 1.0163 1.0163

3i 60.279 112.5229 112.5229
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EXAMPLE 4.5. Consider the rational eigenvalue problem in homogeneous form

TH
M, M M =0
(H 0o+Y l+u—10y 2>x )
with Hermitian coefficients
(1 1/21/3] —149 —50i —154i+1
My= (1/21/31/4|, M= 50i 7 4+1i ,
11/31/41/5) 154i+14—i 1
[ 1 1+4i2i] Ve
M,= |1—i 2 3il, and x= —ﬁ
| —2i —3i 2] %

If (y,u) is such that y; € R for j=0,...,m, then we obtain the backward errors

(%“) nZ(Wax7M> nZS(V/rxaM) nfs“(lVax7M)

(2,3) | 110.3015 110.3015 132.1514

(0,2) | 0.4076 0.4076 0.5483

(4,3) | 159.6050 159.6050 191.2182

(4,0) | 200.0725 200.0725 239.7038

If (y,u) is such that y; € C for j=0,...,m, then we obtain the backward errors

(%“) nZ(Wax7M> nZS(V/rxaM) nfs“(lVax7M)
(0.14+0.2i,—0.3+0.9{) | 50.4250 149.6831 149.6831
(2—3i,—4+3i) 116.9143 168.9691 168.9691
(=2—5i,3+7i) 115.3996 168.5062 168.5062

We see that in the complex case the structured and unstructured backward errors may
differ substantially.

REMARK 4.6. Backward errors are closely related to pseudospectra which have
been studied in detail for matrices, matrix pencils, and matrix polynomials, see e.g.,
[2,6,23,27,28, 39, 41]. Thus, the presented results on structured backward errors can
be immediately transferred to corresponding results for structured pseudospectra. For
brevity we do not present these results here.

5. Conclusion

We have extended the construction of structured backward errors from polyno-
mial eigenvalue problems to nonlinear eigenvalue problems that are linear in the matrix
coefficients and have derived a systematic framework for the construction of appropri-
ately structured backward errors for the classes of complex symmetric, complex skew-
symmetric, Hermitian, and skew-Hermitian problems. The resulting minimal pertur-
bation is unique in the case of Frobenius norm and there are infinitely many solutions
for the case of spectral norm. The results show no real surprise, the relation between
structured and unstructured backward errors is similar as in the polynomial case.
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