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Abstract The standard way of solving numerically a polynomial eigenvalue prob-
lem (PEP) is to use a linearization and solve the corresponding generalized eigen-
value problem (GEP). In addition, if the PEP possesses one of the structures aris-
ing very often in applications, then the use of a linearization that preserves such
structure combined with a structured algorithm for the GEP presents considerable
numerical advantages. Block-symmetric linearizations have proven to be very use-
ful for constructing structured linearizations of structured matrix polynomials. In
this scenario, we analyze the eigenvalue condition numbers and backward errors of
approximated eigenpairs of a block symmetric linearization that was introduced
by Fiedler in 2003 for scalar polynomials and generalized to matrix polynomials by
Antoniou and Vologiannidis in 2004. This analysis reveals that such linearization
has much better numerical properties than any other block-symmetric lineariza-
tion analyzed so far in the literature, including those in the well known vector
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space DIL(P) of block-symmetric linearizations. The main drawback of the ana-
lyzed linearization is that it can be constructed only for matrix polynomials of
odd degree, but we believe that it will be possible to extend its use to even degree
polynomials via some strategies in the near future.

Keywords backward error of an approximate eigenpair - block-symmetric lin-
earization - conditioning of an eigenvalue - eigenvalue - eigenvector - linearization -
matrix polynomial - strong linearization.

Mathematics Subject Classification (2000) 65F15 - 65F35.

1 Introduction

This paper deals with the polynomial eigenvalue problem (PEP), that is, with the
problem of computing scalars Ao € C and nonzero vectors x € C" and y € C"
such that P(Xo)z = 0 and y*P(Ao) = 0, where

k
P =) AN, A;eC™m, (1.1)
1=0

is a matrix polynomial. We assume throughout the paper that P()) is regular (that
is, det(P(N)) Z 0), Ag # 0 (thus P(X) has degree k), and, in addition, that Ag # 0
in order to avoid trivialities. The vectors x and y are said to be right and left eigen-
vectors of P(A) associated with the eigenvalue Ao of P(A). A matrix polynomial
as in (1.1) may have also an eigenvalue at infinity, which, by definition, happens
when zero is an eigenvalue of the reversal polynomial revP()) := A\*P (1/)).

PEPs arise in many applications, either directly or as approximations of other
nonlinear eigenvalue problems [4,20,21,32,36,41]. However, the numerical algo-
rithms currently available for the solution of PEPs are not completely satisfac-
tory, despite of recent impressive advances in this area, both for small to medium
size dense PEPs as well as for large-scale sparse PEPs [6,12,22,27,30,42,43,45].
The key drawback of current algorithms is that they do not guarantee a priori
that the computed eigenvalues and eigenvectors are the exact eigenvalues and
eigenvectors of a nearby matrix polynomial P(A) + AP(X) = Z?:O(Ai + AAHN
that satisfies ||AA;||2/]|As]l2 = O(u) for ¢« = 0,1,...,k, where || - |2 denotes
the spectral matrix norm and u is the unit roundoff of the computer or some
tolerance fixed by the user. In contrast, current algorithms only guarantee that
|AA;||2/ max;{||As||2} = O(u), for i = 0,1, ..., k, holds, which is not satisfactory
for PEPs having matrix coefficients with very different norms. A remarkable ex-
ception is the algorithm for small to medium size quadratic PEPs in [45], which
is heavily influenced by [22], and which guarantees ||[AA;l|2/]|Ai|l2 = O(u) for
1 = 0,1,2 under some nontrivial assumptions on the computed eigenvectors and
at the cost of solving the problem twice in two different ways. As a consequence of
this discussion, the PEP is nowadays a very active area of research.

The standard way of solving the PEP is to construct a linear matrix polyno-
mial, or matrix pencil, L(\) with the same eigenvalues (including multiplicities)
as P()), and solve the generalized eigenproblem for L(\), which is done with the
QZ algorithm for moderate size problems [37] or with Krylov projection methods
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that take advantage of the particular structure of the considered L()\) for large-
scale sparse problems [12,30,43]. That L(X) has the same finite eigenvalues and
multiplicities as P(X) is guaranteed [19,20] if there exist two unimodular matrix
polynomials (i.e., matrix polynomials with constant nonzero determinant), U())
and V' (X), such that U(X)L(A\)V(X) = diag(I(x—1)n, P(})), where I, denotes the
m X m identity matrix. Such L()\) is called a linearization of P(X). If, in addition,
revL()\) is a linearization of revP (), it is said that L()\) is a strong linearization
of P(\) and, in this case, L(A) has the same finite and infinite eigenvalues and
multiplicities as P(\) [13].

The importance of linearizations in solving PEPs numerically, the drawbacks
of the numerical algorithms for PEPs, and the convenience of preserving in the
linearizations the structures that the PEPs arising in applications often possess,
have motivated in the last years an intense research on linearizations of matrix
polynomials that can be constructed very easily, that allow an easy recovery of the
eigenvectors of the polynomial from those of the linearization, and that preserve
interesting structures. Among the references that triggered such recent research,
we highlight [3,18,25,31,32]. For the sake of brevity, we omit a detailed list of
the many references published recently on linearizations of matrix polynomials
and, instead, we invite the reader to check the references included in [10,14,43].
Unfortunately, this explosion of new classes of linearizations has not been followed
by the corresponding analyses of their numerical properties, i.e., by the study of
the errors they produce when they are used for solving numerically a PEP, and
the number of papers analyzing this question is still low [1,44,14,15,23,24,39,45].

Currently, there exist three complementary ways of measuring how “good” a
linearization is for solving PEPs in terms of the errors produced by its use. The
first one compares the condition numbers of individual (simple) eigenvalues in the
linearization and in the original polynomial [1,24,39,45]. For this purpose (as a
consequence of the discussion above) two types of condition numbers should be
considered according whether the magnitude of the perturbations is measured in
an absolute sense, i.e., as ||AA;||2/ max;{||A:]|2} for i =0,1,...,k, or in a relative
sense, i.e., as ||AA;|2/||Ai]l2 for ¢ = 0,1,...,k. The second way compares the
residual backward errors of approximated individual right (x, Ao), or left (y*, Ao),
eigenpairs in the polynomial and in the linearization, where again the perturba-
tions can be measured in the absolute and relative senses mentioned above [23,39,
45]. Finally, one can consider global backward error analyses [44,14,15,29], which
try to prove that the whole set of computed eigenvalues is the whole set of exact
eigenvalues of a matrix polynomial very close to the original one, assuming that
this happens for the linearization. The global analyses have the advantage that
they do not involve eigenvectors or any assumption on them, and they are valid
a priori for all the eigenvalues, but have the drawback that, so far, they guaran-
tee small absolute backward errors but do not guarantee small relative backward
errors. Moreover, the bounds that are obtained in this way are less precise than
those obtained with the other approaches.

When the preservation of structures is important for computational efficiency
and/or for preserving the finite arithmetic symmetries in the spectrum, it is well-
known [25,32] that block symmetric linearizations of matrix polynomials are fun-
damental, since they preserve directly the symmetric and Hermitian structures and
can be modified to cope with other structures such as alternating, palindromic, or
skew-symmetric [32].
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In this scenario, this paper studies for the first time condition numbers of
individual eigenvalues and residual backward errors of individual approximated
eigenpairs of a block symmetric strong linearization, that we denote by Tp(X),
and prove that, under the standard mild condition max;{||A;||2} ~ 1 [44] (that
can always be obtained by dividing P(\) by a number), 7p(A) has in these respects
much better properties than any other block symmetric linearization analyzed so
far in the literature. The linearization 7p(\) was originally introduced by Fiedler
for scalar monic polynomials [18, p. 330], extended to regular matrix polynomials
in [3], and slightly modified for dealing with other structured matrix polynomials
apart from Hermitian ones in [33-35]. Its excellent properties with respect to global
backward error analyses follow from the general results in [14,15]. Unfortunately,
the linearization 7p(A) is only valid for matrix polynomials with odd degree, and,
although such polynomials appear in practice [4], this clearly limits the use of
Tp(N\). A strategy to overcome this limitation, that has been already used in
[29] for some non-block symmetric linearizations, is to introduce a zero leading
coefficient Ax41 = 0 in P(A), construct Tp(\) including such zero coefficient, and
then to deflate exactly the extra eigenvalues introduced at infinity. We plan to
investigate in the future the application of this strategy to Tp(A).

The linearization 7p(A) and its properties are revised in Section 4 and its
eigenvalue condition numbers and backward errors of approximated eigenpairs are
studied in Section 5, which includes the main results of this paper in Theorems
5.1 and 5.2. We emphasize that these results prove that, when the perturbations
are measured in the absolute sense (as explained above) the linearization Tp(X) is
optimal, since its condition numbers and backward errors are “always equal up to
a moderate constant depending on k” to those of the original matrix polynomial
(under some assumptions in the case of backward errors). When the perturbations
are measured in a relative sense, such equality holds, up to a moderate constant,
provided that min{||Ax||2, ||Aoll2} =~ max;{||A:]2} ~ 1. The properties of Tp(\)
described in this paragraph are the same as those of any of the Frobenius compan-
ion forms [20], which are the standard linearizations used for solving numerically
PEPs, but which do not preserve any of the structures of the PEPs arising in ap-
plications. The analysis of the eigenvalue condition numbers and backward errors
of approximated eigenpairs of the Frobenius companion forms for perturbations
measured in a relative sense can be found in [23,24]. We revise this analysis, im-
prove some bounds, and complete it for perturbations measured in an absolute
sense in Section 6.2.

We emphasize that 7p(A) has much better properties concerning eigenvalue
condition numbers and backward errors of approximated eigenpairs than the fa-
mous block symmetric linearizations in the space DL(P) introduced in [25,31],
and whose condition numbers and backward errors for perturbations measured
in a relative sense have been carefully analyzed in [23,24]. These analyses have
revealed a very inconvenient feature of the linearizations in DIL(P) since, if one
sticks to linearizations in DIL(P), it is needed, in general, to solve the PEP twice
with two linearizations in order to get reliable solutions with the same quality as
those obtained from solving the PEP once with Tp(X\) or with the Frobenius com-
panion forms. On the other hand, as far as we know, the linearizations in DL(P)
are the only block symmetric linearizations whose condition numbers and back-
ward errors have been analyzed so far, which, among other reasons, have motivated
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considerable activity on these linearizations (see [2,9,16,17,38] and the references
therein).

In Section 6.1, we revise the analysis presented in [23,24] of the linearizations
in DL(P), improve some bounds, and complete the analysis considering pertur-
bations measured in an absolute sense. The reader can find the main results on
eigenvalue condition numbers and backward errors of approximated eigenpairs for
the linearizations in DL(P) in Theorems 6.1 and 6.2. These theorems confirm the
conclusions established in [23,24]: given a simple, finite, nonzero eigenvalue Ao
of P(A) as in (1.1), if Ap is nonsingular and |Ao| > 1, then the first pencil in
the standard basis of DL(P), denoted in this paper as D1 (A, P), has a condition
number and backward error close to optimal among the linearizations of P(\) in
DL(P), while if Ay, is nonsingular and |Ao| < 1, then the last pencil in the stan-
dard basis of DL(P), denoted in this paper as Dy (X, P), has the same property.
Moreover, when |Ao| > 1, Dy(A, P) behaves much worse than P()) with respect
to eigenvalue condition numbers, and the approximated eigenpairs recovered from
Dy (A, P) lead to large backward errors in P(\). The same happens when |Ao| < 1
and D1 (A, P) is used. Thus, if a regular matrix polynomial has eigenvalues with
modulus less than and larger than 1, the use of these two pencils is mandatory
when calculating eigenvalues and eigenvectors.

In addition to the sections and results described above, this paper contains
the following material. Section 2 revises the definitions of eigenvalue condition
numbers and backward errors of approximated eigenpairs of matrix polynomials.
In Section 3 we introduce some technical results that are needed in proving the
main results of the paper. Section 7 includes numerical tests that confirm the
theoretical results presented in previous sections and illustrate the advantages of
Tr(X) with respect to the linearizations in DL(P). Finally some conclusions and
lines of future research are discussed in Section 8.

Note that although the main applications of Tp(A), and of some modified ver-
sions of this pencil [33-35], are for solving structured PEPs (symmetric, Hermi-
tian, alternating, palindromic,..), we do not incorporate structure in the analysis.
There are three reasons for that: for such structures very often the structured
and unstructured condition numbers and backward errors are very similar [1,7],
to consider structures would make the analysis more complicated, and, finally, the
study of all these structures would make the analysis very long.

2 Eigenvalue condition number and backward error of matrix
polynomials

In this section we recall the concepts of relative condition number of an eigenvalue
and of backward error of an approximate eigenpair of a regular matrix polynomial
of degree k as in (1.1).

We also note that, in this paper, for the sake of brevity, we do not consider
the homogeneous formulation of the polynomial eigenvalue problem and the cor-
responding condition number. Additionally, we only consider simple eigenvalues
since these are essentially the only ones appearing in numerical practice.

Given a complex vector z, we denote by ||z||2 the Euclidean norm of z. For
A € C™™*™ we denote by ||A||2 the spectral norm of A, that is, the matrix norm
of A induced by the Euclidean norm.
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Let Ao be a simple, finite, nonzero eigenvalue of a regular matrix polynomial
P(X) of degree k as in (1.1), and let x be a right eigenvector of P(\) associated
with Ag. A (relative) normwise condition number k,(Ao, P) of A\p can be defined
by

| AXo|
€[ Ao

Kr(Xo, P) := lin% sup { : [P(Xo + AXo) + AP (Ao + AXo)](z + Azx) = 0,
€—r

|[AAsl2 < €wi, 0 <4<k},

where AP(X) = Zf:o MAA; and w;, 0 < i < k, are nonnegative weights that
allow flexibility in how the perturbations are measured [24]. This condition num-
ber is an immediate generalization of the well-known Wilkinson condition num-
ber for the standard eigenvalue problem and measures the relative change in an
eigenvalue with respect to perturbations in the matrix polynomial. We will mea-

sure these perturbations in two ways: 1) w; = ||As]|2 (relative perturbations); 2)
w; = Orgaéck{HAng} (absolute perturbations).
'Li

Theorem 2.1 gives an explicit formula for k,(Ao, P). For a matrix polynomial
P()), we denote by P’()) the first derivative of P(\) with respect to .

Theorem 2.1 [39, Theorem 5] Let P(X\) be a regular matriz polynomial of degree
k. Let Ao be a simple, finite, nonzero eigenvalue of P(\), and let x and y be a right
and a left eigenvector of P(\) associated with Ao. Then

_ (o Pol'wi)lyll22l2
Iir()\O7P) == ‘A0||y*P/(A0)x| . (21)

Attending to the choice of weights w; mentioned above, we consider two ver-
sions of the normwise relative condition number:

— Relative-absolute condition number: w; = Ol’élaé(k{”AjHQ}, i=0,...,k,
<5<

max {]|Aill2} (X5 ol)llzl2/ly]l2

0<i<k

Kra (Ao, P) = 2.2
oo ) Bolly PO (22
— Relative-relative condition number: w; = ||As|2, i =0,...,k,
k i
ENDYIRIVE
oo P) = o Dol A elyll 09

[Xolly* P’ (o)

Remark 2.1 To compare the conditioning of eigenvalues and backward error of ap-
proximate eigenpairs of a matrix polynomial P()) with those of the linearizations
considered in this paper, it will be convenient to assume that P(X) as in (1.1) has
a nonzero constant term Ag. In fact, if Ag = 0, we have that P(\) = A*P1(\) for
some s, where the constant term of Pi()) is nonzero, and we may consider Pi(\)
instead of P(\) to compute the nonzero eigenvalues of P()). Note that P(\) and
P1()A) have the same nonzero finite eigenvalues.
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Observe that, if Ao # 0 is an eigenvalue of P()), then the (left and right)
eigenvectors of P()\) and revP(\) = A*P (3) associated with Ao and )\io, respec-
tively, coincide. Thus, when using the two types of weights considered above for
P(X) and revP()), we obtain the following result, which is a simple consequence
of (2.2) and (2.3). We should point out that, if P(\) as in (1.1) has degree k and
Ag # 0, then revP(\) has degree k as well.

Lemma 2.1 Let P(\) be a regular matriz polynomial of degree k as in (1.1) with
Ao # 0. Let Mo be a simple, finite, nonzero eigenvalue of P(X\). Then

Kra(Aoy, P) = Kra i,revP and  Krr(Xo, P) = Krr i,revP .
)\0 )\0

In some occasions, we will need to scale the matrix polynomial P(\) by dividing
each of its matrix coefficients by maxo<;<x{||A:||2} in order to improve the bounds
of the ratio of the condition numbers of an eigenvalue of P(A) and of a linearization.
Notice that krq (Mo, P) and krr (Ao, P) are invariant under a scaling of this type.

The (relative) normwise backward error of an approximate (right) eigenpair
(z, o) of P()\), where Ag is finite, is defined by

nr(x, Ao, P) := min{e : (P(Xo) + AP(Xo))z =0, |[AAill2 <ews 0<1i<k},

where AP(\) = Zf:o M AA; and w;, 0 < i < k, are arbitrary nonnegative numbers
that represent tolerances against which the perturbations of the matrix coefficients
of P(\) will be measured [23].

Similarly, for an approximate left eigenpair (y*, Ao), we have

(Y™, Ao, P) := min{e : y* (P(Mo) + AP(Xo)) =0, |[[AA;ill2 <ew;, 0<i<k}.

The following result provides explicit formulas for the normwise backward error
of approximate eigenpairs.

Theorem 2.2 [39, Theorem 1] Let P(X) be a reqular matriz polynomial of degree k
as in (1.1). For a given approzimate right eigenpair (xz, Ao) of P(\), where z € C™
and Ao € C, the normuwise backward error n.(x, Ao, P) is given by

P(A
nr(x,)\o’P) — k” ( O)_mHQ )
(im0 [dolwi)llzl2

For an approzimate left eigenpair (y*, Ao), where y € C™ and Ao € C, we have

ly"PQo)ll2
(Xizo oliw)lyll2

As with the condition number, we will consider two cases, depending of the
selection of the weights w;. We only display the expressions for right eigenpairs.
The expressions for left eigenpairs can be obtained similarly.

nr(y*, Ao, P) =

— Relative-absolute backward error: w; = max {||4;]|2},7=0,...,k,
0<i<k
P(Xo)z
Nra(z, Ao, P) = [P (Ao)z||2

max {[| Ail2}(E o [Mo[) ]2
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— Relative-relative backward error: w; = ||4;||2, ¢ =0,..., k,

IPQ)all:
(o Dol 4il12) 1l

The next result follows from Theorem 2.2 and can be easily checked. A similar
result can be obtained for left eigenvectors.

n"""(x7 )‘05 P) =

(2.4)

Lemma 2.2 Let P(\) be a regular matriz polynomial of degree k as in (1.1) with
Ao # 0. For a given approzimate right eigenpair (x, o) of P(\), where x € C"
and 0 # Ao € C, we have that (x, %0) is an approximate right eigenpair of revP(\)
and

Mra(x, Ao, P) = Nra (m, )\i,revp) and  Nrr(x, Ao, P) = Npr (a:, %,revP) .
0 0

The scaling of the polynomial P(X) by dividing by maxo<;<x{||A:||2} can also
be used to improve the normwise backward error of an approximate eigenpair of
a linearization of a matrix polynomial. It is easy to show that 7,4 (z, Ao, P) =
Nra (2, Ao, P) and (2, Ao, P) = npr(2, Ao, P), where P(u) is the scaled polyno-
mial, while the corresponding backward errors of the (same) linearizations of P(\)
and P(p) can be quite different. We will use this fact in our numerical experiments
to show that a scaling of the polynomial can be applied to decrease the backward
error of the block-symmetric linearization 7p () that we are studying.

3 Some definitions and auxiliary results

We introduce some concepts and technical results that will be used in the proofs
of our main results.
If a and b are two positive integers such that a < b, we define

a:b:=a,a+1,...,b.

The following result is an immediate consequence of the Cauchy-Schwarz inequality
when the standard inner product is considered in C".

Lemma 3.1 Let m be a positive integer and let a be a positive real number. Then,

2

iaj §(m+1)ia2j.
3=0 3=0

The following property is well known (see Lemma 3.5 in [23] for a proof of the
second inequality).

Proposition 3.1 For any complex £ x m block-matriz B = (B;j) we have

max || Bijlz < || Bll2 < Vém max || Bij|2. (3.1)
1,7 ¥
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Given a matrix polynomial P(\) of degree k as in (1.1), the ith Horner shift
of P(\), i=0:k, is given by

Pi(A) = N A + N T A M i 4 A (3.2)
Notice that Py(\) = Ak, Pr(\) = P()\), and
Pii1(A) — Ag—i—c1 = APi(N), i=0:k—1. (3.3)
When convenient, we write P; to denote P;(\). We also denote
PN = XA+ 4+ XA+ Ay, i=0:k (3.4)
Notice that P°(\) = Ap and P*()\) = P()\).

Lemma 3.2 Let P(\) be a regular matriz polynomial of degree k as in (1.1). Let
P;(\) and P'()\), i = 0 : k, be the matriz polynomials defined in (3.2) and (3.4).
Let \o be a nonzero, finite eigenvalue of P(\), and let © and y be, respectively, a
right and a left eigenvector of P(\) associated with Ao. Then, fori=0:k —1,

Pi(do)z = =M *PEF T (A )z and  y Pi(ho) = =L Fyt PRI ().

Proof Note that, for i = 0 : k — 1, we have P(Xo) = A\§ "P;(Mo) + P*7""1(\o).
Thus, the result follows taking into account that Ao is nonzero, P(Ao)x = 0, and
y*P(Xo) = 0. O

The next lemma can be easily verified.

Lemma 3.3 Let P(\) be a matriz polynomial of degree k as in (1.1), let Ao € C,
and let P;(\) and P*(X), i =0 : k, be the matriz polynomials defined in (3.2) and
(3.4). Then,

125 (M) |2 [1P* (o) |2 < max {]|A; 2} Do, i=0:k
. =

We close this section with two combinatorial lemmas that will be used later
in the proofs of our main results. In the statement of the first lemma we use the
following concept: Let H = (H;;) be a k x k block-matrix with H;; € C™*™. The
block-transpose of H is the matrix H? := (Hjs), i.e., the block-transpose of H is
the block-matrix whose block-entry in position (i, j) is Hj;.

In the following lemma and throughout the paper we will use the following
notation:

max{l, [[ A2} := max{l, max {[|Aif|2}}

Lemma 3.4 Let P(\) be an n X n matriz polynomial of odd degree k as in (1.1),
let P;(M\), i =0:k, be the Horner shifts defined in (3.2), and let

k—
2

AB(N) = N T L A T PLOA T L, AT P3(A), o A, A2 (N), L], (3.5)

where AP ()\) denotes the block-transpose of A(\) when viewed as a k x 1 block-
matrix whose blocks are n X n. Let Ao € C. Then,

IAQ0) 2, 147 (No)ll2 < v/d1 (o) max {1, [[Ail2}, (3.6)
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where
k—1

2 % k—r
di(ho) =D Mo+ <(k—2r+1)Z|)\0|25>. (3.7)
r=0 r=1 s=r

Proof Let Ao € C and 0 # = € C". Taking into account the definition of A(\), we
get

ho1 ko1
1ARO)ZIIE = Pol* l[2l3 + D Xol*" [ Pe—zr (Mo)zI3 (3:8)
- .
<UD PP+ ol Pe—ar (M) 3 ] 13- (3.9)
r=0 r=1

By Lemmas 3.3 and 3.1, we obtain

- 2
|A(No)z||2 o o k—2
W ZMOI +Z\Ao| max{l4dlz} 3 ol
T 2 k—r
2r 2 ‘ )
;‘)\(ﬂ +;<(k—2r+1);|)\0 ) }2%?,2{17”1‘1@”2}

= d1 (o) max {|| Ai|2, 1}*.
Since [|A(Xo)[l2 = sup, g %, the result for A(Ag) in (3.6) follows. In order

to show that the result is also true for AP (\g), notice that
1AZ(Ro)ll2 = 1147 (ho)"I2
and AB(X\g)* is the block-vector A(Xg) associated with P(\)* = Zf:o M AF. Thus,

145 (No) Iz < \/ds (Ro) max {1, |1 421

Since d1(Xo) = d1(Xo), the result follows. O

Lemma 3.5 Let Ao € C be nonzero and let k > 3 be a positive odd integer. Let
di(N) be as in (3.7). If |ho| < 1, then

k+1 k—1)3
( ) |)\O|2-

di(h) < —+ (3.10)

Proof Assume that |Ao| < 1. Then,

k—1

T2 k—r (k _ 1)2 k—1
> ((k: —2r+1)) |>\o|28) < > ol*
r=1 s=r s=1

k— 1) e . k—1)3
_ G-l 7 ) ol D o2 Si( 5 ) RY
s=1

Thus, from (3.7), (3.10) follows. O
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4 The block-symmetric linearization 7p(\).

In this section we present the block-symmetric linearizations of a matrix polyno-
mial P(\) that are the focus of this paper. Here and in the next section we only
consider matrix polynomials P()) of odd degree k > 3.

The family of generalized Fiedler pencils (GFP) associated with a matrix
polynomial P(X) was introduced in [3,11]. The following block-symmetric block-
tridiagonal GFP associated with an n x n P(\) of odd degree k was presented in
[3, Theorem 3.1]:

AAR + A1 —1In 0 ]
—1In 0 A,
An My o+ Ap_g —In
—I, 0
Tr(\) == . L)
AAs + Ay —1,
—1In 0 Ap,
L 0 AMp AA1 + Ao

Notice that, after permuting some block-rows and block-columns, the pencil
Tr (M) becomes the block Kronecker pencil Of (\) in [8] given by

M(X; P)|[ K (M)

where

—In A,

A + Ag—1 AR

M(xP) = K = "
AA1L+ Ao ' 7[' AL

Also, the following block-symmetric block-tridiagonal pencil associated with
an n X n P(X\) of odd degree k was introduced in [33, formula (5.1)] :

RP()\) = SRTPO\)RS (4.2)
where
In
R:=| . |ecm (4.3)
In
and S is the k x k block-diagonal matrix whose (¢, 7)th block-entry is given by

—I,if 1 =0,1 mod 4,

I, otherwise. (4.4)

S(i,1) = {
Thus, Rp(A) is just Tp(\) after reordering some block-rows and block-columns
and adding some minus signs.

Because of the simple relationships between Tp()), Rp(A) and OF ()), it can
be proven that these three pencils have exactly the same properties with respect to
conditioning of eigenvalues and backward error of approximate eigenpairs. Thus,
in the rest of the paper, we focus only on Tp(\).
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It is known [11] that, for any matrix polynomial P()) of odd degree k, the pencil
Trp(A) is a strong linearization of P(\). As mentioned in the introduction, this
linearization has several attractive properties. In particular, it is easy to recover
an eigenvector of P(\) associated with an eigenvalue Ag from an eigenvector of
Tr(A) associated with the same eigenvalue, as we show next. We start with a
technical lemma that will be useful for this purpose. Here and in the next sections,
we denote by e; the ith column of the identity matrix of appropriate size for the
context.

Lemma 4.1 Let P()\) be a matriz polynomial of odd degree k as in (1.1) and let
Tr(X) be as in (4.1). Then,

Tr(NAN) =ex @ P(N), and APN)Tp(\) =ef @ P(N), (4.5)
where AB(N), as in (3.5), denotes the block-transpose of A(N).
Proof Let Tp(A) =: ATi — To. Using (3.3), a direct computation shows that

[ AT RN (AT P ]
k=l g k=1
Az M, Az I,
k-1 4 _ R T
A2 TPy A2 Py())
A2 AL
TiAN) = |22 | and ToAN) = |2 |,
AP,_s(\) NP, _s()\)
I VS
| Pe—1(N) L —4o |

where P;(X), i = 0 : k, are the Horner shifts defined in (3.2). Taking into ac-
count (3.3) again and the fact that Py()\) = P()\), the first claim in (4.5) fol-
lows. The second claim in (4.5) follows easily from the first claim by noting that
(TP(N)AN)E = AB(\)Tp()), as the ith block-row of Tp(\), with 4 even, just
contains blocks of the form 0, I,,, and A\I,, and this type of blocks commute with
P;. O

Note that the equations in (4.5) are a particular case of equation (2.11) in [23]
(where the homogeneous approach is considered).

The following theorem follows from Lemma 4.1 using arguments similar to
those in the proof of Theorem 3.8 in [31].

Theorem 4.1 Let P(\) be a regular matriz polynomial of odd degree k as in
(1.1). Assume that Ao is a finite eigenvalue of P(\). Let A(M\) be as in (8.5). A
vector z is a right (resp. left) eigenvector of Tp(X) associated with Ao if and only
if z = A(Xo)z (resp. z = (AP(Xo))*y), for some right (resp. left) eigenvector x
(resp. y) of P(X\) associated with Xo.

Proof Taking into account Lemma 4.1, we have
Te(AN) ANz = (e, ® P(A)z = e, @ P(N\)x.

Clearly, if {z1,...,zm} is a basis of the eigenspace associated with the eigen-
value Ao of P()), then the vectors A(Xo)z1,..., A(Xo)xm are linearly indepen-
dent and, since Ao has the same geometric multiplicity as an eigenvalue of P())
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and as an eigenvalue of Tp(A), because Tp(A) is a linearization of P(A), then
{A(Xo)z1,...,A(Xo)zm } is a basis of the eigenspace associated with the eigen-
value Ao of Tp(A). Thus, a vector z is a right eigenvector of Tp () associated with
Ao if and only if it is a linear combination of A(Xo)x1,..., A(Xo)xm, that is, it is
of the form A(Ag)x for some eigenvector x of P(\) associated with Ag.

The proof for the left eigenvectors is similar. a

We close this section with two results that will help us study the numerical
performance of Tp(\) in the next section. The next lemma, which can be easily
proven, allows us to focus on eigenvalues of modulus not greater than 1.

Lemma 4.2 Let P()\) be a matriz polynomial of odd degree k as in (1.1) with
Ao # 0. Then,

1
Tp(\) = ADRTrevp <X) RD,
where R is as in (4.3) and
D = diag(In, —In, In, —In, ..., In). (4.6)

Moreover, z € C™ is a right (resp. left) eigenvector of Tp()\) associated with a
finite, nonzero eigenvalue o if and only if RDz is a right (resp. left) eigenvector
of Trevp () associated with the eigenvalue %0

The following result gives an upper bound on the spectral norm of the matrix
coefficients of Tp()\), improving the one obtained by using Proposition 3.1.

Proposition 4.1 Let P(\) = Zf:o A \" be an n x n matriz polynomial of odd
degree k and Tp(A) =: XTi — To be as in (4.1). Then,

73z, 1 Tollz < 2 max {1, | Adll2}.

Proof Let z = [z1,.. ., zk]B be a nonzero k x 1 block-vector partitioned into n x 1
blocks. Then, defining zp := 0, we have

k—1 k—1
5 5

ITizl3 = lz2ialls + D llz2s + Ax—2izaital3
i=1 i=0

k—1 k—1

= =
Z ||22i+1||% + Z (||z2z||§ + ||Ak—2i2'2i+1H§ + 2HzZi”2”Ak—2iz2i+l||2)

i=1 1=0

IN

k—1

k 2
2 2 2 2 2
max {1,143} | D 12013 + 37 (lz2ial3 + 2max{llzzill3, | 22041113} )

<
i=1 =0
k-1
2
< max {1, [| 4|3} (2|23 + 2 > max{||z2il|3, || z2i+1113})
1=0:k —o

< 4 max {1, || Ail2}]12]2.

The proof for Tp is analogous. O
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5 Conditioning and backward error of eigenvalues of 7Tp(A).

Let P(\) be a matrix polynomial of odd degree k as in (1.1) with Ag # 0 and let
Tp(A) be the linearization of P(\) defined in (4.1). In this section we present the
main results in this paper, Theorems 5.1 and 5.2, concerned with the comparison of
the conditioning of eigenvalues and the backward error of approximate eigenpairs
of Tp(A) with, respectively, the conditioning of eigenvalues and the backward error
of approximate eigenpairs of P()).

In the statements of our main results for 7p(\), we assume that the poly-
nomial P(\) has been scaled by dividing all the matrix coefficients of P(\) by
max;—o:x{||Ai|[2}. To scale a polynomial in this way is a standard practice when
using linearizations whose matrix coefficients, seen as block-matrices, have nonzero
blocks equal to the matrix coefficients of P(\) and blocks equal to 1, to avoid
the unbalance in terms of norms of the £1,, blocks and the blocks equal to matrix
coefficients of P(X) [44]. Linearizations of this type include the famous first Frobe-
nius companion form and also the 7p(A) linearization considered in this work.
From the point of view of computational cost, it would be more convenient to di-
vide by max;—o.x{||4:||F}, which leads to the same bounds up to some moderate
dimensional constants.

We next state and discuss Theorems 5.1 and 5.2, which will be proven in
Sections 5.1 and 5.2, respectively. We use the notation for P(X) in (1.1) and we
define the parameter

1
PL= nin{ [ Ax 2, [Aoll2}

(5.1)

Theorem 5.1 Let P(A) be a reqular matriz polynomial of odd degree k > 3 as in
(1.1) with Ag # 0 and max;—o.,{||As||2} = 1. Assume that \o is a simple, finite,
nonzero eigenvalue of P(\). Let p1 be as in (5.1). Then,

Kra(Ao, Tp) 3 Krr (Ao, Tp) 3
< —T -2 <K -1 1< ———22 . 2
- Kura()\pr) - (k ) ’ - "frr()\OyP) < 2k o (5 )
Moreover, if min{|Aol, ﬁ} < 715, then
K/'ra()\O, TP) K/TT(AO, Tp)
— s <2k, ————~ < 4kp;.
kra(00, P) = k(o P) —

From Theorem 5.1 we conclude that, up to a dimensional constant, krq (Ao, Tp) =
Kra(Ao, P), which implies that 7p(\) presents optimal behavior in terms of eigen-
value conditioning in the relative-absolute case since the sensitivity of eigenvalues
is the same in P(\) and in 7p()\). We note that the condition number of any
simple, nonzero, finite eigenvalue of P()) is close to the condition number of the
same eigenvalue of Tp(\) with no restriction on the modulus of Ao, in contrast
with what happens to the first and last pencils D1 (X, P) and Dy (X, P) in the
standard basis of DL(P), which only present good condition number ratios when
[Ao| > 1 and |Ao| < 1, respectively. In the relative-relative case, if the norms of
the matrix coefficients of P(\) have similar magnitudes, all the comments above
for the relative-absolute case apply as well.
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Remark 5.1 As we will see from the proof of Theorem 5.1, if we do not assume
that P()) is scaled so that glzg)]i{||Ai||2} = 1, we have

fira()\O,TP) Hrr()\O,TP)

Lral20: TP < (b — 1)3 < 220 TP < op 5.3
S ol P) = ( )u1, p2 < O, P) = 2E (5.3)
with
= max {1, max;—o.x {||A]|3}} = max{1, maxi—o.x {[| 43} } (5.4)
gg?}i{“AiHQ} ’ min{[|Ag|l2, | Aoz}

min{max{1, [[Ax|2}, max{1, || Aoll2}}

max;—o {1 Ai])2) (5:5)

p2 =

Next we consider the behavior of Tp(\) in terms of backward errors of ap-
proximate right eigenpairs. Since, for not extremely large values of nk, the algo-
rithm QZ, combined with adequate methods for computing eigenvectors [37], is
used to compute the eigenvalues and eigenvectors of a linearization of P(\) and
this algorithm produces small backward errors of order unit-roundoff, if we prove
that nrq(z, Ao, P) (resp. nrr(x, Ao, P)) is not much larger than n.4(z, Ao, Tp) (resp.
Nrr (2, Ao, Tp)) (where (z, A\o) denotes an approximate right eigenpair of 7p(\) and
(z, Ao) denotes an approximate right eigenpair of P()) obtained from (z, Ao) in an
appropriate way), we ensure small backward errors for the approximate right eigen-
pairs of P(\) as well. Note also that, for eigenvalues and eigenvectors computed
with some structured algorithms, 7,4 (2, Ao, Tp) (resp. nrr(2, Ao, Tp)) is also of or-
der unit-roundoff most of the times, although there is not a formal proof of this fact.
This happens, for instance, if P()) is real symmetric and a combination of the algo-
rithms in [5,40] is used for computing the eigenvalues/eigenvectors of the real sym-
metric pencil Tp(A). In these situations if we prove that n,.(x, Ao, P)/nr(2, Ao, Tp)
is moderate we ensure small backward errors for the approximate eigenpairs of
P(X) as well. This discussion motivates the next theorem, in which an upper
bound for the ratios % and % is established. Note that Theo-
rem 5.2 only deals with right eigenpairs. The result for left eigenpairs is similar
and is omitted for brevity.

Theorem 5.2 Let P(\) be a matriz polynomial of odd degree k > 3 as in (1.1)
with Ao # 0 and mfg)lcc{HAiHQ} = 1. Let (z,Xo) be an approzimate right eigenpair
1=0:

of Tp(N\), = (e ® I)z if [Xo| > 1 and & = (e} ® I)z if |Xo| < 1. Then, (x, Xo)
is an approzimate right eigenpair of P(\) and

Hral2, Mo, P) Il e, 0o, P) 2 |1zl
Arax® 207 ) < /o(k — 1)3 , < 2V2k> . 5.6
ez 0 Tr) = VEE T R ez e T S el 59

Moreover, if min{|Ao|, ﬁ} < 15, then

Ura(%AOvP) ||ZH2 nrr(x’)‘ovp) ”2”2
2ral®, 20, 7)o /202 < 4k . 5.7
a0 T7) = 2V 2l ez ey = VR 67
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Remark 5.2 In this remark, we investigate the quotient ”;Hz appearing in The-

orem 5.2 assuming that z and x are exvact eigenvectors. The goal is to provide
some guidance on the expected values of the bounds obtained in Theorem 5.2,
although this guidance needs to be taken with extreme caution since the approxi-
mate eigenvectors may be very different than the exact eigenvectors, especially in
ill-conditioned problems.

From Theorem 4.1, z’ is a right eigenvector of P()) associated with the eigen-
value \o if and only if z = A(Xo)z’ is a right eigenvector of Tp () associated with
Xo. From Lemma 3.4, for z = A(\o)z’ (which implies 2’ = (e} ® I,)z), we obtain

V]V

121l

< di(Xo) gg?,i{\\AiHm 1}%,

DN

[
where d1(Xo) is as in (3.7). If [Ag| < 1, from Lemma 3.5, we have

[ElE: k+1 , (k—1)° 2
< m A
2 + 2 i:g:)l{c{l’ 14l

implying

1 3
—k-= 1, ]| Asll2}-
If [Ao| > 1, taking into account Lemma 4.2, the right eigenvectors of Treyvp(\) asso-
ciated with the eigenvalue /\% are of the form RDz, where z is a right eigenvector

of Tp(\) associated with Ag. From Theorem 4.1, (e{ ® I,,)RDz is an eigenvec-

tor of revP(\) associated with the eigenvalue /\io, that is, an eigenvector of P(\)

associated with Ag. Thus, from the calculations above, we also have

[[2]]2 |RDz||2 1 s
= < —k2 max{l, || Ail|2}-
(el @ In)z|l2 [[(ef ® In)RDz|l2 — /2 i:O:k{ 1Al

Thus, if P(\) is scaled so that max;—o.x{||4:]]2} = 1, we obtain

[EIE:
[[]|2

1 s
—_— 2
V2o
where z = (e} ® I,)z if [Xo| < 1 and = = (e] ® I.)z if |Xo| > 1. If we assume

that an approximate right eigenvector z has a block structure similar to that of an

exact right eigenvector of 7,()), then we can expect that the bound given above

| E2(ES
llll2

QA

for the quotient appearing in Theorem 5.2 still holds and it is close to 1 for
moderate k.

Note that, when the matrix coefficients of P(\) have similar norms, then p; ~ 1
and the bound on the quotient of relative-relative backward errors in Theorem 5.2
is expected to depend only on k. This happens for the quotient of relative-absolute

backward errors for any P(\) with 'IEgJ?li{”Ai”Q} =1.

From Theorem 5.2 and Remark 5.2 we conclude that, up to a constant de-
pending on the degree of the matrix polynomial, we can expect nrq(z, Ao, Tp) =
Nra(z, Ao, P), when z is recovered from z as explained in Theorem 5.2, which
implies that 7Tp () presents optimal behavior in terms of backward error in the
relative-absolute case, that is, the same behavior as the polynomial itself. In the
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relative-relative case, if the norms of the matrix coefficients of P(\) have similar
magnitudes, assuming that max {||Ai|l2} = 1, the backward error of an approxi-
1=0U:

mate eigenpair of P()) is close to the backward error of the corresponding eigenpair

of Tp(N).

Remark 5.8 As we will see from the proof of Theorem 5.2, if we do not assume
that P(\) is scaled so that IE%?,(C{HAI'HQ} =1, we have

nra($7A0aP) < 2([6'* 1)31// ||Z||2 n"””‘(x7)‘07P) < 2\/5]{52111 ||Z||2

Mra(z, X0, TP) ~ Hizllz” mer(z, 20, Tp) = [E4[P
where
. max{1, max;—o.. {||As[|3}} by = max{1, max;—ou{|| 4[5} }

max {[|Ai[2} min{||Ag|l2, | Aol|2}

Note that Theorems 5.1 and 5.2 hold with no nonsingularity restrictions on the
matrix coefficients of P()), in contrast with the analogous results for the block-
symmetric linearizations D1 (A, P) and Dy (A, P) (see [23,24] and Section 6).

In the rest of this section we use the notation introduced in Sections 3 and 4.

5.1 Proof of Theorem 5.1

We start with a lemma in which we give explicit expressions for the two consid-
ered condition numbers (relative-absolute and relative-relative) of a simple, finite,
nonzero eigenvalue A\ of the linearization 7p(\) of a matrix polynomial P()) of
odd degree.

Lemma 5.1 Let P(\) be a regular matriz polynomial of odd degree k as in (1.1).
Assume that Ao is a simple, finite, nonzero eigenvalue of P(\) with left and right
eigenvectors x1 and x2, respectively. Let Tp(\) =: AT1 — To. Then,

max{||7il2, | Toll2} (Aol + DA (No)*z1[l2]| A(No)z2]|2
[Aol|z} P’ (Xo)w2| ’

ol 7ill2 + [ Toll2) 1AP (Mo)*z1 [l2[| A(No) 2|2
[Aol[x} P’ (Xo)w2| ’

fi'ra()\O;TP) - (58)

KTT(AO’TP) = (
where A(X) is defined as in (3.5).

(5.9)

Proof Differentiating the first equality in (4.5), we get
TN AN) +Te(N)A (N) = ex @ P'(N). (5.10)

By Theorem 4.1, the vector z; = AB(X\o)*xz1 is a left eigenvector of Tp () associ-
ated with Ao and z2 = A(Xo)x2 is a right eigenvector of Tp () associated with Ao.
Evaluating the expression (5.10) at Ao, premultiplying by 27, and postmultiplying
by z2, we get

21Tp(M0)(A(No)z2) = 21 (ex © P'(Xo)x2),

or, equivalently,
21 TH(Xo)z2 = 23 AP (o) (ex @ P (Mo)w2) = o P (Ao)za.
Now (5.8) and (5.9) follow from (2.2) and (2.3). O
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The following lemma will allow us to only consider eigenvalues Ao such that
|Xo| < 1 when proving Theorem 5.1.

Lemma 5.2 Let P()\) be a regular matriz polynomial of odd degree k as in (1.1)
with Ao # 0, and let Ao be a simple, finite, nonzero eigenvalue of P(X\). Then,

1
Ao

1

/fra(/\O7TP) = Kra ( 77;evP> y K/rr(/\OyTP) = Kpr <)\7,7;evP> .
0
Proof Let Tp(A\) =: XT1 — To. We prove the second claim. The first one can be

proven similarly. From Lemma 4.2,

L

Trevp(A) = ARDTp ()\

> DR = RD(Ti — ATo)DR =: AT1 — To. (5.11)

Moreover, if y and x are, respectively, a left and a right eigenvector of Tp(X)
associated with Ao, then § = RDy and £ = RDx are, respectively, a left and a
right eigenvector of Treyvp (M) associated with 1/Ag. Then, taking into account (2.3)
and the fact that the spectral norm is unitarily invariant, we have

1 (|5 17ill2 + [ Toll2) 17ll2 1%l
Royr rvﬂevP = 1 .
0 ‘,TO‘ |7 ThZ|
_ (7all2 + IAolllﬁII2)||§||2llillz _ I7oll2 + [AollITal2) Iyll2llzll2
|7 1| ly*Toz|
(I 7ollz + Aol Tall2)yll2]l=(l2
= = Rrr A ,T )
PollyTial frr{20, Te)

where the equality before the last equality follows from the fact that (Ao71—70)x =
0. O

Proof of Theorem 5.1. Let x1 and x2 be, respectively, a left and a right eigen-
vector of P(\) associated with Ag. First we compare £rq (Ao, Tp) with £rq (Ao, P).
Taking into account Lemmas 2.1 and 5.2, we assume |\o| < 1, as otherwise we
replace P(\) by revP(\) and Ao by )%0 From (2.2) and Lemma 5.1, we have

kra(Ao, Tp) _ max{||7i]l2, | 70ll2}(1ho| + DI A% (o) z1l2[| A(Ao)2]l2

5raO0, P) mi ([ A2} (S Aol ala2] o1
By Proposition 4.1, we get
1752, I Tollz < 2 mae {1, [ s (5.13)
Moreover, by Proposition 3.1,
maxc{[| i 2, | ollz} > max{l|Asll2}.
Thus, from (5.12) and the inequalities above, we get
PNl +1_  raQo, Tr) 2max L, [ Aillz}xo) 41 O (5.14)

= < -Qr
S Aol Kra(Xo, P) — maxi—o:e{[|Asll2} S°F_ Ao
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where
AB (o) A\
Qr = 1270 @1l A0z )4 (34) 1| AP (o) |2 < s (ho) mave {1, 1 sl 3},
llz1l2|lz2]|2 =0k
(5.15)
with d1(Xo) as in (3.7). Note that the last inequality follows from Lemma 3.4.

We continue by computing the upper bound for % Taking into account

Lemma 3.5, and since |Ao| < 1, we obtain, for k > 3,

A 1 A 1 (k+1 (k—1)3

o ol Sio ol N 2
_ (k= 1* (Dol + (L + o)
B 2 Zf:o [ Aol
_ (k=P olt (k=1
2 Yol T2
A better bound for %cﬁ (Ao) can be obtained when [Ao| < 2. Taking
into account Lemma 3.5, we have d1(\o) < k, implying that
A 1
ol 1) <.
Zi:o [ Aol
Taking into account (5.14), (5.15), the previous upper bounds for %dl (Mo)
i=0

and the fact that we are assuming that max;—¢.x{||4:||2} = 1, the upper bound
part of the theorem follows for the ratio of relative-absolute condition numbers.
Now we compare krr(Ao, Tp) with Krr(Ao, P). Again we can assume |Ao| < 1.
From 2.3 and Lemma 5.1, we have
krr(A0, Tp) _ (Polll Tall2 + [ Toll2) 1A% (Ao) @1 [[2]| A(No)z2|2

Krr(Xo, P) (8o olilAill2) |21 |2 /|22l

By Propositions 3.1 and 4.1, and taking into account that each of the matrix
coefficients of Tp(\) contains an identity block, we get

(5.16)

([Ao] 4 1) min{max{1, [[Ax|l2}, max{1, [ Ao[|2}} <
PolllTall2 + I Toll2 < 2(|Ao] +1) max {1, || Asf|2}.
(5.17)

We also have

k
> ol Adllz > [[AkllzlXol® + [ Aoll2 > minf|Akllz, [|Aoll2}(|Xo[* +1).  (5.18)
=0

Thus, from (5.16) and the inequalities above, we get

ol o Q0 Te) _, BRI )
S ool o7 S K (o, P) - min{ [ Ax]lz, [Aoll2} holF + 1

Qr, (5.19)

where p2 is as in (5.5) and Q7 is as in (5.15).
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We now focus on the upper bound for %"Ofg’)) Taking into account Lemma
3.5, and since |Ag| < 1, we obtain, for k > 2,
| Aol +1 3
————d1(Xo) < 2d1(No) < K°.
DoF 11 1(Ao) < 2d1(Xo) <
A better bound for %dl (Ao) can be obtained when |Ag| < 2. Taking
into account Lemma 3.5, d1(X\o) < k, implying that
[ Aol +1
————di (o) < 2k.
olF 1 1(Mo) <

Taking into account (5.19), (5.15), the previous upper bounds for I‘;;Ullkj_ll d1(Xo)
and the fact that max;—.x{1, ||4i||2} = 1, the upper bound part of the theorem
follows for the ratio of relative-relative condition numbers.

Next we show the lower bounds for both ratios krq (Ao, Tp)/kra(Mo, P) and

Krr(Ao, TP)/krr (X0, P). From the definition of A()\) in (3.5) we get

k—1
[AB (Xo)*z1 2l A(N0)z2]l2 = [T AP (No)ll2[| A(No)2ll2 > |z ll2]lzall2 Y | [Aol*".
r=0
Thus,
k—1
Aol + 1 Aol +1) 3.2, [Aol*”
Dol +1 o (ol £ DT E ol _
Zi:o [ Aol Zi:o RYIK
and the result follows from (5.14) and (5.19). O

5.2 Proof of Theorem 5.2
The following lemma will allow us to only consider eigenvalues Ag such that |Ag| <
1 when proving Theorem 5.2.

Lemma 5.3 Let P()) be a regular matriz polynomial of odd degree k as in (1.1)
with Ao # 0, and let (2, X0) be an approzimate right eigenpair of Tp(N\), with
Ao # 0. Then, (RDz, %0) is an approzimate right eigenpair of Trevp(N) and

1
Ao’
where R and D are as in (4.3) and (4.6), respectively.

Proof Let Tp(A\) =: AThi — To and let Trevp(N) := AT1 —To. Note that (5.11) holds.
Then, from (2.4) and Lemma 4.2,

nra(za )\07 TP) = MNra (RDZ,
Ao

1
7;evP> ) 777"1”(27 )\0; TP) = Nrr (RDZ, 777;evP) 5

Nrre <RDz,/\i,7;evp) = ”7~;CVP(>%0)~RDZH2 _ ||#TP()\O)~Z||2
0 (| Il + 1 Toll2)IRDzl2 (|5 | IITillz2 + 1 Toll2) 1212

_ TP (Ao)zll2
(I Tollz + Aol I Tall2)II=]l2

1 1
Ao Ao

= 777“7“(257 )\OaTP)-

The result for the relative-absolute case can be proven similarly. a
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Proof of Theorem 5.2. Let (z,\o) be an approximate right eigenpair of
Tp(A) := AT1 — To and assume that |[Ao| < 1. Let = := (e} ® I,)z. Note that

(z,A0) can be seen as an approximate right eigenpair of P(\). First we show the
upper bounds in (5.6). We have

P(Xo)z = P(\o)(er @ In)z = (e} ® P(Xo))z = AP(Xo)Tp(No)z,

where the last equality follows from Lemma 4.1. Thus,

Mra(z, Mo, P) [ P(Mo)z||2 ~max{||Till2, [[Toll2} (1 + [Ao|)|2]l2
Mra (2, Ao, Tp) rglg?,g{llAilb}(Zf:o|>\0|i)||$||2 7P (R0)z]2
<« IA%Q0) 2l Te(o)zlla max{|[Till2, [ Toll2} (1 + [AoD|2ll2
h gg?;c{llAillz}(Zf:o|>\0|i)||x||2 17p(Xo)z|2
_ 145 (0) |2 max{[|T1[l2, || Toll2} (1 + [Ao]) _ [2]l2
max {[| As[|2} Yo Xl ]2

i A R W EI
. k .
gg:)lic{”AZ”Q} > iz ol [E4[P

145 (Xo) 2, (5.20)
where the last inequality follows from Proposition 4.1. By Lemma 3.4, we have
1A% (o2 < Vdi(Ao) max {1, [|A;]|2},

where d1 () is as in (3.7). Taking into account Lemma 3.5, since |Ao| < 1, we have,
for k > 3,

(ol + 102 (B2 4 05 )

A 1
&1 /dl(/\o) <

Yiso ol Yiso ol
<i¢%—1ﬁvﬂNﬂ+D%l+Md%
B o ol
(k=13 32 dol’ _ [(k=1)?
D D UL

Thus, the first upper bound in (5.6) follows by combining the two previous bounds
with (5.20).

Similarly,
e (@, 20, P) [P(Ao)z(l2  (ollITall2 + [ Toll2)ll 2112
(2,20, TP) (25 hol?l|Aill2) |22 17 (A0)zll2
< 1A% Q)20 Tr(o)zll2 | (1RolllTill2 + 1 Toll2)|21l2
T (i PolfllAdll2) 1212 1T (Ao)zll2
_ 1AB Q)2 XollITill2 + [ Toll2) | [I=ll2
S o Aol Al l[=ll2

max;=0:x{1, [|Asill2} [Mo|+1 ||z||2
min{||Ax|l2, [[Aoll2} [Xo]® + 1 [|z]|2

1A% (o) |2, (5.21)
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where the last inequality follows from (5.18) and the second inequality in (5.17).
Moreover, since |Ag| < 1, we have, for k > 3, using again Lemma 3.5,

Aol +1 |Ao| 4+ 1 \/k+1 (k 1)3 32
-/ < 2 <
[XolF +1 d1(Ro) = Mor 1V 2 T Pof? < V2K

Thus, the second upper bound in (5.6) follows by combining the previous bound
with (5.21) and the bound for ||AB(\o)]|2 in Lemma 3.4.

If [Ao| < £27, a better bound can be obtained. In this case,
A 1 A 1
Dol L oo < vE L a0 <ovE,
SF o Aol [AolF +1

implying the upper bounds for the ratios of backward errors in (5.7).
Now suppose that |Ag| > 1. From Lemmas 2.2 and 5.3, we have

ner((e] @ 1)z, Mo, P) ner((ek ® In)RDz, =, revP)
nT’f‘(za)‘Oan) nrr(RDZ, o’ revP) ’

Taking into account Lemma 4.2 and since |/\i0| < 1, by the part of Theorem 5.2
already proven, we have that

Urr((ek ®I )RDZ, o ,revP) _ 2\/§k3/2 ||RDZ||2 )
nTT(RDz7 To’ revP) ||(€g ® In)RDZ”Q

(et & In)2ll2

A similar observation applies when the relative-absolute backward error is consid-
ered.

6 Conditioning and backward error of eigenvalues of D; (A, P),

Di(X, P) and C1()\)

In this section we present results analogous to Theorems 5.1 and 5.2 for the lin-
earizations D1(\, P), Dg(X, P) (which are the first and the last pencils in the
standard basis of the vector space of block-symmetric pencils DL(P) introduced
in [31]), and for C1 () (called the first Frobenius companion form, and which is the
linearization used by default by MATLAB when solving a polynomial eigenvalue
problem). We introduce formally these pencils below. We note that some of the
claims in the results presented in this section were previously obtained in [23] and
[24]. We include them for completeness with the goal of comparing the condition-
ing and backward error of the eigenvalues of Tp(\) and those of the linearizations
Di(\, P), D(\ P), and C1(\), and of discussing the advantages of 7p(\) over
these linearizations. With respect to the conditioning, we give some improvements
on the bounds proven in [24], which allow us to obtain a more accurate comparison
of the different linearizations.

We start by recalling the definition of the pencils that we are considering in
this section. The reader can find more details in [25,31].
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Let P(A) be a matrix polynomial of degree k as in (1.1) and assume that k& > 2.
We have

Ay
—Ag—1 —Ag—2 -+ —A1 Ao
—Ap2 —Ap_3-- —Ao —Ap g —Ap_3-- —Ag 0
Di(\,P) =\ —Ap—g —Ap—a - 0 J_| . :
o 0 o — Ao 0 - - 0
T I
0 - Ay Ap_q k k-1
Di(A, P) := A T - : ;
o A Ae A
Ak A2 Al k 3 2 ‘—AQ
Ay —Ap_1 —Ag_2 -+ —Ao
I, In 0 oo 0
Ci(A) = A . — i i
In 0 I, O

We emphasize that C1()) is the very well-known first Frobenius companion
form, which is fundamental in the theory and in the numerical computations of
matrix polynomials [20]. The block-symmetric pencils D1 (A, P) and Dy (A, P) have
been thoroughly studied recently in [9,23-25,31,32], although they were intro-
duced as early as in [28].

When comparing the conditioning of eigenvalues and the backward error of
approximate eigenpairs of a regular P(\) with those of any of its linearizations
Di(A\, P), Di(X, P) and C1()), the next two lemmas will be useful since they
provide a way to recover an eigenvector of a matrix polynomial P()) from an
eigenvector of D1(\, P), Di(\, P) and C1(A). We will use the following notation:

A =[] 6.1)

Lemma 6.1 [31, Theorems 3.8 and 3.14] Let P(\) be an n x n reqular matriz
polynomial of degree k and Ao be a finite eigenvalue of P(X). Let L(A) = D;(\, P),
with i € {1,k}, be a linearization of P(\). A wvector z is a right eigenvector of
L(X) associated with Ao if and only if z = A(Xo) ® x for some right eigenvector
x of P(\) associated with \o. Similarly, a vector w is a left eigenvector of L(X)
associated with Ao if and only if w = A(Xo) @y for some left eigenvector y of P(\)
associated with Ao.

Lemma 6.2 [2/, Section 1 and Lemma 7.2] Let P(\) be an n X n reqular matriz
polynomial of degree k and Ao be a finite eigenvalue of P(X). A vector z is a right
eigenvector of C1(\) associated with Ao if and only if z = A(Xo) @ x for some right
eigenvector x of P(X) associated with Ao.

A wector w is a left eigenvector of C1(\) associated with Ao if and only if
w* =y [In, P1(Xo), ..., Pk—2(Xo), Pe—1(X0)], for some left eigenvector y of P(X)
associated with Ao, where P;(A) is as in (3.2). Thus, if w is a left eigenvector of
C1(N\) with eigenvalue Xo, then y = (el @ I)w is a left eigenvector of P(\) with
eigenvalue Ag. Moreover, any left eigenvector y of P(\) with eigenvalue Ao can be
recovered from some left eigenvector w of C1(\) by taking y = (e] ® I,)w.
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6.1 Conditioning and backward error of eigenvalues of D1 (A, P) and Dy(\, P)

Next we recall some well-known results on the conditioning of eigenvalues and
backward error of approximate eigenpairs of the linearizations D1 (A, P) and Dy (X, P)
of a regular matrix polynomial P()) introduced previously in [23,24]. Moreover,
we sharpen one of the results in [24].

Recall that Di(A, P) (resp. Dg(\, P)) is a strong linearization of a regular
matrix polynomial P(\) as in (1.1) if and only if A (resp. A) is nonsingular.

In [24], it was shown that, for a simple, finite, nonzero eigenvalue Ao of a regular
P(X) as in (1.1) with Ag # 0, the relative-relative condition number of Ag as an
eigenvalue of Di(A, P) (resp. Di(\, P)), when Ag (resp. Ag) is nonsingular, is
close to optimal among the linearizations of P(A) in DL(P), when |Ag| > 1 (resp.
|Ao| < 1), provided that

b max;—o:x{|| Asl|2}
min{||Ag||2, |[Ao]|2}

(6.2)

is of order 1, which happens, in particular, when all matrix coefficients of P(\)
have similar norms. In this case, these optimal condition numbers are close to the
relative-relative condition number of the polynomial itself.

The combination of Theorems 4.4 and 4.5 in [24] provides a lower and an upper
e D) yhen either t = 1 and [Ao| > 1, or t = k and |Ao| < 1, namely,

Krr(Xo, P)
2\/% 1 I'im»()\o Dt) 2
- < ’ <Vk7p“.
(k‘-l—l)p_ K’TT()‘OaP) o r

bound for

Using the same techniques as those applied to compute the bounds in Theorem

5.1, next we deduce sharper bounds for the quotient % than those provided

in [24] and compute lower and upper bounds for %. Based on the results
obtained, we can provide a fair comparison of the linearizations Tp(X), D1(), P)
and Dy (A, P) with respect to conditioning, and explain the numerical experiments
in Section 7 appropriately.

Theorem 6.1 Let P(\) be a regular matriz polynomial of degree k as in (1.1)
with Ao # 0. Assume that \o is a simple, finite, nonzero eigenvalue of P(\). Let
¢ € {1,k} and suppose that Ao is nonsingular if £ = 1, and Ay is nonsingular if
L=k. Let p be as in (6.2). Then,

max{1, ‘)\0|k71}7 ifl =k < Kra(Ao, De) < k2 max{1, |)\0|k*1}7 if L=k,
max{1, M(ﬂ%}’ fl=1 (= Kra(ro,P) — | k*max{l, M%}, if £ =1.

max{1, |Xo[*"'}1, if £ =k, Krr(Ao, Dp) _ k2 pmax{1,|Xo|* '}, if £ =k,
max{l,wﬁ}%, Zf(zl - K/’r’r(>\07p) - kzpmax{l,p\o‘%}, Zf€:1

Proof We only prove the bounds for the quotient of relative-relative condition
numbers. The relative-absolute case can be proven similarly. Let x and y be a
right and a left eigenvector of P()) associated with Ao, respectively. Let A(X) be
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as in (6.1). Let £ € {1,k}, and define D;(\, P) := L{\ — L§. Taking into account
Theorem 3.2 in [24], we have

frr(A0, Do) _ (1MoL 12 + || LolI2) [ AQo)[F

. 6.3)
Krr (Ao, P) Nolm= 3250 1Mol Asl2

By Proposition 3.1 and taking into account that all block-entries of L% and L§ are
either 0 or matrix coefficients of P()\), we obtain

Dol L llz + I1L6ll2 < (Xo| + 1)k max {[|Ai[2}. (6.4)
Thus, from (5.18) and (6.3), we obtain
Ker(Ro, Do) _ k maxi—oud||Aill2} (Mol + 1) 5550 Mol* ST ol’

rrr(o, P) — min{[Akllz, [Aoll2} ~ (Pol® + DPoF=¢ ~ " (olF + DAoF—¢
(6.5)

Clearly, if |Ao| = 1, the upper bound in the statement follows. Now suppose that
|Xo| # 1. We have

"frr()\07D€) < kp ‘>\0|2k —1 _ kip |)\0|k —1
Krr (Mo, P) = 7 ([Ao] = 1)([Ao|* 4 1)[Ao[F~* (IAal = 1)[Ao[F—*
Mol* -1 o max{l, [Xo[F1)
<k <
> Rp |)\0|k74 <kp |)\0|k7é

B k2pmax{1, | Xo|*~ 1}, if £ = k,
) K pmax{1, M%}, if ¢ =1.

Thus, the result for the upper bound in the relative-relative case follows.
Now we show the lower bound in the statement. From Proposition 3.1 and
taking into account the block-structure of Dy(A, P), we obtain

([Xol + 1) min{[| Axllz, [|Aoll2} < Mol L5l + || L6]l2-
Thus, from (6.3),

rrr(Ao, Do) o (Ao + 1) min{|| Ag|l2, | Aoll2} X5y [Xol*
frr(Xo, P) 7 maxion{[| Aill2} Ao lF ¢ 5o [l

IERD vl L {max{1,|)\o|k_l},ifé:k,

P [AolF—¢ Zf:o oli ~ p max{1, Mrﬂ%}’ if{=1. 0O

We notice that the previous theorem implies that, if k is moderate, |Ao| > 1,
and Ag is nonsingular (resp. |A\o| < 1 and Ay, is nonsingular), then rq(Xo, D1) =
Kra(Xo, P) (resp. kra(Ao, D) = Kra(Xo, P)), up to some dimensional constant. In
the relative-relative case, the same conclusion is obtained if, in addition, p =~ 1.
However, if |[Ag| < 1 (resp. |Ao| > 1), the ratio of condition numbers when Ao
is considered an eigenvalue of D1 (\, P) (resp. Dy (A, P)) grows as |Ao| decreases
(resp. increases) in both the relative-absolute and the relative-relative case, even if
p = 1. Thus, D1(\, P) (resp. Dy (X, P)) cannot be used to compute the eigenvalues
with small (resp. large) modulus.
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Remark 6.1 Based on Theorems 5.1 and 6.1, we compare the conditioning of
the nonzero, finite, simple eigenvalues of the linearizations 7p(\), D1(A, P) and
Dy (A, P). We note first that, while we can use Tp(A) to compute any eigenval-
ues of P(\), regardless of their modulus, we are forced to use both linearizations,
Di(A, P) and Dy(A, P), when the matrix polynomial has both eigenvalues with
modulus larger than 1 and eigenvalues with modulus less than 1. This is the case
since Kra(Ao, Tp) = Kra(Xo, P), up to a moderate constant (which is often very
pessimistic) for every Ao, while krq(Xo, D1) (resp. kra(Ao, Di)) can be much larger
than Krq (Ao, P) if |Ao| < 1 (resp. |Ao| > 1). A similar observation applies in the
relative-relative case if, in addition, we assume p ~ 1 (notice that p = p1 when
max;=0:x9{||4i]l2} = 1). We also observe that D1 (A, P) (resp. Di (A, P)) is a strong
linearization of P(\) if and only if Ao (resp. Ag) is nonsingular, contrarily to
Trp(A), which is always a strong linearization of P(A). Thus, it is clear that the
use of Tp(A) presents clear advantages over the combined use of Di(\, P) and
Dy (X, P) for conditioning purposes.

We now recall a result that compares the backward error of an approximate
eigenpair of the linearization Dy(\, P), £ € {1, k}, with the backward error of a
certain approximate eigenpair of P(\). The result for the relative-relative case
was obtained in [23, Corollary 3.11]. A few extra computations show the relative-
absolute case.

Theorem 6.2 Let P(X) be a matriz polynomial of degree k as in (1.1) with Ao #
0. Let £ € {1,k} and suppose that Ao is nonsingular if ¢ = 1, and Ay, is nonsingular
if £ = k. Let p be as in (6.2). Let (z,Xo0) be an approximate right eigenpair of
Dy(\, P), with Ao nonzero and finite. Then, for z; = (e} ® In)z, we have that
(z¢, Ao) is an approzimate right eigenpair for P(\) and

nTG(ZZ:A()aP) < k3/2 ||Z||2 , nTT(ZZ7)‘0:P) < k3/2 HZ||2 . (66)
Nra(2, Ao, Dy) llzell2”  ner(z, Ao, Do) l|zel2

An analogous result holds for left eigenpairs (w*, Xo) of D¢(X, P) by simply replac-
ing z by w and z by we == (ef @ In)w.

Taking into account the form of the right eigenvectors of D1(\, P) and Dy (A, P)
(see Lemma 6.1), and assuming that the approximate eigenvector z has a similar
block-structure, it is expected that, if £ = 1 and |Ao| > 1, or if £ = k and |Xo| < 1,
the approximate eigenvector z; for P()), recovered from the approximate eigen-
vector z of Dy(\, P) as in Theorem 6.2, makes the quotient ||sz2 in (6.6) not

llzell
larger than vk.

Remark 6.2 Based on Theorems 5.2 and 6.2, we compare the backward errors of
Tp(A), Di(A, P) and Dy (A, P). First note that, although Theorem 6.2 is valid for
any value of Ao, an argument similar to the one in Remark 5.2 shows that, for

D1(X, P), the quotient ”“;H”?z in (6.6) is expected to be not larger than vk only

if |Ao] > 1, while for Dy(\, P), the quotient Izl g expected to be not larger

[EAE

than vk only if [X\o| < 1. In contrast, according to Remark 5.2, the quotient IETE:

[EES

appearing in Theorem 5.2 is expected to be bounded by %kS/Q for any value

of Ag. This implies that in the relative-absolute case, 7p () presents optimal be-
havior in terms of backward error in contrast with D;(\, P) and Dy(A, P). In
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addition, observe that, when P(\) is scaled by dividing all the matrix coefficients
by 111%);{||Ai||2}, the parameters p1 and p that appear in the bounds of the quo-

tients of relative-relative backward errors in Theorems 5.2 and 6.2, respectively,
have the same value, which is approximately one for polynomials whose coeffi-
cients have similar norms. Finally, observe that the bounds in Theorem 5.2 and
6.2 have the same dependence on k, that is, K372 Therefore, once P(\) is di-
vided by max {||Aill2}, the use of T,(X) presents clear advantages with respect to

D1 (), P) and Dg (), P) in terms of backward errors, since by using 7,()), for all
approximate eigenvalues, we will get similar backward errors as using D1 (A, P)
for computing the eigenvalues with |A\o| > 1 and Dy (), P), for computing the
eigenvalues with |Ao| < 1.

6.2 Conditioning and backward error of C1(\)

Next we focus on the first Frobenius companion linearization C1(\) of P(X). Note
that, since Ca(X\) = [C1(N)]B, where C1()\)® denotes the block-transpose of C1 ()
and C2(\) denotes the second Frobenius companion form of P(X) [20], any result
that we produce for C () has an immediate counterpart for C2 () (see [24, Lemma
7.1]).

We start by comparing the conditioning of the eigenvalues of C1(A) with the
conditioning of the corresponding eigenvalues of P(\). As far as we know, an
explicit result, valid for any k, is not given in the literature, though the quadratic
case was studied in [24] in the relative-relative case.

Theorem 6.3 Let P()\) be a regular matriz polynomial of degree k as in (1.1) with
Ao # 0 and max;—o.x{||Ail]2} = 1. Let Ao be a simple, finite, nonzero eigenvalue
of P(X). Let C1(\) be the first Frobenius companion linearization of P(\). Let p1
be as in (5.1).

Then,

1 < Hra()\o,C1) < 2k3 1 < HTT(AO,Cl)
vVk+1 ffra()\pr) - ’ vVk+1 K/rr()\mp)

Proof We prove the result for the relative-relative case. The relative-absolute case
can be proven similarly. Let C1(A) := AX1 + Y1. By Lemma 6.2, if y is a left-
eigenvector of P(A) associated with Ao, then

< 2kj3p1.

In
(P1(X0))"
w = . Y,

(Pr—1(Xo))"

is a left eigenvector of C1()) associated with Ag. Taking into account [24, Theorem
7.3], we obtain

Rrr(30,C1) _ lwll2 (ol Xallz + [¥ill2) [AC) 2
00 P)  llullz S ol Al

I
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where A(A) is as in (6.1). By [24, Lemma 7.4], we have

[ X1[l2 = max{1, [[Ax[l2} =1 (6.7)

and
= m A; < |IY < m A; =K. .
1 Z.:Of}ﬁl{la |Aill2} < [[Yall2 <k i:O:EILc)il{L |Aill2} =k (6.8)

Thus, using (5.18), we get

k-1 i
Krr (Ao, C1) < lw||2 |Xo| + K V 2izo [Aol?

- 6.9
frr (0. P) = [lyll> min{ [ Ax 2, [Ao2} ol + 1 (6.9)
Assume that |Ao| < 1. Then,
k—1 k—1
lwll? = w13 + 3 1P o)) w3 < (1 'y ||(Pi(Ao>>*||%> T
=1 =1
2
k—1 1
< |12 2 J
< ma (L IABHwIB [ 1+ 3 32 bl
=1 \j=0
k—1
< i3 2 _ 2j .
< g (L IATEHIB (14 (= DR ol ) (6.10)
2

where the second and third inequalities follow taking into account Lemma 3.3 and
Lemma 3.1, respectively. Thus,

loll3 < max (1, A3} Il [1 + (b~ DR?] < BIwl3. (611

(X0,C1)

From (6.9), we obtain ’ZJ‘(AO P < 2k3p1, when |\o| < 1.

If |Xo| > 1, taking into account Lemmas 3.1, 3.2 and 3.3, we have
k—1 k=1 4
lwliZ = lyl3 + > lly"Peo)li3 = lyllz + D Ix6 "y P* " (o) 13
i=1 i=1

k—1
< yllz + > PP o) 3 11wl3

i=1
. 2
k—1 k—i—1
2 2 2(i—k j
< lyll3 mas {1, [ AilI3} | 14> ol | 37 aol
- i=1 j=0
[ k1 k—i—1
2 . 21—2k+2j
Sllll3 [1+ D (k—i) D ol
i i=1 j=0
[ k—2 ‘
< lyll3 |1+ (k= 1) Y7 o+
j=0

< Nyl [1+ Gk = 1)l 2] (6.12)
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Since |Ao| + k& < (|Ao] + 1)k, taking into account (6.9) and the upper bound for
llwl3/ly]|3 in (6.12), we have

rrr(Ao, C1) _ [lwl2 1 (L+ oDkvEAo[* !
frr(Ro, P) 7 [lyllz min{[| Agll2, [|Aoll2} L+ [of*

= p1kVi/1+ (k — 1)3|)\0\72(1+)\7|)|\0|) < 2k%p;.
0

(X0, C .
%. Notice that |Jw|l2 > |ly|l2. Thus,

from (6.7) and (6.8), and since max;—o.x{||As||2} = 1, we have

Now we find a lower bound for

k—1 i
Frr(X0,C1) o (Mol [ Xall2 + [IVill2) [ Aoz (Aol + 1)/ 220 [Hol?

R0 P) = S ol Al T S ol
VIl D2 ol (ol 1) T o
S ol - INE

k 2 X
. Vim0 Aol SR N2

SE oot V(2R [l?)

Notice that the last inequality holds by Lemma 3.1. a

We now recall a result obtained in [23] regarding the comparison of the relative-
relative backward errors of approximate eigenpairs of C1(\) and P(X). We also
include the relative-absolute result, which can be obtained similarly.

Theorem 6.4 [23, Theorems 3.6 and 3.8] Let P(X) be a matriz polynomial of
degree k as in (1.1) with Ao # 0 and 1113;2{\|Ai\|2} =1. Let (2, Xo) be an approzi-

mate right eigenpair of C1()\). Then, for zg = (e} @ I.)z, £ =1: k, we have that
(2e, Mo) is an approzimate right eigenpair of P(\) and

nTU«(ZeaAO7P) < k5/2 ||Z||2 7 77rr(z2>>\0ap) < k5/2 ||Z||2 01,
Nra(2, Ao, C1) zell2”  mrr(z, Ao, C1) [EA P

(6.13)

where p1 is as in (5.1). Let (w*, Ao) be an approximate left eigenpair of C1(\).
Then, for w1 = (] ® In)w, we have that (w}, Xo) is an approzimate left eigenpair
of P(\) and

nTa(wrvA()vP) < k3/2 ||w||2 nTT(wvaovp) < 3/2 ||wH2
777”0,(11)*7)\0701) o ||w1||2’ nrr(w*7>\07cl) B ||w1H2

(6.14)

Remark 6.3 Taking into account the form of the right eigenvectors of C1(\) (see
Lemma 6.2), and assuming that the approximate right eigenvector z has a similar

block structure as the exact ones, it is expected that the quotient ‘IZI}‘Z in (6.13) is

not larger than vk if £ = 1 and |A\o| > 1, or if £ = k and |\o| < 1. Thus, depending
on the modulus of the approximate eigenvalue Ao, it is convenient to recover the
approximate eigenvector x of P(\) from the eigenvector z of C1(X) as follows: we
take © = z1 if [Ao| > 1 and & = z; if [Ao| < 1. Regarding the left eigenvectors,
assuming that the approximate left eigenvector w has a block structure similar
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to the exact one, from (6.11) and (6.12) it is expected that the quotient ICIIERE

w2
(6.14) is not larger than k3/2. Finally, we note that, in the bounds for the quotients
of relative-relative backward errors, for p1 to be close to 1, it is enough that all
matrix coefficients of P(\) have similar norms.

Remark 6.4 Based on Theorems 5.1, 5.2, 6.3 and 6.4, we conclude that T,(\)
and C1(\) have similar behavior in terms of conditioning and backward errors.
Moreover, both pencils are always linearizations of P(\) (regular and singular).
However, when P()) is symmetric (Hermitian), 7p(\) has an advantage over C1 ()
since, in this case, Tp(\) is also symmetric (Hermitian) while C1()) is not and,
for numerical reasons, it is more convenient that the linearizations preserve the
structure of the original matrix polynomial in order to preserve any symmetries
in the spectrum and save operations.

7 Numerical experiments

In this section, we run some numerical experiments to illustrate the theoretical re-
sults presented in previous sections concerning the conditioning of eigenvalues and
backward errors of approximate eigenpairs of the linearizations 7Tp(\), D1(\, P),
Dy (XA, P) and C1(X) of a matrix polynomial P()) and to compare the behavior of
the different linearizations analyzed. The goal is to show that indeed in practice
Tr(A) is a block symmetric linearization with much better numerical properties
than the block symmetric linearizations D1(\, P) and Dy (A, P) and with prop-
erties similar to those of the standard unstructured first Frobenius companion
form Ci(A). In some examples, P(A) is a random matrix polynomial, sometimes
prepared to illustrate situations in which the advantage of 7p(\) over the other
linearizations are really striking, while in another, P()\) is one of the matrix poly-
nomials connected with an application discussed in [4]. But in all the examples
that we have run, the numerical experiments show that the linearization Tp(X)
outperforms D1 (A, P) and Dy (A, P) numerically.

The experiments were run on MATLAB-R2016a, for which the unit round-
off is 27°3. When calculating the condition numbers in Experiments 1 and 2, we
computed the eigenvalues, eigenvectors, and the condition numbers themselves us-
ing variable precision arithmetic with 40 decimal digits of precision. This was not
possible in Experiments 3 and 4 since either the matrix polynomial is very large
(degree 3 and size 128 x 128) or we run a large number of experiments (we used
50 and 100 matrix polynomials, respectively). The standard double precision of
MATLAB was used in this case. When computing the backward errors, we consid-
ered only right eigenpairs and the computations were done in the double precision
floating point arithmetic of MATLAB in all the experiments. The function eig is
used to compute approximate eigenvalues and eigenvectors of the linearizations. If
z denotes a computed eigenvector of a linearization, associated with a computed
eigenvalue Ao, an eigenvector for P(\) was recovered from z as described in Re-
mark 6.3 and Theorems 5.2 and 6.2, for C1(A\), Tp(X), and D1(A, P) and Dy (X, P),
respectively.

According to the statements of the main results in Section 5 and 6, and for the
reasons explained there, in all the numerical tests, we scale the considered matrix
polynomial P(\) by dividing each of its coefficients by max;—o.r{||Ai||2}. Recall
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Condition number ratios comparison
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Fig. 7.1: Condition numbers ratio for random 20 x 20 matrix polynomial P(\) of
degree 3.

that, with this scaling, the ratios krq (Mo, TpP)/Kra(Ao, P) and

Mra(Z, Aoy, P)/Mra(z, Ao, Tp) have been proven to be a moderate number of order 1
(for moderate k) and so Tp(A) is optimal in the relative-absolute sense. Therefore,
our experiments focus only on comparing the relative-relative condition numbers
and backward errors. We note that the scaling mentioned above does not affect
the conditioning and the backward errors of D1 (A, P) and Dy (), P).

Experiment 1. To start with, we examine a 20 x 20 random matrix polynomial
P()) of degree 3. The polynomial P()\) was generated by producing random matrix
coefficients with the MATLAB function randn. The matrix coefficients of P(\) had
similar spectral norms. More precisely, ||As|l2 = 1, ||A2]l2 = 0.94, ||A1]]2 = 0.93
and ||Ao||2 = 0.96. The smallest modulus of the eigenvalues of P()\) was 0.22 and
the largest was 3.25, i.e., all the moduli of the eigenvalues of P()\) were close to 1.
The main results for Experiment 1 are shown in Figures 7.1 and 7.2, where the z-
axis has the indices 1,2, ..., 60 to represent the non-zero, simple, finite eigenvalues
of P(\), which are sorted in increasing order by modulus (i.e. 1 represents the
smallest eigenvalue in this order while 60 represents the eigenvalue with largest
modulus). The y-axis in the graph in Figure 7.1 corresponds to the ratio of relative-
relative condition numbers %, where L is any of the linearizations, D1 (A, P),
Dy (A, P), Ci(X\) or Tp(A). The y-axis in the graph in Figure 7.2 corresponds to
the ratio of relative-relative backward errors 7, (z, Ao, P)/nrr(2, Ao, L).

Figures 7.1 and 7.2 show that 7p(A) has, in terms of conditioning and backward
errors, better behavior than each of the block symmetric linearizations D1(A, P)
and Dy (A, P) and similar behavior to the combined used of D1 (A, P) and D (), P),
when D1 (A, P) is used to compute the eigenvalues with moduli larger than 1 and
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Backward error ratios comparison
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.‘02_

Fig. 7.2: Backward errors ratio for random 20 x 20 matrix polynomial P(\) of
degree 3.

Dy (A, P) is used to compute the eigenvalues with moduli smaller than 1. Note
that we can guess what eigenvalues have modulus less than 1 or larger than 1
by inspecting where the graphs for D1 (A, P) and Dy(\, P) intersect. In addition,
the behavior of 7p(\) is similar to the behavior of the unstructured Frobenius
companion form Ci ().

We emphasize that we have repeated this random experiment for several sizes
and odd degrees (up to 21) and we have always obtained similar results. Moreover,
since the matrix coefficients of P(\) have very similar norms, the results in these
examples remain essentially unchanged for the relative-absolute ratios e P)
and nrq (2, Ao, P)/nra(2, Ao, L), illustrating the optimality of 7p(\), which behaves
essentially as the polynomial P()), i.e., producing ratios essentially equal to 1.
Finally, we remark that the improvements of 7p(\) with respect to D1 (X, P) and
Dy (X, P) shown in Figures 7.1 and 7.2 are very moderate, as a consequence of the
fact that all the eigenvalues of P(A) have moduli close to 1 (recall Theorem 6.1 in
this respect). This led us to devise the following experiment.

Experiment 2. In this experiment, we examine another random matrix poly-
nomial of size 20 x 20 and degree 3. The coefficients of P()\) were again gen-
erated with the command randn of MATLAB, with the exception of Ap and
As that were both constructed in such a way that each of them has six very
small singular values equal to 107%,107°,107%,1073,1072,107 . The matrix co-
efficients of P(A) had similar norms. After scaling P()) by dividing all matrix
coefficients by max{||A;||2,i = 0 : 3}, the scaled matrix coefficients A; of P(\)
satisfy min;—o.3{||A:||2} = 0.43 and max;—¢.3{||Ai||2} = 1. The smallest modulus
of the eigenvalues of P(\) was 3.6- 10~® and the largest 6.9-107. Thus, in this case,
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Fig. 7.3: Condition numbers ratio for random 20 x 20 matrix polynomial P(\) of
degree 3 with very small and very large eigenvalues.

Backward error ratios comparison
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Fig. 7.4: Backward errors ratio for random 20 x 20 matrix polynomial P(\) of
degree 3 with very small and very large eigenvalues.
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there are eigenvalues with moduli very different from 1. The results are shown in
Figures 7.3 and 7.4 and similar comments to those for Figures 7.1 and 7.2 hold
with respect to the comparison of the behavior of the different linearizations, al-
though, in this case, Tp(\) outperforms the individual behavior of Dq (A, P) and
Dy, (X, P) by several orders of magnitude in the smallest and the largest eigenval-
ues, respectively.

We would like to point out that, in the graph for the backward errors, the
ratio corresponding to the largest eigenvalue of Dy (A, P) does not appear. This
phenomenon, that we have observed in numerous experiments, is related with the
fact that the leading matrix coefficient of Dy (), P) is very ill-conditioned and its
condition number is much larger than that of the leading matrix coefficients of
the other linearizations and P(\). When computing this eigenvalue of Dy (), P),
MATLAB outputs an infinite eigenvalue. We would like to highlight that this
behavior only affects Dy (A, P) and that this problem does not occur with the ratio
of condition numbers since these have been computed with extended accuracy.

Experiment 3. The first part of this numerical experiment comes from an
applied problem discussed in [4]: the “plasma-drift problem” (modeling of drift in-
stabilities in the plasma edge inside a Tokamak reactor). This problem corresponds
to a 128 x 128 matrix polynomial P(A) of degree 3 that we have scaled in such
a way that max;—o:.x{||A4i|]2} = 1. In contrast with previous experiments, in this
example the matrix coefficients of P(\) have norms of different magnitudes. More
specifically, || As||2 = 0.0103, ||A2]|2 = 0.0043, ||A1]]2 = 1 and || Ao||2 = 0.0999. The
smallest modulus of the eigenvalues of P()) is 0.028 and the largest is 11.745. The
results for the ratios of relative-relative condition numbers and backward errors
are shown in Figures 7.5 and 7.6. We observe again that 7p(\) has a better behav-
ior than each of the block symmetric linearizations D1 (X, P) and Dy(\, P), in this
case by several orders of magnitude, a similar behavior to the combined used of
D1(X, P) and Dg(A, P) (never differing by more than a factor 10), and also similar
to the behavior of the first Frobenius form Cq(A). In this test, the ratios for Tp(A)
and the other linearizations increase with the moduli of the eigenvalues, which did
not happen in Experiments 1 and 2. This is related to the differences in norms of
the matrix coefficients of P(\) and the fact that we are considering relative-relative
condition numbers and backward errors. For their relative-absolute counterparts,
the ratios for 7p(A) are always essentially equal to 1, i.e., optimal, as we proved
in Theorems 5.1 and 5.2.

Although in the plasma-drift problem, where the matrix coefficients of the ma-
trix polynomial vary widely in norm, C1(A) and 7p () behave very similarly, this
is not always the case. To show this, we constructed 50 random matrix polynomials
of degree 3 and size 40 and multiplied the matrix coefficients of each polynomial
by constants so that the norm of the leading coefficient was approximately 10°
times the norm of the matrix coefficient of the term of degree 0. For each polyno-
mial, we computed the maximum of the ratios £rrQQ0:C1) and the maximum of the

Krr (X0, TP)
ratios %, among all the eigenvalues of the matrix polynomial. Then, we

constructed two vectors, u and v, whose ith entry is, respectively, the maximum
ratio :"&‘)’%% and 27823’ 3 associated with the ith matrix polynomial. Finally,
we computed the maximum, mode, average, and median of the entries of those
two vectors and got the following results: max(u) = 1.486 - 10%, mode(u) = 12.52,

average(u) = 722.84, median(u) = 113.78, max(v) = 3.185 - 10®, mode(v) = 5.19,
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average(v) = 109.18, and median(v) = 20.46. Thus, we conclude that, if the ma-
trix coeflicients of a matrix polynomial vary widely in norm, then &,r(Ao, C1) can
be much larger than kr.(Ao, Tp) for some eigenvalues and polynomials, but also
krr(Xo, Tp) can be much larger than krr(Ao,C1) for other eigenvalues and poly-
nomials. We do not have yet any explanation for these rather different behaviors.

) Condition number ratios comparison
10° T T T

0 50 100 150 200 250 300 350 400

Fig. 7.5: Condition number ratios for Plasma-drift problem.

Experiment 4. Theorem 5.1 provides upper bounds on the ratio of condi-
tion numbers associated with 7p(\) that depend on k3, unless the modulus of the
eigenvalue is smaller than k—il or is larger than k — 1. If this bound was sharp,

for k moderate to large, say 102, the bound would be very large (a multiple of 10°
in this example). In this experiment we study if the ways those bounds depend
on k are pessimistic or if it can be expected that those bounds are attained for
eigenvalues with modulus close to 1. In the experiment, we first generated 100
random matrix polynomials of degree 101 and size 2 and, for each of the polyno-
mials, we computed the maximum ratio % among the eigenvalues Ag of
the polynomial. Then, we constructed a vector u whose ith entry is that maximum
ratio for the ith random matrix polynomial and computed the maximum, mode,
average and median of the entries of u. We got that the maximum entry in u was
2.012-10%, the mode was 22.108, the average was 100.13 and the median, 29.2811.
Additionally, we split the range of values of u into 11 intervals of equal length 200
and considered the frequencies of the entries of u in those intervals. We got the
vector of frequencies N = [92,1,4,0,1,0,0,0,0, 1, 1]. We conclude that, in general,
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the bounds in Theorem 5.1 are pessimistic and bounds depending on k*/? more
than on k% can be expected.

) Backward error ratios comparison
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Fig. 7.6: Backward error ratios for Plasma-drift problem.

As a conclusion, except for a few matrix polynomials of degree 101 and for a
very few matrix polynomials whose coefficients vary widely in norm, in all the nu-
merical experiments that we have run, after scaling the matrix polynomial P()),
the linerization 7p(A) produced small ratios of condition numbers for all nonzero,
finite, simple eigenvalues of P()), and small ratios of backward errors for approx-
imate eigenpairs corresponding to all such eigenvalues. Moreover, the numerical
behavior of Tp(A) was comparable with the combined used of the block symmetric
linearizations D1(A, P) and Dy (A, P). Also, Tp(\) presented a similar numerical
behavior to that of the unstructured linearization C1(\).

8 Conclusions

In this paper, we have studied for the first time eigenvalue condition numbers
and backward errors of approximated eigenpairs of the block symmetric lineariza-
tion Tp(\) introduced by Fiedler in [18] for scalar polynomials with odd degree
and extended by Antoniou and Vologiannidis to regular matrix polynomials with
odd degree in [3]. The theoretical analysis and the numerical tests in this paper
show that 7p(A) has much better properties with respect to condition numbers
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and backward errors than any other block symmetric linearization analyzed so
far in the literature, and it has similar properties to the unstructured Frobenius
companion forms, which are the linearizations used more often for solving poly-
nomial eigenvalue problems. Moreover, we have seen that, when the perturbations
are measured in an absolute sense, the condition numbers and backward errors of
Tp(A) are always essentially equal to those of the polynomial P()) and, so, Tp(\)
can be considered optimal in this respect. Future work in this area includes the
development of strategies for extending the excellent properties of Tp(A) to matrix
polynomials with even degree and to design and analyze other block symmetric
linearizations of even degree polynomials with better numerical properties than
those of the linearizations analyzed so far in the literature, in particular, better
than those of the linearizations in DIL(P) [25,31]. We are currently working on
these ideas. Another line of potential future research is to incorporate different
structures, as symmetric, Hermitian, palindromic, alternating, etc, in the analysis
performed in this paper.
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cantly.

References

1. B. ADHIKARI, R. ALAM, AND D. KRESSNER, Structured eigenvalue condition numbers and
linearizations for matriz polynomials, Linear Algebra Appl., 435 (2011), 2193-2221.

2. M. AL-AMMARI AND F. TISSEUR, Hermitian matriz polynomials with real eigenvalues of
definite type. Part I: classification, Linear Algebra. Appl., 436 (2012), 3954-3973.

3. E. N. ANTONIOU AND S. VOLOGIANNIDIS, A new family of companion forms of polynomial
matrices, Electron. J. Linear Algebra, 11 (2004), 78-87.

4. T. BETCKE, N. J. HIGHAM, V. MEHRMANN, C. SCHRODER, AND F. TISSEUR, NLEVP: A
collection of nonlinear eigenvalue problems, ACM Trans. Math. Software 39(2), (2013),
Art 7, 28 pp.

5. D. A. Bin1, L. GEMIGNANI, AND F. TI1SSEUR, The Ehrlich-Aberth method for the nonsym-
metric tridiagonal eigenvalue problem, SIAM J. Matrix Anal. Appl., 27 (2005), 153-175.

6. D. A. BINI AND V. NOFERINI, Solving polynomial eigenvalue problems by means of the
Ehrlich—Aberth method, Linear Algebra Appl., 439 (2013), 1130-1149.

7. S. BORA, Structured eigenvalue condition number and backward error of a class of poly-
nomial eigenvalue problems, STAM J. Matrix Anal. Appl., 31(3) (2009), 900-917.

8. M. I. BUENO, M. MARTIN, J. PEREZ, A. SONG, AND 1. VIVIANO, Ezplicit block-structures
for block-symmetric Fiedler-like pencils. To appear in ELA.

9. M. I. BuENoO, J. BREEN, S. FORD, AND S. FURTADO, On the sign characteristic of Hermi-
tian linearizations in DL(P), Linear Algebra Appl, 519 (2017), 73-101.

10. M. I. Bueno, F.M. Doprico, S. FURTADO, AND M. RYCHNOVSKY, Large vector spaces of
block-symmetric strong linearizations. Linear Algebra Appl., 477 (2015), 165-210.

11. M. 1. BueNo, F. DE TERAN, AND F. M. DoPIico, Recovery of eigenvectors and minimal
bases of matriz polynomials from generalized Fiedler linearizations, SIAM J. Matrix. Anal.
Appl., 32 (2011), 463-483.

12. C. CAMPOS AND J. ROMAN, Parallel Krylov solvers for the polynomial eigenvalue problem
in SLEPc, STAM J. Sci. Comput., 38 (2016), S385—S411.

13. F. DE TERAN, F. M. Doprico, AND D. S. MACKEY, Spectral equivalence of matriz polyno-
mials and the Index Sum Theorem, Linear Algebra Appl., 459 (2014), 264-333.

14. F. M. Dorico, P. LAWRENCE, J. PEREZ, AND P. VAN DOOREN, Block Kronecker lin-
earizations of matriz polynomials and their backward errors. To appear in Numerische
Mathematik. Available as arXiv:1707.04843v1.



38

M. I Bueno et al.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

F. M. Dorico, J. PEREZ, AND P. VAN DOOREN, Structured backward error analysis of
linearized structured polynomial eigenvalue problems. To appear in Mathematics of Com-
putation. Available as arXiv:1612.07011v1.

H. FASSBENDER AND P. SALTENBERGER, On wvector spaces of linearizations for matriz
polynomials in orthogonal bases, Linear Algebra Appl., 525 (2017), 59-83.

H. FASSBENDER AND P. SALTENBERGER, Block Kronecker ansatz spaces for matriz poly-
nomials, Linear Algebra Appl. (2017), http://dx.doi.org/10.1016/j.1aa.2017.03.019
M. FIEDLER, A note on companion matrices, Linear Algebra Appl., 372 (2003), 325-331.
I. GOHBERG, P. LANCASTER, AND L. RODMAN, Indefinite Linear Algebra and Applications,
Springer Verlag, Basel, Switzerland, 2005.

1. GOHBERG, P. LANCASTER, AND L. RODMAN, Matriz Polynomials, STAM, Philadelphia,
2009.

S. GUTTEL AND F. TISSEUR, The nonlinear eigenvalue problem, Acta Numerica, (2017),
1-94.

S. HAMMARLING, C. J. MUNRO, AND F. TISSEUR, An algorithm for the complete solution
of quadratic eigenvalue problems, ACM Trans. Math. Software, 39 (2013), Art. 18, 19.
N. J. HicHaMm, R-C. L1, AND F. TISSEUR, Backward error of polynomial eigenproblems
solved by linearization, SIAM J. Matrix Anal. Appl., 29 (2007), 1218-1241.

N. J. HicaaMm, D. S. MACKEY, AND F. TISSEUR, The conditioning of linearizations of
matriz polynomials, STAM J. Matrix Anal. Appl., 28 (2006), 1005-1028.

N. J. Higuam, D. S. MACKEY, N. MACKEY, AND F. TISSEUR, Symmetric linearizations
for matriz polynomials, SIAM J. Matrix Anal. Appl., 29 (2006), 143-159.

T. KAILATH, Linear Systems, Prentice Hall, Inc., Englewood Cliffs, N. J., 1980.

D. KRESSNER AND J. ROMAN, Memory-efficient Arnoldi algorithms for linearizations of
matriz polynomials in Chebyshev basis, Numer. Linear Algebra Appl., 21 (2014), 569-588.
P. LANCASTER, Symmetric transformations of the companion matriz, NABLA: Bulletin
of the Malayan Math. Soc., 8 (1961), 146-148.

P. LAWRENCE, M. VAN BAREL, AND P. VAN DOOREN, Backward error analysis of polyno-
mial eigenvalue problems solved by linearization, STAM J. Matrix Anal. Appl., 37 (2016),
123-144.

D. Lu, Y. Su, AND Z. BAl, Stability analysis of the two-level orthogonal Arnoldi procedure,
SIAM J. Matrix Anal. Appl., 37 (2016), 192-214.

D. S. MACKEY, N. MACKEY, C. MEHL, AND V. MEHRMANN, Vector spaces of linearizations
for matriz polynomials, SIAM J. Matrix Anal. Appl., 28 (2006), 867-891.

D. S. MACKEY, N. MACKEY, C. MEHL, AND V. MEHRMANN, Structured polynomial eigen-
value problems: good vibrations from good linearizations, STAM J. Matrix Anal. Appl., 28
(2006), 1029-1051.

D. S. MAckEY, N. MACKEY, C. MEHL, AND V. MEHRMANN, Jordan structures of alter-
nating matriz polynomsals, Linear Algebra Appl., 432 (2010), 971-1004.

D. S. MACKEY, N. MACKEY, C. MEHL, AND V. MEHRMANN, Smith forms of palindromic
matriz polynomials, Electron. J. Linear Algebra, 22 (2011), 53-91.

D. S. MACKEY, N. MACKEY, C. MEHL, AND V. MEHRMANN, Skew-symmetric matriz poly-
nomials and their Smith forms, Linear Algebra Appl., 438 (2013), 4625-4653.

V. MEHRMANN AND H. Voss, Nonlinear eigenvalue problems: a challenge for modern
eigenvalue methods, GAMM Mitt. Ges. Angew. Math. Mech., 27 (2004) 121-152.

C. B. MOLER AND G. W. STEWART, An algorithm for generalized matriz eigenvalue prob-
lems, SIAM J. Numer. Anal., 10 (1973), 241-256.

Y. NAKATSUKASA, V. NOFERINI, AND A. TOWNSEND, Vector spaces of linearizations for
matriz polynomials: a bivariate polynomial approach, SIAM J. Matrix Anal. Appl., 38
(2017), 1-29.

F. TISSEUR, Backward error and condition of polynomial eigenvalue problems, Linear
Algebra Appl., 309 (2000), 339-361.

F. TISSEUR, Tridiagonal-diagonal reduction of symmetric indefinite pairs, STAM J. Matrix
Anal. Appl., 26 (2004), 215-232.

F. TisseUR AND K. MEERBERGEN, The quadratic eigenvalue problem, SIAM Review, 43
(2001), 235-286.

M. VAN BAReL AND F. TISSEUR, Polynomial eigenvalue solver based
on tropically scaled Lagrange linearization, Linear Algebra Appl., (2017),
http://dx.doi.org/10.1016/j.1aa.2017.04.025

R. VAN BEEUMEN, K. MEERBERGEN, AND W. MICHIELS, Compact rational Krylov methods
for nonlinear eigenvalue problems, SIAM J. Matrix Anal. Appl., 36 (2015), 820-838.



An optimal block-symmetric linearization 39

44. P. VAN DOOREN AND P. DEWILDE, The eigenstructure of an arbitrary polynomial matrix:
computational aspects, Linear Algebra Appl., 50 (1983), 545-579.

45. L. ZENG AND Y. Su, A backward stable algorithm for quadratic eigenvalue problems, SIAM
J. Matrix. Anal. Appl., 35 (2014), 499-516.





