A COMPARISON OF EIGENVALUE CONDITION NUMBERS FOR
MATRIX POLYNOMIALS*

LUIS MIGUEL ANGUAST, MARIA ISABEL BUENO?!, AND FROILAN M. DOPICOS}

Abstract. In this paper, we consider the different condition numbers for simple eigenvalues of
matrix polynomials used in the literature and we compare them. One of these condition numbers
is a generalization of the Wilkinson condition number for the standard eigenvalue problem. This
number has the disadvantage of only being defined for finite eigenvalues. In order to give a unified
approach to all the eigenvalues of a matrix polynomial, both finite and infinite, two (homogeneous)
condition numbers have been defined in the literature. In their definition, very different approaches
are used. One of the main goals of this note is to show that, when the matrix polynomial has a
moderate degree, both homogeneous condition numbers are essentially the same and one of them
provides a geometric interpretation of the other. We also show how the homogeneous condition
numbers compare with the “Wilkinson-like” eigenvalue condition number and how they extend this
condition number to zero and infinite eigenvalues.
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1. Introduction. Let C denote the field of complex numbers. A square matrix
polynomial of grade k can be expressed (in its non-homogeneous form) as

k
P(A)=> XBi;, BeC"™", (1.1)

=0

where the matrix coefficients, including By, are allowed to be the zero matrix. In
particular, when By # 0, we say that P(A) has degree k. Throughout the paper, the
grade of every matrix polynomial P(A) will be assumed to be its degree unless it is
specified otherwise.

The (non-homogeneous) polynomial eigenvalue problem (PEP) associated with a
regular matrix polynomial P(A), (that is, det(P(\)) # 0) consists of finding scalars
Ao € C and nonzero vectors x,y € C™ satisfying

P(Xo)z =0 and y*P(XAo) = 0.

The vectors x and y are called, respectively, a right and a left eigenvector of P(\)
corresponding to the eigenvalue Ag. In addition, P(\) may have infinite eigenvalues.
We say that P()\) has an infinite eigenvalue if 0 is an eigenvalue of the reversal of
P(X), where the reversal of a matrix polynomial P()) of grade k is defined as

rev(P(\)) := A*P(1/)). (1.2)
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In order to define finite and infinite eigenvalues in a unified way, it is convenient
to express a matrix polynomial in homogeneous form, that is,

k
P(o,8) = a'B" "B (1.3)
i=0

Then, if P(«, §) is regular, we can consider the corresponding homogeneous PEP that
consists in finding pairs of scalars («g, 8y) # (0,0) and nonzero vectors x,y € C™ such
that

P(ag, o)z =0 and  y"P(ao, o) =0. (1.4)

We note that the pairs («g, Bo) satisfying (1.4) are those for which det(P (g, 80)) =0
holds. Notice that (v, fo) satisfies det(P (g, Bp)) = 0 if and only if det(P(cag, ¢fp)) =
0 for any nonzero complex number c. Therefore, it is natural to define an eigenvalue
of P(a,B) as any line in C? passing through the origin consisting of solutions of
det(P(«, 8)) = 0. For simplicity, we denote such a line, i.e., an eigenvalue of P(«, f3),
as (ap, Bo) and by [, Bo]T a specific (nonzero) representative of this eigenvalue. The
vectors x,y in (1.4) are called, respectively, a right and a left eigenvector of P(«, ()
corresponding to the eigenvalue (g, fy). For 8 # 0, we can define A = «/f and find
a relationship between the homogeneous and the non-homogeneous expressions of a
matrix polynomial P of grade k as follows:

P(a, B) = BEP(N).

We note also that, if (y, A\g,x) is a solution of the non-homogeneous PEP; i.e.,
an eigentriple of the non-homogeneous PEP, then (y, (cw, o), ) is a solution of the
corresponding homogeneous PEP, for any nonzero [, Bo]7 such that Ao = ag/fo,
including \g = oo for By = 0.

The numerical solution of the (homogeneous and non-homogeneous) PEP has
received considerable attention from many research groups in the last two decades and,
as a consequence, several condition numbers for (simple and multiple) eigenvalues of
a matrix polynomial P have been defined in the literature to determine the sensitivity
of these eigenvalues to perturbations in the coefficients of P [3, 4, 8, 9, 12]. Although
several different eigenvalue condition numbers (in the homogeneous and the non-
homogeneous formulation) are available in the literature for simple eigenvalues, as far
as we know only one definition of condition number for multiple eigenvalues (in the
non-homogeneous formulation) has been considered so far. Our goal in this paper is
to compare distinct eigenvalue condition numbers. This is the reason why we focus on
the condition numbers of simple eigenvalues, aside of the fact that simple eigenvalues
are essentially the only ones appearing in the numerical practice due to the effect of
the finite arithmetic of the computer.

One of the condition numbers for simple eigenvalues, defined for matrix poly-
nomials expressed in the non-homogeneous form, is a natural generalization of the
Wilkinson condition number for the standard eigenproblem (see Definition 2.1). A
disadvantage of this eigenvalue condition number is that it is not defined for infinite
eigenvalues. Then, in order to study the conditioning of all the eigenvalues of a ma-
trix polynomial in a unified framework, other condition numbers are considered in the
literature. These condition numbers assume that the matrix polynomial is expressed
in homogeneous form.
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Two homogeneous eigenvalue condition numbers (well defined for all the eigenval-
ues of P(a, ), finite and infinite) have been presented in the literature. One of them
is a natural generalization of the condition number defined by Stewart and Sun in
[11, Chapter VI, Section 2.1] for the eigenvalues of a pencil. This condition number is
defined in terms of the chordal distance between two lines in C? (see Definition 2.12).
The other homogeneous eigenvalue condition number is the norm of a differential op-
erator that is constructed making use of the Implicit Function Theorem [3, 4]. The
definition of this condition number is very involved and less intuitive than the defini-
tion of the other condition numbers that we consider in this paper. For an explicit
formula for this condition number, see Theorem 2.6.

In this paper we address the following natural questions:

e how are the two homogeneous eigenvalue condition numbers related? Are
they equivalent?

e if \g is a finite nonzero eigenvalue of a matrix polynomial P(A) and («o, fo)
is the associated eigenvalue of P(«, ) (that is, Ay = ap/fo), how are the
(non-homogeneous) absolute and relative eigenvalue condition numbers of Ag
and the (homogeneous) condition numbers of (v, Bo) related? Are these two
types of condition numbers equivalent in the sense that \g is ill-conditioned
if and only if (ag, Bo) is ill-conditioned?

Partial answers to these questions are scattered in the literature written in an
implicit way so that they seem to be unnoticed by most researchers in Linear Alge-
bra. Our goal is to present a complete and explicit answer to these questions. More
precisely, we provide an exact relationship between the two homogeneous eigenvalue
condition numbers and we use this relationship to prove that they are equivalent.
Also, we obtain exact relationships between each of the non-homogeneous (relative
and absolute) and the homogeneous eigenvalue condition numbers. From these re-
lationships we prove that the non-homogeneous condition numbers are always larger
than the homogeneous condition numbers. This means that non-homogenous eigen-
values \p are always more sensitive to perturbations than the corresponding homo-
geneous ones (g, By), which is natural since A\g = «ap/By. Moreover, we will see
that non-homogeneous eigenvalues with large or small moduli have much larger non-
homogeneous than homogeneous condition numbers. Thus, in these cases, (ag, o)
can be very well-conditioned and Ao be very ill-conditioned. In the context of this
discussion, it is important to bear in mind that in most applications of PEPs the
quantities of interest are the non-homogeneous eigenvalues, and not the homogeneous
ones.

The paper is organized as follows: Section 2 includes the definitions and expres-
sions of the different condition numbers that are used in this work. In section 3, we
establish relationships between the condition numbers introduced in section 2, and in
section 4 we present a geometric interpretation of these relationships. Section 4 also
includes a study of the computability of small and large eigenvalues. Finally, some
conclusions are discussed in section 5.

2. Eigenvalue condition numbers of matrix polynomials. In this section
we recall three eigenvalue condition numbers of simple eigenvalues used in the liter-
ature and discuss some of the advantages and disadvantages of each of them. We
note that these are normwise condition numbers. When the coefficients of a matrix
polynomial have very specific entrywise structures (such as the pencils considered in
[13]), it might be more convenient to consider entrywise condition numbers, as those
defined in [6] for pencils, so that entrywise structured perturbations are used. Since
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entrywise condition numbers have not received attention so far in recent research on
matrix polynomials, we do not study entrywise condition numbers in this work.
Before recalling the definition of the eigenvalue condition numbers that we study
in this paper, we present some notation that will be used throughout the paper.
Let a and b be two integers. We define

b a,a+1,a+2,...,b, ifa<hb,
o= 0, ifa > 0.

For any matrix A, ||A||2 denotes its spectral or 2-norm, i.e., its largest singular value
[11]. For any vector z, |z||2 denotes its standard Euclidean norm, i.e., ||z|2 =
(x*x)/2, where the operator ()* stands for the conjugate-transpose of .

2.1. Non-homogeneous eigenvalue condition numbers. Next we recall the
definition of two versions (absolute and relative) of a normwise eigenvalue condition
number introduced in [12].

DEFINITION 2.1. Let A\g be a simple, finite eigenvalue of a reqular matriz polyno-
mial P(\) = Zf:o A B; of grade k and let x be a right eigenvector of P(\) associated
with A\g. We define the normwise absolute condition number (g, P) of Ao by

AN

Ka(Xo, P) := liH(l) sup { [ ([P0 + AXg) + AP(No + A)g)](x + Az) = 0,
€E—> €

||ABZH2 S € wi,i =0: k}7

where AP(\) = Zf:o NAB; and w;, i = 0 : k, are nonnegative weights that allow
flexibility in how the perturbations of P(\) are measured.
For \g # 0, we define the normwise relative condition number k,.(Ag, P) of Ao by

AN
ir(Ao, P) = lim sup { |€|A ol . [P(Xo + AXg) + AP(Xg + AX)](z + Az) = 0,
€E—> 0

IAB;||2 < €w;,i=0: k}.

We will refer to kq(Ao, P) and k. (Ao, P), respectively, as the absolute and rel-
ative non-homogeneous eigenvalue condition numbers. Note that the absolute non-
homogeneous condition number is not defined for infinite eigenvalues while the relative
condition number is not defined for zero or infinite eigenvalues.

REMARK 2.2. In the definitions of £, (Ao, P) and &, (Ao, P), the weights w; can be
chosen in different ways. The most common ways are: 1) w; = ||B;||2 fori =0,1,...,k
(relative coefficient-wise perturbations); 2) w; = ]nl%)z{HBng} fori=0,1,...,k (rel-

ative perturbations with respect to the norm of P())); 3) w; = 1 for ¢ = 0,1,...,k
(absolute perturbations).

An explicit formula for each of the non-homogeneous eigenvalue condition num-
bers presented above was obtained by Tisseur in [12].

THEOREM 2.3. Let P()\) be a regular matriz polynomial of grade k. Let Ay be a
simple, finite eigenvalue of P(\) and let x and y be, respectively, a right and a left
eigenvector of P(X) associated with Ag. Then,

ko, P) = o Polw)llylzlalz
a\N\0» |y*P’()\0)x| 5
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where P'(X) denotes the derivative of P(\) with respect to X. For Ao # 0,

k i
(Xizo [Pol'wi)lyll[lll2

r 7P ==
rrdo. B) = == 0 P (o)l

The following technical result will be useful for the comparison of the non-
homogeneous condition numbers introduced above and the homogeneous condition
numbers that we introduce in the next subsection. We will use the concept of reversal
of a matrix polynomial defined in (1.2).

LEMMA 2.4. Let P(\) = E?:o AiB; be a regular matriz polynomial. Let o be a
simple, nonzero, finite eigenvalue of P(\). Then,

1 K:T‘()‘Ovp) < 1 )
Ko | —,revP | = ———= and k.| —,revP | = Kk.(Ag, P).
(Ao > Aol Ao (o, P)

Proof. We only prove the first claim. The second claim follows immediately from
the first.

Let x and y be, respectively, a right and a left eigenvector of P()) associated with
Ao. It is easy to see that these vectors are also a right and a left eigenvector of revP

associated with % Notice that

k—i
k
(1 P> Cico 55| wllzllzllyll2
Kq | —,revP | =
Ao |y* (rev P)' (5 )]
k i k i
_ i ol willzllallylls —  limg [Rol" wi)llzll2]lyll2
Nol#ly* (revP) (35)z]| Aol2ly* A5 2 (revP)' ()|
k i
_ io ol wi)llzll2llylls _ Kr(Xo, P)
[Aol2|y* P"(No) x| Aol

where the fourth equality follows from the facts that revP(X) = A*P(3) and P(A\g)z =
0, and the first and fifth equalities follow from Theorem 2.3. Thus, the claim follows.
0

2.2. Homogeneous eigenvalue condition numbers. As pointed out in the
last subsection, neither of the non-homogeneous condition numbers is defined for
infinite eigenvalues. Thus, these type of eigenvalues require a special treatment in
the non-homogeneous setting. In this section we introduce two condition numbers
that allow a unified approach to all eigenvalues, finite and infinite. These condition
numbers require the matrix polynomial to be expressed in homogeneous form (see
(1.3)). This is the reason why we refer to them as homogeneous eigenvalue condition
numbers.

REMARK 2.5. We recall that (ao, 8p) # (0,0) is an eigenvalue of P(a, ) if and
only if Ao := ap/pp is an eigenvalue of P(X), where \g = oo if Sy = 0.

Each of the condition numbers presented in this subsection has been defined in
the literature with a different approach. As explained in Section 1, one of them is
due to Stewart and Sun [11] and the other one, inspired by Shub and Smale’s work
[10], is due to Dedieu and Tisseur [3, 4]. Neither of these two condition numbers has
a specific name in the literature. We will refer to them as the Stewart-Sun condition
number and the Dedieu-Tisseur condition number, respectively.
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2.2.1. Dedieu-Tisseur condition number. The homogeneous eigenvalue con-
dition number that we present in this section has been often used in recent literature
on matrix polynomials as an alternative to the non-homogeneous Wilkinson-like con-
dition number. See, for instance, [5, 7]. We do not include its explicit definition
because it is much more involved than Definition 2.1. For the interested reader, the
definition can be found in [4]. The next theorem provides an explicit formula for this
condition number.

THEOREM 2.6. [4, Theorem 4.2] Let (ag, Bo) be a simple eigenvalue of the regular
matriz polynomial P(a, 8) = E?:o o' BF71B;, and let y and x be, respectively, a left
and a right eigenvector of P(«, 8) associated with (g, fo). Then, the Dedieu-Tisseur
condition number of (ap, Bo) is given by

k 1/2
,Bo), P) = 2i| 3 [2(k=1) 2 _ lyll2llz(l2
rn((ao, Bo), P) <§ao| |Bol w1> ly*(BoDa P(ag, Bo) — @DsP(aw, Bo))z|

(2.1)
where D, = %, that is, the partial derivative with respect to z € {a, 8}, and w;,
i =0: k, are nonnegative weights that define how the perturbations of the coefficients
B; are measured.
It is important to note that the expression for this eigenvalue condition number
does not depend on the choice of representative for the eigenvalue (ayg, Bo).

2.2.2. Stewart-Sun condition number. Here we introduce another homoge-
neous eigenvalue condition number. Its definition is easy to convey and to interpret
from a geometrical point of view.

We recall that every eigenvalue of a homogeneous matrix polynomial can be seen
as a line in C? passing through the origin. The condition number that we present
here uses the “chordal distance” between lines in C? to measure the distance between
an eigenvalue and a perturbed eigenvalue. This distance is defined on the projective
space P;(C).

Before introducing the chordal distance, we recall the definition of angle between
two lines.

DEFINITION 2.7. Let x and y be two nonzero vectors in C? and let (x) and (y)
denote the lines passing through zero in the direction of x and y, respectively. We
define the angle between the two lines (x) and (y) by

(=, )|

Telluln: © S 062 ) s /2,

0({z), (y)) := arc cos

where {x,y) denotes the standard Hermitian inner product, i.e., (x,y) = y*x.

REMARK 2.8. We note that cos 6((z), (y)) can be seen as the ratio between the
length of the orthogonal projection (with respect to the standard inner product in
C?) of the vector x onto y to the length of the vector x itself, that is,

r0j, T
cos (@), ) = 122
(E4P
since
roj, T
pI'ijl' _ <xay>y and Hp Jy ||2 . |<.’E,y>|

lyll3 . llll2llyll2
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We also have

_ |lz — proj, |

sin 0((z), (y)) = ]|

The definition of chordal distance is given next.

DEFINITION 2.9. [11, Chapter VI, Definition 1.20] Let = and y be two nonzero
vectors in C% and let (x) and (y) denote the lines passing through zero in the direction
of x and y, respectively. The chordal distance between (x) and (y) is given by

x((2), (y)) := sin(0((x), (9)))-

Notice that x({z), (y)) < 0({x), (y)). Moreover, the chordal distance and the angle
are identical asymptotically, that is, when 6({z), (y)) approaches 0.

The chordal distance between two lines (z) and (y) in C? can also be expressed
in terms of the coordinates of the vectors x and ¥ in the canonical basis for C2. Note
that this expression does not depend on the representatives x and y of the lines.

LEMMA 2.10. [11, page 283] If (a, B) and (v, 8) are two lines in C?, then

_ ad — By
Va2 + 1812 /Iv? + [6]2

x({a, 8), (7, 0))

REMARK 2.11. Notice that 0 < x({(c, 8), (7,9)) < 1 for all lines (a, ), (7,6 in
C2. Since the line (1,0) is identified with the eigenvalue co in PEPs, we see that the
chordal distance allows us to measure the distance from oo to any other eigenvalue
very easily. Moreover, such distance is never larger than one.

Next we introduce the homogeneous eigenvalue condition number in which the
change in the eigenvalue is measured using the chordal distance and that we baptize as
the Stewart-Sun eigenvalue condition number. This condition number was implicitly
introduced for matrix pencils in [11, page 294], although an explicit definition is not
given in [11]. See also [1, page 40] for an explicit definition of this condition number
for matrix polynomials.

Note that in Definition 2.12 below, (ag, +Aaq, Bo + ABp) is the unique simple
eigenvalue of (P + AP)(«, 3) that approaches («g, fy) when AP approaches zero.

DEFINITION 2.12. Let («g, Bo) be a simple eigenvalue of a reqular matriz polyno-
mial P(a, B) = Z?:o o'BF1B; of grade k and let x be a right eigenvector of P(a, ()
associated with («g, fo). We define

X (@0, Bo), (a0 + A, Bo + ABo)) :

€

ol 0. P) = limsup |
e—0
[P(ao + Ao, Bo + ABo) + AP(ag + Aa, Bo + Apo)|(z + Az) = 0,
||ABi||2 S €wi,’i =0: k},
where AP(a, ) = Zf:o a'BFTAB; and w;, i = 0 : k, are nonnegative weights that
allow flexibility in how the perturbations of P(«, ) are measured.

As far as we know, no explicit formula for the Stewart-Sun condition number is
available in the literature. We provide such an expression next.
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THEOREM 2.13. Let (a, Bo) # (0,0) be a simple eigenvalue of P(a, 8) = Zf:o o’
B*=iB;, and let x and y be, respectively, a right and a left eigenvector of P(a, 3)
associated with (ag, Bo). Then,

k
. Bo), P) = i By |F i, _ llyll2l||2 ’
ko((ao, Bo), P) (; lovol*|Bol w) ly*(Bo Do P, Bo) — @D P, fo))z|

(2.2)
where D, = %, that is, the partial derivative with respect to z € {«, 5}.

Proof. Let (P+AP)(a, 8) be a small enough perturbation of P(«a, 8). Then, (P+
AP)(«, 8) has a unique simple eigenvalue (dp, 50), with associated eigenvector z+ Az,
that approaches (ag, 39) when AP(a, 3) approaches zero. Since {[ao, Bo]”, [~ B0, @] T }
is an orthogonal basis for C? (with respect to the standard inner product), we can
choose a representative for (ap, 30) of the form

[aﬂa 60]T + [Aao, ABO]Ta

where ([avg, Bo]T, [Aao, ABp]T) = 0 for any given representative [, Bo]T of (ag, Bo)-
This implies that there exists a scalar b such that

[Aa, ABo]" = b[—Bo, a) " (2.3)
Expanding for these representatives the left hand side of the constraint
[P(ap + Aag, Bo + ABo) + AP(ag + A, Bo + ABo)](x + Ax) =0
in the definition of kg ((ao, fo), P) and keeping only the first order terms, we get
[DaP (a0, Bo)Aag + D P(a, Bo)Abolz + P(ag, fo) Az + AP(ag, o)z = O(€?).

If we multiply the previous equation by y* on the left, taking into account that y is
a left eigenvector of P(«, 8) associated with («g, By), we get

y*[DaP(ao, Bo)Aag + D P(ag, Bo) Aoz + y* AP (a, fo)z = O(€). (2.4)
Using (2.3), (2.4) becomes
y*[DaP(ao, Bo)bBo — D P(ao, Bo)haole — y*AP(ag, fo)x = O(e?).
Since (g, Bo) # 0 is a simple eigenvalue, by [4, Theorem 3.3],
y*[DaP(ao, Bo)Bo — DsP(ao, Bo)ao)z # 0.
Therefore,

y*AP(ao, o)z

- + O(é?). 2.5
" y*[BoDa P, fo) — aoDpP (o, Bo)lx (€) (25)
On the other hand,
X (20, Bo), (o + A, Bo + ABo)) _ laoABy — oAy
¢ e/l + 1Bo]2v/]ao + Aco|? + [Bo + ABol?

bl V]aw|* +|Bol?

a ?\/|040 + Aagl? + [Bo + ABo|?

(2.6)
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Since, by (2.5),

LI lylzll>
€ (;'ao' - wl) ly* (BoDaP(a, o) — a6 DsP(ao, fo))z]

+O() (2.7)

and Acqp and Afy approach zero as € — 0, from (2.6) and (2.7) we get

k
p i1 8o [~ 0; _ lyllzllz]l2 .
ko((aw, Bo), P) < (; |avo|*| Bol w) 7 (D P (oo fo) — D Pan Ba)e]

Now we need to show that this upper bound on the Stewart-Sun condition number
can be attained. Let

*

yx

—q g k=i
AB; = sgn(aoz)sgn(ﬁo )€wim’

i=0:k,

where sgn(z) = 7 if z # 0 and sgn(0) = 0. Note that, with this definition of AB;,
we have

k
IAB;|l2 = ew;, i=0:k, and |y*AP(ag,Bo)x|=c¢ <Z a0|i50|kiwi> 1z ||2]|y||2-

i=0
Thus, the inequality in (2.7) becomes an equality and the result follows. O

3. Comparisons of eigenvalue condition numbers of matrix polynomi-
als. In this section we provide first a comparison between the Dedieu-Tisseur and
Stewart-Sun homogeneous condition numbers and, as a consequence, we prove that
these condition numbers are equivalent up to a moderate constant depending only on
the degree of the polynomial. Then we compare the Stewart-Sun condition number
with the non-homogeneous condition number in both its absolute and relative version;
as a result, we see that these condition numbers can be very different in certain situ-
ations. A simple geometric interpretation of these differences is given in Section 4. In
the literature some comparisons can be found, as we will point out, but they provide
inequalities among the condition numbers while our expressions are equalities.

3.1. Comparison of the Dedieu-Tisseur and Stewart-Sun condition num-
bers. As mentioned earlier, the Dedieu-Tisseur and the Stewart-Sun homogeneous
condition numbers are defined following a very different approach. So it is a natural
question to determine how they are related. We start with a result known in the
literature.

THEOREM 3.1. [3, Section 7][1, Corollary 2.6] Let (aq,Bo) # (0,0) be a sim-
ple eigenvalue of a regular matriz polynomial P(a, 3) = Zf:o o' BBy of grade k.
Assuming that the same weights w; are considered for both condition numbers, we have

ko((ao, Po), P) < Ckp((ao, Bo), P),

for some constant C.

To provide an exact relationship between the Dedieu-Tisseur and the Stewart-Sun
homogeneous condition numbers, we simply use the explicit formulas given for them
in Theorems 2.6 and 2.13, respectively.
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. THEOREM 3.2. Let (o, Bo) # (0,0) be a simple eigenvalue of P(c, B) = Zlio a’
B8%7"B;. Then,
) ) 1/2
(2hg lao 218022

) ’P = i ]
Hh((CYO 50) ) Zf:o |a0|1|ﬂo|kﬂwi

Klg((ao, 60), P)

The following result is an immediate consequence of Theorem 3.2 and shows that,
for moderate k, both homogeneous condition numbers are essentially the same.

COROLLARY 3.3. Let (ag,Bp) # (0,0) be a simple eigenvalue of P(a,f) =
¥ aiBFB;. Then,

1 #n((ao, Bo), P)
VEk+1 = ko((a,bo), P)

<1

Proof. Let v := [|Bo|*wo, |ao||BolF w1, .., |ao|fwi]T € R¥FL. From Theorem
3.2, we have

kn((ao, Bo), P) _ [|v]l2
ro((o0,B0), P) — lvlly’

where ||.||; denotes the vector 1-norm [11]. The result follows taking into account the
fact that 1/vk+1 <|v|2/|lv]s < 1.0

Since the Dedieu-Tisseur and the Stewart-Sun condition numbers are equivalent
and the definition of the Stewart-Sun condition number is much simpler and intuitive,
we do not see any advantage in using the Dedieu-Tisseur condition number. Therefore,
in the next subsection, we focus on comparing the Stewart-Sun condition number with
the non-homogeneous condition numbers. The corresponding comparisons with the
Dedieu-Tisseur condition number follow immediately from Theorem 3.2 and Corollary
3.3.

3.2. Comparison of the homogeneous and non-homogeneous eigenvalue
condition numbers. As we mentioned in Section 2, the main drawback of the non-
homogeneous condition numbers is that they do not allow a unified treatment of all
the eigenvalues of a matrix polynomial since these condition numbers are not defined
for the infinite eigenvalues. Thus, some researchers prefer to use a homogeneous eigen-
value condition number instead, although in most applications the non-homogeneous
eigenvalues A are the relevant quantities. In this section, we give an algebraic relation-
ship between the Stewart-Sun condition number and the non-homogeneous (absolute
and relative) eigenvalue condition number. We emphasize again that, by Theorem 3.2
and Corollary 3.3, this relation also provides us with a relation between the Dedieu-
Tisseur condition number and the non-homogeneous condition numbers.

We start with the only result we have found in the literature on this topic.

THEOREM 3.4. [1, Corollary 2.7] Let (ap, Bo) with ag # 0 and Sy # 0 be a simple
eigenvalue of a reqular matriz polynomial P(«, 8) = Zf:o o' BBy of grade k and
let Ao := a—g Assuming that the same weights w; are considered for both condition
numbers, there exists a constant C' such that

1+ ]Xo/?

Kkr(Xo, P) < C
(Ao, P) Mol

tn((ao, o), P)-
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The next theorem is the main result in this section and provides exact relation-
ships between the Stewart-Sun condition number and the non-homogeneous condition
numbers. Note that in Theorem 3.5 an eigenvalue condition number of the reversal of
a matrix polynomial is used, more precisely, x4 ((1/Xg), revP). For Ag = oo, this turns
into k4(0,revP) which can be interpreted as a non-homogeneous absolute condition
number of \g = oo.

THEOREM 3.5. Let (ag,Bo) # (0,0) be a simple eigenvalue of a regular matriz
polynomial P(a, B) = Z?:o a'BF71B; of grade k and let \g := %, where A\g = 00
if Bo = 0. Assume that the same weights w; are considered in the definition of all
the condition numbers appearing below, i.e., ||AB;||2 < ew;,i = 0 : k, in all of them.
Then,

(i) if 6o 0,
ko((ao, Bo), P) = Ka(Xo, P) ﬁ; (3.1)
(i) if ag # 0,
ko ((co, Bo), P) = Ka <)\10,revP> 1+1;02; (3.2)
(iii) if o # 0 and By # 0,
ro((00, Bo), P) = s (N0, P) 1+'AA'| (3.3)

Proof. Assume first that 8y # 0, which implies that A\g is finite. Let (020,50) =
(o +Aag, Bo+ABo) be a perturbation of (ap, fo) small enough so that Sy +ApBg # 0,
and let A\g + A)g := % Note that

_aofo — aofo _ BoAag — apABy
A = S = T (3.4)

Then, we have, by Lemma 2.10,

X((Oé07 50)7 (070, BO)) = |040A50 - BOAO[0|
1Bolv/T+ ol?180 + ABolyv/1+ Ao + Ado[?

_ |AX|
V14021 + [Ao + A)|2

(3.5)

where the second equality follows from (3.4). Then, as € — 0 in the definition of the
condition numbers (which implies that |A«ag| and |ABy| approach 0 as well, using a
continuity argument), we have AXg — 0. Thus, bearing in mind Definitions 2.1 and
2.12, (3.1) follows from (3.5).

Assume now that ag # 0 and By # 0, that is, Ay # 0 and )¢ is not an infinite
eigenvalue. Then, from (3.5), we get

. | AN Aol
Qp, , (&, = '
X(( 0 ﬁo) ( 0 ﬁO)) |)\0| \/1+ |)\0|2\/1+ ‘)\0+A)\0|2
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This implies (3.3). By Lemma 2.4, (3.2) follows from (3.3) for finite, nonzero eigenval-
ues. It only remains to prove (3.2) for Ay = oo, which corresponds to (ag, 5p) = (1,0).
This follows from Theorem 2.3 applied to revP and Theorem 2.13, which yield:

_ wrllzll2llyll

Ka(0,TevP) = v By1]

= k9((1,0), P).

From Theorem 3.5, we immediately get
ko((ao, Bo), P) < Kr(No, P)  for 0 < |Ao| < o0,
as a consequence of (3.3). We also get
ko((c0, Bo), P) < Ka(Ao, P)  for 0 < [Ag] < oo,

as a consequence of (3.1). In addition, Theorem 3.5 guarantees that there exist
values of g for which kg ((ag, 5o), P) and k,.(\g, P) are very different and also values
for which they are very similar. The same happens for k¢((ap, Bo), P) and k4 (Ao, P).
In the rest of this subsection we explore some of these scenarios.

REMARK 3.6. As explained in Section 1, the main motivation behind the defini-
tion of the homogeneous eigenvalue condition numbers was to provide a unified way
to measure the sensitivity of all the eigenvalues (finite and infinite) of a matrix poly-
nomial to perturbations in its matrix coefficients, since the relative non-homogeneous
condition number, being, probably, the most important for practical purposes, is not
defined for zero and infinite eigenvalues. However, this non-homogeneous condition
number is defined for nonzero eigenvalues whose modulus is as close to 0 and infinity as
wished, and note that, according to (3.3), in these cases kg ((c, Bo), P) < kv (Ao, P),
because |Ag|/(14|Ao]?) < 1if [Nl is very large or very small. Thus, a natural question
is to provide an interpretation of kg ((ao, Bo), P) in terms of Wilkinson-like eigenvalue
condition numbers when |Ag| is very large or very small.

For this purpose, note that from Theorem 3.5, we obtain

P00 L) < (a0, o). P) < maldon P) iAol <1, (36)

and

Ka ()\%, revP)

5 < k¢ ((ag, Bo), P) < Kq <,revP) , if |Ao| > 1. (3.7

From (3.6) and (3.7), we state that for “small non-homogeneous eigenvalues”,
ko((w, Po), P) is essentially x,(Ag, P), while for “large non-homogeneous eigenval-
ues”, kg ((, Bo), P) is essentially k,(1/Ag, revP). Therefore, kg ((ag, 5o), P) measures
absolute variations of very small non-homogeneous eigenvalues and absolute variations
of the reciprocal of very large non-homogeneous eigenvalues, while in most applica-
tions the relative variations are the ones of interest. These comments reveal that,
although the homogeneous eigenvalue condition numbers solve the lack of definition
of the relative non-homogeneous condition number for 0 and infinite eigenvalues, and
provide a unified way to measure the sensitivity of all the eigenvalues of a matrix poly-
nomial, they achieve these objectives at the cost of becoming an absolute condition
number at eigenvalues close to 0 or infinity.

REMARK 3.7. Taking into account (3.6) and (3.7), the fact that kq(Ao, P) =
Kr(Xo, P)|Ao|, Theorem 3.5, and Lemma 2.4, the following relations are obtained:
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(i) From (3.1), we get that, if |\g| ~ 1, then
fa(Xos P)_ Kr(Ao, P)
2 2
(ii) From (3.6), we get, as |\o| approaches 0,
ko((ao, Bo), P) = kq(Ao, P) < Kr(Ao, P).
(iii) From (3.7), Lemma 2.4, and the fact that x4(1/Xg,revP) = k,-(1/Xg, revP) -

ko((ao, Bo), P) ~

, we get, as |Ag| approaches oo,

1
Ao

ko((@o, Bo), P) = Kq ()i),revP) < Ky ()i),revp> = fir(Ao, P) < Ka(No, P).
Next, we give an example that illustrates results (ii) and (iii) in Remark 3.7
for a quadratic matrix polynomial with very small and very large non-homogeneous
eigenvalues. This example will also be useful to illustrate some results in Subsection
4.3, where we study the non-computability of eigenvalues of matrix polynomials with
large and small moduli.
ExaMPLE 3.8. Let us consider the quadratic matrix polynomial

[ (A= 10%)(A — 100) 0

PQ) = { 0 (A— 10-5)(A — 1015)
L1 0 —10° — 1010 0 105 0
=A [0 1}“”[ 0 —10°—10% || 0 101

= )\2B2 + ABl + BQ.

The eigenvalues of P(\) are A\; := 107°, Ay := 10°, A3 := 10'°, and X\, := 10%°.
Right and left eigenvectors associated with these eigenvalues are, respectively,

Txy =Y = [Oﬂ 1]Tv Txo =YX, = [130]Ta Trs = Yxs = [170]T7 Txe = Yxy = [Ov 1}T'

In the computation of the condition numbers in this example, we consider the weights
w; = ||Bl||2, i =0:2. We note that HBQHQ = ]., ||Bl||2 = 1075 + 1015, and ||B0||2 =
10'°. In the next table we give the order of the value of the three condition numbers
ko((Xo, 1), P), Ka(Ao, P), and k. (Ao, P) for each eigenvalue.

Eigenvalues ‘ Ko Ka Ko
107 1 1 10°
10° 1 1010 10°
1010 10— 105 10°
10%° 1071 105 1

The first row of this table illustrates Remark 3.7(ii), while the second, third,
and fourth rows illustrate Remark 3.7(iii). The fourth row is particularly interesting
because it corresponds to a very large non-homogeneous eigenvalue that is very well-
conditioned in a relative sense, since k,(10'%, P) a 1 as a consequence of the fact
that xg((101°,1), P) is very small. Further discussions on this type of situations are
presented in Subsection 4.3.

We end this section with a comment on the impact of the results in Theorem
3.5 on the comparison of the condition numbers of some Ag € C when seen as an
eigenvalue of a matrix polynomial P and as an eigenvalue of a linearization of P.
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We recall that the usual way to solve a polynomial eigenvalue problem P(\)x = 0
is to construct a linearization of P(\) and to solve the associated generalized eigen-
value problem. However, it is important to ensure that the condition numbers of the
eigenvalues of P are not significantly magnified by this procedure. More precisely,
given a linearization L(A) of P(A) and a simple, finite, nonzero eigenvalue Ag of P(A),
we would like that (Ao, L)/k(Xo, P) = O(1) [2, 7]. We note that, depending on which
definition of condition number is used, this quotient might, in principle, produce very
different results. However, Theorem 3.5 shows that, for the three types of condition
numbers considered in this subsection, the quotients will be the same. Namely,

ko((Mos 1), L) Ka(Xo, L) Kr(No, L)

ko((X0s1),P)  ka(Aoy P)  Kr(Ao, P)’

4. A geometric interpretation of the relationship between homoge-
neous and non-homogeneous condition numbers. In Theorem 3.5, we pro-
vided an exact relationship between the Stewart-Sun homogeneous condition number
and the non-homogeneous condition numbers. This relationship involves the factors
B and >, when the Stewart-Sun condition number is compared with the

1 1
1+[Xo 1+’%
0

Ao
ﬁ, when

absolute non-homogeneous condition number, and involves the factor 1
the Stewart-Sun condition number is compared with the relative non-homogeneous
condition number. In this section we give a geometric interpretation of these factors,
which leads to a natural understanding of the situations discussed in Remark 3.7
where the homogeneous and non-homogeneous condition numbers can be very differ-
ent. The reader should bear in mind, once again, that in most applications of PEPs,
the quantities of interest are the non-homogeneous eigenvalues, which can be accu-
rately computed with the current algorithms only if the non-homogeneous condition
numbers are moderate.

4.1. Geometric interpretation in terms of the chordal distance. The fac-

> and —ol appearing in (3.1), (3.2) and (3.3), respectively, can

|
tors T o]

1 1
I+[Xxo[?> 1+ Tlo‘
be interpreted in terms of the chordal distance as we show in the next theorem. We do
not include a proof of this result since it can be immediately obtained from the defini-
tion of chordal distance (Definition 2.9) and Remark 2.8. Note that x((ao, £o), (1,0))
can be seen as the chordal distance from “Ag = 2 to 00”, while x((a, fo), (0,1)) can
be seen as the chordal distance from “M\g = “—g to 07.

PROPOSITION 4.1. Let (g, Bo) # (0,0) and let Ay := %, where A\g = oo if
Bo = 0. Let 6 denote the angle between (ay, Bo) and (1,0). Then,
(i) If By # 0, then

1
1+ [Aof?

(i) If ag # 0, then

= X((Ozo,ﬁo), (1,0))2 = Sil’l2(9).

% = x((@0, Bo), (0,1))? = cos*(h).
mh

(iii) If ag # 0 and By # 0, then

Aol

T+ Ao? = X((@0, B0), (1,0)) x((c0, Bo), (0,1)) = sin(f) cos().
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REMARK 4.2.  We notice that the conditions 0 < |A\g| < 1 and |Ag| > 1 used
in Remarks 3.6 and 3.7 are equivalent, respectively, to x((ao, o), (1,0)) > 1/v/2 and
x((a0, Bo), (0,1)) > 1/4/2, or, in other words, to sin(f) > 1/+/2 and cos(f) > 1//2.

Combining Proposition 4.1 (iii) with Theorem 3.5 (iii), we see that either when
the angle between the lines (ag, 8y) and (1,0) is very small or when the angle between
the lines (g, Bo) and (0, 1) is very small, xo((ao, 50), P) < kr(Xo, P), i.e., even in
the case kg((ao,B0), P) is moderate and the line («g,fy) changes very little under
perturbations, the quotient \g = /By can change a lot in a relative sense. This
is immediately understood geometrically in R2?. The combination of the remaining
parts of Theorem 3.5 and Proposition 4.1 lead to analogous discussions. In the next
section, we make an analysis of these facts from another perspective.

4.2. Geometric interpretation in terms of the condition number of the
cotangent function. Let agp,8y € C with By # 0, let Ay := %, and let 0 :=
0((co, Bo), (1,0)), that is, let  denote the angle between the lines («g, 5p) and (1, 0).
From Proposition 4.1,

A 1
cos@zﬂ sin 6 =

VIF o VIt

Thus,

|ao 1
Xl =+—==cot § and —— = tan 0.
ol = 1 o

Note that this is also the standard definition of the cotangent and tangent func-
tions in the first quadrant of R%. The cotangent function is differentiable in (0, 7/2).
Thus, the absolute condition number! of this function is

Ka,ct(0) :=|cot’(0)] = |1 + cotQ(H)\ =1+ |)\0|27 (4.1)

which is huge when 6 approaches zero. Moreover, the relative-absolute condition

number? of the cotangent function is given by

_cot’(0)] |14 cot?(0)] 1+ |Aol?
| cot(0)] | cot(8)] Aol

Kt (0) : (4.2)
which is huge when 6 approaches either zero or 7/2.
The tangent function is also differentiable in (0,7/2) and the absolute condition
number of this function is
112
Kat(0) == [tan’(0)| = |1 + tan?(0)| = 1 + ‘)\ . (4.3)
0

From (3.1), (3.2), (3.3), (4.1), (4.2), and (4.3), we obtain the following result.
THEOREM 4.3. Let (ap, Bo) # (0,0) be a simple eigenvalue of a regular matriz

polynomial P(a, B) = Zf:o a' BB, of grade k and let Ay = %, where A\g = oo if

Bo =0. Let 0 := 0((avo, fo), (1,0)). Assume that the same weights are considered in
the definitions of all the condition numbers appearing below. Then,

IWhen we refer to the absolute condition number of a function of #, we mean that we are
measuring the changes both in the function and in 6 in an absolute sense.

2When we mention the relative-absolute condition number of a function of 6, we consider that
we are measuring the change in the function in a relative sense and the one in 6 in an absolute sense.
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(i) If By # 0, then
K,a()\o, P) = He((ao,ﬁo),P) /‘imct(e). (44)
(i1) If g # 0, then

Ka (;,revP> = ko((a0, Bo), P) Ka,(0).
0

(iii) If ag # 0 and By # 0, then
’ir()\OaP) = /{9((0407ﬁ0),P) Hr,ct(e)- (45)

Since for lines (ao, Bo) and (do, BO) very close to each other, x((ao, Bo), (do, BO)) =
0((cvo, Bo), (0, Bo)) = 10((aw, Bo), (1,0)) —8((cw, So), (1,0))|, equations (4.4) and (4.5)
express the non-homogeneous condition numbers of Ay as a combination of two ef-
fects: the change of the homogeneous eigenvalue measured by 6((ag, o), (do, fo)) as a
consequence of perturbations in the coefficients of P(«, §) and the alteration that this
change produces in | cot(6)|, which depends only on the properties of cot(f) and not
on P(\). In fact, with this idea in mind, Theorem 4.3 can also be obtained directly
from the definitions of the involved condition numbers.

We notice that the expressions in (4.4) and (4.5) can be interpreted as follows:
Given a matrix polynomial P()), we have already mentioned that the usual way to
solve the polynomial eigenvalue problem is to use a linearization L(\) = ALy — Lg
of P(\). A standard algorithm to solve the generalized eigenvalue problem associ-
ated with L(A) is the QZ algorithm. This algorithm computes first the generalized
Schur decomposition of L and Lg, that is, these matrix coeflicients are factorized
in the form Ly = QSZ* and Ly = QTZ*, where Q and Z are unitary matrices
and S and T are upper-triangular matrices. The pairs (T;;, S;;), where S;; and Tj;
denote the main diagonal entries of S and T in position (i,1), respectively, are the
“homogeneous” eigenvalues of L(\) (and, therefore, of P())). In order to obtain the
non-homogeneous eigenvalues of P()), one more step is necessary, namely, to divide
T;:/Sii. The expressions in (4.4) and (4.5) say that, even if kg((T};, Sii), P) is mod-
erate and the pair (T}, S;;) is “accurately computed”, the quotient \; := T};/S;; may
be “inaccurately computed” when S;; is very close to zero (that is, when |);| is very
large) or when T}; is close to zero (that is, when |\;] is close to zero) since |A;| will have
a huge non-homogeneous condition number. More precisely, for the large eigenvalues,
both x4 (Ao, P) and k,(Ag, P) will be much larger than ke ((co,fo), P), and for the
small eigenvalues, &, (Ao, P) will be much larger than x¢((co, 5o), P). This observa-
tion brings up the question of the computability of small and large non-homogeneous
eigenvalues.

4.3. Computability of small and large non-homogeneous eigenvalues of
matrix polynomials. By Remark 3.7, if |Ag| is very large, we have

K/@(()\O, 1)7P) < H’T(AOvP) < KCL()\OaP)a (46)
and, if |Ao| is very close to 0, then
ko((Xo, 1), P) = ka(No, P) < Kr(No, P). (4.7)

These relations suggest that the non-homogeneous eigenvalue condition numbers
ka(No, P) and k,.(Ag, P) may often be very large when either |A\g| is very large or
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very close to 0. However, we know from the eigenvalue Ay = 10'® in Example 3.8
that this is not always the case, since it is possible that a very large eigenvalue
Ao has k. (Ao, P) = 1. In this section we provide sufficient conditions under which
Kr(Xo, P) > 1 or kq(Nog, P) > 1 for very large or small eigenvalues, which show that
this happens in many situations. In these cases, the non-homogeneous eigenvalues
are very ill-conditioned and could be computed with such huge errors by the available
algorithms that it could be simply said that they are not computable.

In the rest of this section, we provide lower bounds on both k,(Ao, P) and
Kr (Ao, P) that will allow us to determine sufficient conditions for Ag to be ill-conditioned
under any of the two non-homogeneous condition numbers. We focus first on the be-
havior of the condition numbers of the eigenvalues of pencils (that is, matrix polyno-
mials of grade 1) with very small or very large modulus. This case is very important
since, as explained in Section 3, the most common approach to computing the eigen-
values of a matrix polynomial is to use a linearization. To keep in mind that we
are not working with general matrix polynomials in the first part of this section, we
will use the notation L(A) instead of P(A) to denote a pencil. Moreover, we will
focus on eigenvalue condition numbers with weights w; corresponding to the relative
with-respect-to-the-norm-of-P and relative coefficient-wise perturbations since these
correspond to the backward errors of current algorithms for generalized eigenvalue
problems (recall Remark 2.2).

Let L(\) := ABy + By be a regular pencil and let Ao be a finite, simple eigenvalue
of L(\). Notice that, by Theorem 2.13,

(wo + Polw)llgll2llzllz o (wo + [Aolwr)
ly*(B1 — XoBo)z|  — [|Billz + [Xoll|Boll2

ko((Xo,1), L) = (4.8)

The following result, which is an immediate consequence of the previous inequal-
ity, provides lower bounds on the non-homogeneous condition numbers that will be
used in Remark 4.5 to identify sufficient conditions for the non-homogeneous eigen-
values of a pencil L(\) with large or small modulus to not be computable, i.e., to be
very ill-conditioned.

PROPOSITION 4.4. Let L(\) = AB;1 + By be a regular pencil and let Ao be a
finite, simple eigenvalue of L(X\). Let wy,wqo be the weights used in the definition of
the non-homogeneous condition numbers of Ag. Let

Do = [[Boll2 oy e [[B1ll2 _
max{[|Boll2, | B2} max{||Bol|2, || B1ll2}

1. Iwa = w1 = maX{HBlHQ, ||Bo||2}, then

1
Ka(Aos L) > 14 [Xo|> and k(Ao L) > ol T ol
0
where the lower bound for k,.(\g, L) holds only if Ao # 0.
2. If w; = ||Bi||l2 fori=0,1, then

1 |\
ra(o, L) zmax{Q,';'}@w Do), and (49)
(o.L) > maxd = 2104 2lpm)
. max —_, =
Kr(A0, = 2‘)\0|72 Lo 0lP1),

where the lower bound for k.(A\g, L) holds only if Ay # 0.
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Proof. First assume that w; = wy = max{||Bo||2, || B1||2}. From (4.8), we get
HQ(()\Oa 1)7L) > 1)

which implies the result by Theorem 3.5. Assume now that w; = ||B;||2 for i = 0, 1.
Then,

po + p1|Xo
Ao, 1), L) > —————
fo((ho, 1), L) 2 =23
By Theorem 3.5, we have
1+|)\0|2)
oMoy L) > | ———— + A ,
Ka(Ao, L) (1+|)\0 (Po + [Xolp1)

and the result follows for k,(\g, L) by noticing that

1+ |Xol? { 1/2,  if X <1
1+|)\0| - |)\0|/2, 1f|>\0|>1

The result for &, (A, L) follows from (4.9) taking into account that |Ag|k, (Ao, L) =
Kaq ()\0, L) 0
REMARK 4.5. From Proposition 4.4, we obtain the following sufficient conditions
for the non-computability of simple eigenvalues with small and large moduli.
When relative perturbations with respect to the norm of L()\) are considered,
1. ka(Xo, L) > 1if [Ao| > 1,
2. kr(Ao, L) > 1if |Ag| > 1 or |N\o] < 1.
Now we consider relative coefficient-wise perturbations. Note that pg, p; < 1 and
po+p1 > 1. Thusv

o if [A\o| <1,
Po + p1lAol o pi
a A ,L > - - d " )\ ’L Z Ly
Ka(Xos L) > 9 and  k.(Ao, L) 2‘)\0|+2
o if [Ao| > 1,
A A + o1 |2
5o 00:2) 2 P (g 1 pulao 2 B and (g, 1) > 2211
Therefore,

1. ka(Ao, L) > 1if |Ao| > 1.
2. kr(Ao, L) > 1 if any of the following conditions hold:
(a) ||Boll2 & || Bill2, and [Ag| > 1 or [Ag| < 1;

(b) | Boll2 > [|Bill2 and |Xo| < 1;
(©) [|Boll2 > [[Bill2, [Ao| > 1 and [|Byf[2[Ao] > || Bol|;
(d) [|Bill2 > [ Boll2, [Ao| < 1, and |[Bollz > [|B1[[2[Aol;

(e) 1 Bill2 > [[Boll> and [3o| > 1.
Notice that conditions (b) and (c) (resp., (d) an (e)) are still sufficient con-
ditions for k,(Ag, L) > 1 with the less restrictive inequality || Bgll2 > || B1l|2
(resp., ||Bill2 = || Boll2). However, we have chosen the more strict inequali-
ties so that cases (a)-(e) are “disjoint” in the sense that each of them con-
siders different scenarios. For example, if ||Bol|l2 2 || Bi|2, the condition
| Bollz2 > ||Billz and |Ao| < 1 (less restrictive version of (b)) is already in-
cluded in (a).
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We admit a certain degree of ambiguity in the meaning of the expression “||By]|2 &

||Boll2” used above. It is possible to make a quantitative assumption of the type
1~ B2

C = |Boll2
kr(No, L) depending on C. We have preferred the simpler but somewhat ambiguous
statement given above.

< C for some constant C' > 1, which would lead to lower bounds for

We also note that, for a generic matrix pencil, we can expect || Boll2 = ||B1||2,
which implies that, for these pencils, both the eigenvalues with very large and very
small moduli, are not computable when relative coefficient-wise perturbations are
considered, since k,(Ag, L) > 1 according to the condition (a) above.

In Remark 4.5 we have given sufficient conditions for eigenvalues of pencils with
very small or very large moduli to be ill-conditioned. However, these conditions are
not necessary. For brevity, this is illustrated in Examples 4.6 and 4.7 by providing
counterexamples only for two of these conditions. The interested reader is invited to
find counterexamples for the remaining ones.

EXAMPLE 4.6. We have shown in Remark 4.5 that xq(Ao, L) > 1 if |Ag| > 1
for the relative coefficient-wise weights w; = ||B;||2 for ¢ = 0,1. Here we present
an example of a pencil with a small eigenvalue whose “absolute” non-homogeneous
condition number is also large.

10 0 1 0

0 1 } _'[ 0 1077
eigenvalue of L()\) and [0,1]7 is both a left and a right eigenvector of L()) associated
with Ag. Moreover, from the first equality in (4.8) with wy = || Bollz = 1 and wy =
1Bill> = 10M, we get

Let L(\) = )\{ } . Note that A\g = 1077 is a simple

14107

_ ~ 7
BEES TR

HG(()\Ov ]-)7 L)

which implies that x4 (X, L) = (1 + |Xo|?)ke((No, 1), L) ~ 107.

EXAMPLE 4.7. We have shown in the condition (d) of Remark 4.5 that for the
weights w; = ||B;||2 for ¢ = 0,1, if a pencil L(\) = AB;y + By has a simple eigenvalue
Ao whose modulus is very close to 0 and the coefficients of L(\) satisfy the conditions
|1B1ll2 > || Boll2 and || Boll2 > || B1ll2|Xol, then (Ao, L) > 1. Note that in Example
4.6, the pencil L()\) has a very small eigenvalue (namely, 10~7), ||Bi|l2 > || Bol|2,
HBo||2 < ||B1||2|/\0|, and HT()\(),L) ~ 104,

Our next goal is to extend the results about non-computability of eigenvalues
from pencils to general matrix polynomials of arbitrary grade. These results and its
consequences are presented, respectively, in Theorem 4.8 and Remark 4.9. It is worth
mentioning that the bounds in Theorem 4.8 obtained for pencils (polynomials of grade
1) are not the ones in Proposition 4.4 since the manipulations used to prove Theorem
4.8 are different than those used in Proposition 4.4. In fact, both types of bounds
complement each other at some extent.

The proof of Theorem 4.8 has two steps, as the one of Proposition 4.4. First,
we start by providing a lower bound for k¢((\g, 1), P) for a general matrix polyno-
mial P(\) and, then, we use Theorem 3.5 to obtain lower bounds for (Ao, P) and
kr(Xo, P). The first step requires simplifying the expression in the denominator of
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the formula (2.2) for rg((Ao, 1), P). Let P(a, ) = S35, /¥~ B,. Notice that

k
P(a,8) =Y ia'g*'B;,  and (4.10)
- .
DgP(a, ) =Y (k—i)a'B""7'Bi = (k—i)a’8* "B, (4.11)
1=0 1=0

Let (Mo, 1) be a simple eigenvalue of P(«,3). Evaluating (4.10) and (4.11) at the
representative [\, 1]7, we get

k k
DaP(Xo,1) = XoDsP(Xo, 1) = Y iAg "By — X ¥ _(k—i)AB;
i=1 =0
= (14 Aol*) Y irg "B — Xok Y A\oBi
i=1 =0
k . —
= (14 Aol?) Y iry ' Bi — XokP (Ao, 1).
i=1

Let = and y be, respectively, a right and a left eigenvector of P(«, ) associated
with (Ag,1). Then, taking into account that P(\g,1)z = 0, the denominator of
ko((No, 1), P) in (2.2) is given by

k
ly* (Do P (Mo, 1) — AoDsP(No, 1))z = (1 + |Xo|?) [y <Z¢Angi> . (4.12)
i=1
Hence,
k ; k ;
; Ao lw; " Ao liw;
I+ PPy (iziire Bzl (1+ [Aol?) (2iy ilrol" M Bill2)
(4.13)
If w; = max;—g.x{|| Bill2} for j =0,1,2,...,k, from (4.13), we get
k .
i—o [ Mol i=0:k1 || Bi
kol(h, 1), P) > ——izo ol maxicondl B} oy gy
(1+ Ao (i y iAol 1) maxi=yx{[| Bill2}
If wj = || Bjl|2 for j =0,1,2,...,k, then, from (4.13), we get
5 ,
o | Aol B
ko((Ao, 1), P) = iz Mol Bill: (4.15)

E oy 1 :
(L4 [Ao?) iz iAo Bill2)
In the results that we present next we will use the following notation:

_ [[Boll2 . maxi=o{|| Bill2}
max;—1.1{ [ Bill2}’ max;—1.x{|| Bill2}

With the previous inequalities and definitions at hand, we are now in the position
of providing in Theorem 4.8 the announced lower bounds for x4 (Ao, P) and &, (Ao, P)
when P is a matrix polynomial with arbitrary grade.

THEOREM 4.8. Let P(\) = Zf:o NB; be a regular matriz polynomial and let Ao
be a finite, simple eigenvalue of P(\).

= max{1,bh}.
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1. Ifwj = maXi:Oik{”Bi”2} fO’l”j = 0’1727"'5k; then

1 ol 11
"’fa(A07P) > max{k@v k}”a ’{r()‘()vp) > max{k2|)\0 ) k} K,
where the lower bound for r,(Xg, P) holds only if A\g # 0.
2. Ifw; = ||Bjll2 for j =0,1,2,...,k, then
A 1
halo, P) d N E ! ¥

- Aol 1
~ K2max{1,|Xo[F"1} kO — k2max{|Ao[, o[} K

where the lower bound for k,.(Xg, P) holds only if Ao # 0.
Proof. Let us start with the relative with-respect-to-the-norm-of-the-polynomial
case, that is, let w; = max;—o.x{||Bil|2} for j = 0,1,..., k. Then, by Theorem 3.5 and
(4.14),

k i k i—1
PSS - Y] NP S
> iz1 Aol kY iy [ Aol k) iy ot k

Taking into account that, if [Ao| < 1, then % [Ao[i™! < k, and if |Ao| > 1, then
S ol < kholF, we get

1 Aol
P) > ke
Ka(Ao, P) > <k2max{1,|>\o’“1} + k )M

The results for the relative with-respect-to-the-norm-of-the-polynomial case follow
easily from this expression and k. (Ao, P) = Kq(Ao, P)/| Mol

Let us consider now the relative coefficient-wise case, that is, let w; = || B,||2, for
j=0,1,...,k. Then, by Theorem 3.5 and (4.15),

k i k i—
2izo Pol'llBill2 o [1Boll2 + Aol 2izy [Ao] | Bill2
T = % —
(X izy iAol Bill2) kY Mol Bill2
[ Boll2 N Aol

T kmaxi_y g {[|Bill2} S5 ol k

Ka()\o,P) >

The results follow from Zle [Ao|i~t < kmax{1,|No|* 1} and k,(No, P) = ka(Xo, P)/| Mol
0

REMARK 4.9. The lower bounds on k,(\g, P) and k,.(\g, P) presented in Theo-
rem 4.8 allow to determine, in a straightforward way, the following sufficient conditions
for the non-computability of the eigenvalue \g, when either |[Ag| > 1 or |A¢] < 1. In
order to obtain these conditions, note that, if g > 1, then pu = .

e For the weights w; = max;—o.x{||Bill2}, s =0,1,...,k:

(a) Kq(Ao, P) > 1if |No| > k or if | Boll2 > k? max;—1.x{|| Bil|2}-

(b) HT(/\(),P) > 1if |)\0| < Fg or if HB()H2 > kmaxizl:k{HBng}.

o For the weights w; = || Bj]|2 for j =0,1,... k:

(C) I{a()\o, P) > 1if |>\0‘ > korif HB()HQ > k2 maxizlzk{HBng}max{l, |>\0‘k71}.

(d) Hr()\o,P) >1 if ||B()||2 > k2 maxl-zlzk{HBiHQ}max{|)\0|, |/\0|k}

Next, we give an example to illustrate some of the results in Theorem 4.8 and
Remark 4.9.
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ExaMPLE 4.10. Let us consider the quadratic matrix polynomial given in Exam-
ple 3.8, whose eigenvalues are 107°,10%,10'°, and 10'®. Note that h = % ~ 1.
The sufficient conditions in Remark 4.9 imply, when w; = || B;||2 for ¢ = 0, 1,2, that

Ha(losvp)aﬁa(lowap)aHa(]-OlS,P) > 1,
and
k- (1077, P) > 1.

Notice that the result for \g = 107> follows from the fact that the condition || Byl|o >
k2 max;—1.,{|| Bi||2} max{|Ao|, |No|¥}, which is equivalent to 101® > 4|10~°+10%| 1075,
is true. These conclusions can be confirmed by the values of the condition numbers
in the table in Example 3.8. We stress that the conditions in Remark 4.9 are not
necessary. For brevity, we illustrate this observation with some of the results ob-
tained in Example 3.8. Note that r,.(10%, P) and k,(10'°, P) are both large but
|| Boll2 < k% max;—1.x{||Bi|l2} max{|Ao|, |\o|*} in both cases.

We highlight that whenever rg((Ao,1), P) is moderate (of order one) and ||
is large, then kq(Ag, P) and k,(Ag, P) are both always large, as exemplified by the
eigenvalue 10° of this example and guaranteed by Theorem 3.5 and its consequence
(4.6). However, we also highlight that it is possible to have k,(\g, P) = 1 for very
large |\o|, as exemplified by the eigenvalue 10*® in this example, since it is possible
to have kg((Ao, 1), P) < 1 in these situations (recall again the table in Example 3.8).
In the jargon we are using in this section, this means that there exist very large non-
homogenous eigenvalues which are computable and that this happens if and only if the
corresponding homogeneous condition number is very close to zero as a consequence

of (3.3).

Finally, we present Corollary 4.11, which is an informal result that summarizes
in a concise way all the sufficient conditions obtained in this section for the non
computability of eigenvalues of pencils with small or large moduli. This corollary is,
in fact, obtained from the results in Remarks 4.5 and 4.9, when particularized for
k = 1. It is worth highlighting that the sufficient conditions that, in Corollary 4.11,
guarantee that x,.(A\g, L) > 1 for the weights w; = ||B;||2, ¢ = 0,1, show that the
ratio of the magnitudes of the monomials |A\g|||B1]|2 and ||By||2 plays a relevant role
in determining when the relative non-homogenous condition numbers of very large
and small eigenvalues of pencils are very large.

COROLLARY 4.11. Let L(\) = AB1+ By be a regular pencil and let Ao be a simple,
finite eigenvalue of L(\).

1. If w; = max{||Bo|l2, | Bill2} fori=0,1, or w; = ||B;||2 for i = 0,1, then

ka(Xo, L) > 1, if [Xo| > 1, or |Xo| < 1 and ||Boll2 > || B1]|2-
2. If w; = max{||Boll2, | B1l|2} for i = 0,1 and Ao # 0, then
Kr(Xo, L) > 1, if [Ao] > 1 or |Ao] < 1.
3. If w; = ||Bi|l2 for i = 0,1 and X\ # 0, then
kr(Xo, L) > 1, if any of the following two conditions hold

(i) [Xo| > 1 and either |Nol||B1ll2 > || Boll2 or |Xoll|Bill2 < ||Boll2;
(ll) |)\0‘ < 1 and |)\()|||B1||2 < ||Bo||2
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Proof. We omit the proofs of 1. and 2. since they are elementary and focus on the
proof of 3. We notice that, in order to prove 3., it is enough to show that conditions
(i) and (ii) in 3. are equivalent to conditions (a)-(e) in Remark 4.5 and condition (d)
in Remark 4.9. Note that, since in this corollary we only consider eigenvalues with
very large or very small moduli, we can express (d) in Remark 4.9 as

(d1) |Ao| > 1 and [[Bollo > || Bill2[Aol;
(d2) Ao <1 and [|Bo[2 > [|Bi[2[Aol-
We also introduce a separate notation for each condition in (i) in 3.:
(i)-1 [Xo| > 1 and |Xo|||B1ll2 > || Bol|2;
(i)-2 [Ao| > 1 and [Ao||| Bill2 < || Boll2-

It is clear that (ii) in 3. is equivalent to (d2) and (i)-2 is equivalent to (d1). Next
we show that conditions (i) and (ii) are also equivalent to conditions (a)-(e) in Remark
4.5. We consider three scenarios:

Case I: Assume that ||Bo|l2 ~ ||Bill2. Then, condition (i)-1 is equivalent to
[Ao| > 1 and condition (ii) in 3. is equivalent to |[A\g| < 1. These two conditions
together are equivalent to condition (a) in Remark 4.5.

Case II: Assume that ||Bp||2 > ||B1]|2- Then, (i)-1 is equivalent to |\g| > 1 and
[Aoll|B1ll2 > || Boll2, which is equivalent to case (c¢) in Remark 4.5. Condition (ii) in
3. is equivalent to |A\g| < 1, which is equivalent to case (b) in Remark 4.5.

Case III: Assume that |[Bi|l2 > ||Boll2- Then, condition (i)-1 is equivalent to
|[Ao| > 1, which is equivalent to case (e) in Remark 4.5. Condition (ii) in 3. is
equivalent to [Ag| < 1 and |Ao|||B1ll2 < || Boll2, which is equivalent to (d) in Remark
4.5. 0

5. Conclusions and future work. We have gathered together the definitions
of (non-homogeneous and homogeneous) eigenvalue condition numbers of matrix poly-
nomials that were scattered in the literature. We have also derived for the first time
an exact formula to compute one of these condition numbers (the homogeneous condi-
tion number that is based on the chordal distance, also called Stewart-Sun condition
number). On the one hand, we have determined that the two homogeneous condi-
tion numbers studied in this paper differ at most by a factor v/k + 1, where k is the
grade of the polynomial, and so are essentially equal in practice. Since the definition
of the homogeneous condition number based on the chordal distance is considerably
simpler, we believe that its use should be preferred among the homogeneous condition
numbers. On the other hand, we have proven exact relationships between each of the
non-homogeneous condition numbers and the homogeneous condition number based
on the chordal distance. This result will allow to extend results that have been proven
for the non-homogeneous condition numbers to the homogeneous condition numbers
(and vice versa). Besides, we have provided geometric interpretations of the factor
that appears in these exact relationships, which explain transparently when and why
the non-homogeneous condition numbers are much larger than the homogeneous ones.
Finally, we have used these relationships to analyze cases for which very large and
very small non-homogeneous eigenvalues of matrix polynomials are computable with
some accuracy, i.e., are not very ill-conditioned, and we have seen that this is only
possible in some rather particular situations.

Some possible future research work related to the results in this manuscript are
discussed in this paragraph. Since we have only considered normwise eigenvalue con-
dition numbers, a natural and interesting problem is to extend the results in this paper
to entrywise eigenvalue condition numbers. Note, also, that we have only studied con-
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dition numbers of simple eigenvalues. Therefore, a comparison of condition numbers
of multiple eigenvalues of matrix polynomials similar to the one that we have pre-
sented for simple eigenvalues is another natural question that can be analyzed in the
future. Observe that this extension would require first to introduce definitions of con-
dition numbers for multiple eigenvalues of homogeneous matrix polynomials, because
the definitions currently available in the literature are only valid for non-homogeneous
polynomial eigenvalue problems [8, 9].
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