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Abstract

We present a generalization of Householder sets for matrix polynomials. After
defining these sets, we analyze their topological and algebraic properties, which
include containing all of the eigenvalues of a given matrix polynomial. Then,
we use instances of these sets to derive the GerSgorin set, weighted Gersgorin
set, and weighted pseudospectra of a matrix polynomial. Finally, we show that
Householder sets are intimately connected to the Bauer-Fike theorem by using
these sets to derive Bauer-Fike-type bounds for matrix polynomials.
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1. Introduction

In 1964, Alston S. Householder presented an elegant norm derivation of the
Gersgorin set of a matrix [7]. Later, in 2004, Richard S. Varga labeled the
normed defined sets used in this derivation as Householder sets [19].

Throughout this article, we are interested in matriz polynomials of size n
and degree m:

PA) =Ap A"+ -+ A0+ Ay, A #0, (1)

where the coefficients satisfy A; € C"*™ for i =0,1,...,m, and A is a complex
variable. We assume that the matrix polynomial is regular, that is, det P(\) is
not identically zero. A finite eigenvalue of P(\) is any scalar p € C such that
det P(u) = 0. A nonzero vector v € C" is an eigenvector associated with the
eigenvalue p provided that

P(p)v =0.

We refer to (i, v) as an eigenpair of the matrix polynomial P(\). Furthermore,
the geometric multiplicity of p is the dimension of the null space of P(u) and
its algebraic multiplicity is the multiplicity of p as a root of det P(X).
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Associated with each P(A) is the reversal matrix polynomial:
Pr(\) = N"PA\H = A, + - AT Ap\™

We say that p = oo is an eigenvalue of P()) if and only if u = 0 is an eigenvalue
of Pr(\). The geometric and algebraic multiplicity of p = oo as an eigenvalue
of P(X) are defined by the geometric and algebraic multiplicity of ;4 = 0 as an
eigenvalue of Pgr(\), respectively. In addition, the eigenvectors corresponding
to u = oo for P()\) are defined by the eigenvectors corresponding to p = 0 for
Pgr()). Finally, the spectrum of P()) is the set of all its eigenvalues (finite and
infinite), denoted by o(P). If P(\) = AI — A, then the spectrum of P(\) reduces
to the spectrum of the matrix A, which we denote by o(A).

The outline of this article follows: In Section 2] we define Householder sets
for matrix polynomials and analyze their topological and algebraic properties.
Throughout this section, we reference properties of subharmonic functions that
are given in Then, in Section [3] we use Householder sets to derive
other inclusion sets, such as the Gersgorin set, the weighted Gersgorin set, and
the weighted pseudospectra for matrix polynomials; illustrative examples are
provided. Finally, in Section [, we apply Householder sets to derive Bauer-
Fike-type bounds for matrix polynomials; examples of how these bounds can be
applied to perturbation theory are provided.

2. Householder Sets

Suppose that (i, v) is an eigenpair of the matrix polynomial P()) as defined
in . Then, for any matrix polynomial Q(X) of size n, the following holds:

(P(p) = Q) v = =Q(p)v.
If Q(u) is invertible, then we have

QW)™ (P(n) = Qw)) v = —v.

Thus, any induced matrix norm ||-|| satisfies

Q)™ (P(1) = Q(w)|| > 1.

This equation motivates the definition of the generalized Householder set of
P(\) with respect to Q(A) and ||||:

H(P,Q)=0(Q)US(P,Q),
where
S(P,Q)={peC\a(Q): [|[Qu)~"(P(n)—Q(w)|| > 1}.

A similar derivation is done in Section 1.4 of [I9] for matrices A, B € C"*™.
The resulting set is known as the Householder set for A with respect to B and
IIl, and is defined as follows:

H(A, B) = o(B)US(A, B),



where
S(A,B) = {n e C\o(B): |(ul-B)"'(A-B)|| > 1}.

When P(A) = M — A and Q(A) = M — B, the generalized Householder set
reduces to the Householder set for A with respect to B and ||-||.

Throughout this article, we assume that Q(A) is a matrix polynomial of
degree less than or equal to the degree of P(\). Furthermore, we consider the
matrix polynomial .

QM) =A"Q(ATY,
where m is the degree of P()\). Note that Q(\) has a zero constant coefficient
if and only if the degree of Q()\) is strictly less than m. Otherwise, Q(A) is the
reversal matrix polynomial associated with Q()\). In addition, we have

H(Pg,Q)\ {0} = {ue(c\{O}: pe (U(QA)US(PR@))}
={peC\{0}: p' € (0(QUS(P,Q))}
={peC\{0}: p "€ H(P,Q)}.

As with the eigenvalues of P()\), we say that u = oo lies in H(P, Q) if and only

if 0 lies in H(Pg, Q).

S
S

Theorem 2.1. All eigenvalues (finite and infinite) of the matriz polynomial
P(\) lie in the Householder set H(P,Q).

Proof. Suppose that p € o(P) is a finite eigenvalue. If u € o(Q), then it is clear
that 4 € H(P, Q).
Otherwise, Q () is invertible and

Q)™ (P(n) = Qp)) v = —v

for some nonzero v € C™. Therefore, any induced operator norm satisfies

Q)™ (P(k) — Q(w)] = 1,

and it follows that p € S(P,Q) C H(P, Q).
Now, suppose that © = oo is an eigenvalue of P(\). Then 0 is an eigenvalue
of Pr(A\). Furthermore, by the previous argument, it follows that 0 lies in

H(Pg, Q) and, therefore, oo lies in H(P, Q). O

In what follows, we discuss the properties of Householder sets. We begin
with some basic properties which we use to determine topological properties
such as necessary and sufficient conditions on the boundedness of Householder
sets. Finally, we prove that under suitable conditions the number of connected
components of a Householder set is no greater than the number of eigenvalues
of P(A). Throughout, we assume that P()A) is a matrix polynomial as defined
in and Q()) is a matrix polynomial of degree less than or equal to the degree
of P()).



Proposition 2.2. The following properties hold for all Householder sets of
P(N).
I. H(P,Q) is a closed subset of C.
II. For any o € C\ {0}, the following hold:
i. H(P,,Qu.) = a tH(P,Q), where Py(\) = P(a));
ii. H(aP,aQ)) = H(P,Q), where aP(\) results in the coefficients of
P(X) being multiplied by o;
iii. H(*P,*Q) = H(P,Q) — «, where *P(\) = P(A + «).
IIL. If det Q(A) s (identically) zero, then H(P,Q) =
IV. Suppose that P(\) = BQ(X) for some B € C\ {0}. If |8 —1] < 1, then
H(P,Q)=0(P), and if | — 1] > 1, then H(P,Q) =
V. If the coefficients of Q(N\) and P(X\) are real and ||| is invariant under the
complex conjugation of matriz entries, then the set H(P, Q) is symmetric
with respect to the real axis.

Proof.

I. It is clear that o(Q) is closed as it is either a finite set or all of C. Thus,
we only need to show that the set S(P, Q) is closed. To this end, suppose
that 4 € C\ o(Q) satisfies

Q)™ (P(i) — Q(w)|| < 1

Since Q(p) is invertible, it follows that there exists a neighborhood about
u for which Q(\)~* (P(A) — Q())) is continuous. Therefore, for z € C that
are sufficiently close to u we have

Q)7 (P(2) = Q(2))]| < 1.
Hence, the set C\ S(P, Q) is open, and it follows that S(P, Q) is closed.
II. Let o € C\ {0}.
i. Note that
H(Pana) = U(Qa) U S(POUQ&)
— 0 '0(Q) Ua'S(P,Q)
=ao 'H(P,Q).

ii. Similarly, we have

H(aP,aQ) = o(aQ) U S(aP,aQ)
=o0(QUS(PQ)
= H(P,Q)
iii. Finally,
=o("Q)US(" P Q)

H("P"Q)



ITI. If det Q(\) is identically zero, then
C=0(Q) CHPQ) CC

Hence, H(P,Q) = C.
IV. If P(\) = BQ()) for some 8 € C\ {0}, then

H(P,Q)=0(Q)US(8Q,Q)
=0o(QU{neC\a(Q): |B-1]=1}.

Hence, H(P,Q) =Cif | —1| > 1 and H(P,Q) = 0(Q) = o(P) otherwise.
V. If the coefficients of a matrix polynomial are real, then its spectrum is
symmetric with respect to the real axis. Thus, all that remains is to
show that S(P, Q) is symmetric with respect to the real axis when ||| is

invariant under the complex conjugate of matrix entries. To that end, let
u € S(P,Q). Then,

lom " (P(m) — Q)| = @G T (PG — Q)|
= QU™ (P(w) - Q)|
and it follows that @ € S(P, Q).

Proposition 2.3. The set {u € C\ 0(Q): HQ(M)_l (P(p) — Q(u))H > 1}
lies in the interior of S(P,Q) C H(P,Q). As a result, the boundary of the
Householder set is contained in the following union:

(@QU{neC\a(Q): [|Q(w ™ (P(n) — Q)] =1}

Proof. Suppose that p € C\ o(Q) satisfies

1Q() ™" (P(1) = Q)| > 1.

Then, by continuity, there exists an € > 0 such that for every z € C with
| — 2| < e, we have z ¢ 0(Q) and

Q)7 (P(2) = Q(2))]| > 1.

Thus, u is an interior point of S(P, Q). Therefore, if  is a boundary point of
H(P,Q), then pi € 0(Q), or p ¢ 0(Q) and

1Q() ™" (P(1) = Q)| = 1.
0

In the following results, we make use of properties of subharmonic functions

that are given in



Theorem 2.4. If i is an isolated point of H(P,Q), then u € o(Q).

Proof. For the sake of contradiction, assume that p ¢ o(Q) and p is an isolated
point of H(P, Q). Then, it follows from Proposition that

Q)™ (P(r) — Q(w)| = 1.

Furthermore, there exists an € > 0 such that the closed disk
D(ue)={AeC: |A—pl <<} (2)

contains no other points of H(P, Q).

Define ¢(\) = HQ(/\)_1 (P(\) — Q()\))H on D(u,¢e). Since D(u,e) contains
no points of o(Q), it follows that Q(A)~! (P(\) — Q()\)) is a non-zero analytic
matrix-valued function on D(p, ). Therefore, by Theorem it follows that
¢(A) is a subharmonic function on D(u,e). As a subharmonic function, ¢(X)
should obtain its maximum on dD(u,e). However, ¢(u) = 1 and ¢(A) < 1 for
all A € D(u,e)\ {p}, which is a contradiction, and it follows that y € 0(Q). O

Let Q be a closed subset of C and let u € Q. The local dimension of p is
defined by
lim dim{Q N D(p,h)},
h—0t

where h € Ry and dim{-} denotes the topological dimension [8]. Any isolated
point in 2 has local dimension 0. Furthermore, any non-isolated point in {2 has
local dimension 2 if and only if its belongs to the closure of the interior of €2,
and 1 otherwise.

Theorem 2.5. Any point of S(P,Q) has local dimension 2.

Proof. Let u € S(P,Q). Tt is immediately clear from Theoremthat (4 cannot
have local dimension 0. Now, for the sake of contradiction, suppose that p has
local dimension 1. Then, since u is not an interior point of S(P, @), there exists
an € > 0 such that

S(P,Q)ND(n,e) € {n € C\o(Q): [|Qw) ™" (P(n) — Q(w)| =1},

where D(y,¢) is the closed disk defined in (2).

Thus, by Theorem () = ||Q(N)"H(P(A) = Q(N))]| is a subharmonic
function on D(u, <), and ¢(A) takes on its maximum value of 1 at (infinitely
many) interior points of D(u,e). However, ¢(\) is non-constant on D(u,e)
since the disk must contain a point that is not in S(P,Q), otherwise y would
be an interior point of S(P, Q). Therefore, ¢()\) taking on its maximum value
of 1 in the interior of D(u,e) contradicts the maximum principle, and it follows
that no pu € S(P, @) has local dimension 1. O

As a corollary of Theorem note that any point of H(P,Q) has local
dimension either 2 or 0, that is, Householder sets of P(\) cannot have parts
which are curves.



By Theorem if the origin is an isolated point of H (P, Q) it follows that

0 € 0(Q). Therefore, if 0 ¢ o(Q), then the origin is not an isolated point of
H(Pr, Q) and it follows that H (P, () is not the union of a bounded set and oco.
Furthermore, if 0 ¢ o(Q), it follows that Q(X) is a matrix polynomial of degree

m, which we denote by
Q(X) = B A™ + -+ + BiA + By,

where B,, is invertible. We are now ready to prove necessary and sufficient
conditions on the boundedness of Householder sets.

Theorem 2.6. Suppose that 0 ¢ U(Q). Then, H(P,Q) is unbounded if and
only if 0 € S(Ap, Bm)-

Proof. Suppose that 0 € S(A,,, By,), that is, ||B,! (Am — Bm)|| > 1. Then,

0 € S(Pgr,Q) C H(Pg,Q) and, therefore, oo € H(P,Q). By hypothesis, 0 is

not an isolated point of H(Pg, Q) and, hence, oo is not an isolated point of
H(P,Q).

Conversely, suppose that H(P, Q) is unbounded. Then, there is a sequence
{wi}1en in H(P, Q) such that |u;| — oo as ] — oco. For every l € N, u; € 0(Q) or
u; € S(P,Q). Since 0 ¢ o(Q), Q()) is regular and it follows that the cardinality
of o(Q) is finite. Therefore, there exists an N > 0 such that u; ¢ ¢(Q) and,
hence, u; € S(P,Q) for all [ > N. So, for I > N, we have

Qu )™ (PR(ufl) — Q(u;l))H > 1.
Taking the limit as I — oo we find that
[e (Pr) - Q)| 2 1.

which implies that 0 € S(A,, Bm)- O

It is well-known, see Corollary 6.1.6 of [6], that the number of Gersgorin
disks corresponding to A € C™*" is bounded above by n, that is, the number of
eigenvalues of A. Similarly, under suitable conditions, the number of connected
components of the Gersgorin set of a matrix polynomial P(A) is bounded above
by the number of eigenvalues of P()), see Theorem 2.9 of [I3]. The following
theorem generalizes these results for Householder sets.

Theorem 2.7. Suppose that 0 ¢ o(Q) and H(P,Q) is bounded. Then, the
number of connected components of H(P, Q) is bounded above by nm. Moreover,
each connected component has the same number of eigenvalues of Q(\) and
P(X), counting multiplicities.

Proof. Let F(\) = P(A) — Q()\), and define the family of matrix polynomials

Pi(A) = Q) +1F(N),



for t € [0,1]. Let 0 < ;3 <ty <1 and suppose that p € H(P,,,Q). Then, either
p € o(Q) or t1]|Q(u)'F(p)|| > 1. In either case, we have u € H(P,,,Q).
Therefore, H(P;, Q) is a nondecreasing family of compact sets for ¢t € [0,1].
Since 0 ¢ o(Q), it follows that Q()) has degree m and B,, is invertible.

In addition, since H(P, Q) is bounded, the scalar polynomial det P,(\) has
degree nm for all ¢ € [0,1]. The continuity of the roots of det P,(\) with respect
to t implies that every eigenvalue of Q()) is connected to an eigenvalue of P())
by a continuous curve in H(P, Q). Since every such curve must lie in a connected
component of H(P,Q), the result follows. O

3. More Inclusion Sets

Householder sets were originally used to give elegant derivations of the
Gersgorin and weighted Gersgorin set of a matrix [7, 19]. It is in this spirit
that we use the generalized Householder sets defined in Section [2| to formulate
the Gersgorin set, the weighted GerSgorin set, and the weighted pseudospectra
of a matrix polynomial. Here and throughout the remainder of the article, we
denote by diag P()) the diagonal matrix polynomial whose diagonal entries are
equal to the diagonal entries of P(\), by P(\); ; the (¢, 7)-th entry of P()\), and
by diag (x1,...,2,) a diagonal matrix whose diagonal entries are x1, ..., .

3.1. The Gersgorin Set

Recently, in [2, 10, 3], the authors developed a generalized Gersgorin set
for matrix polynomials and analytic matrix-valued functions. Specifically, the
Gersgorin set of the matrix polynomial P(\) is defined by

G(P) =JGip), (3)
where

Gi(P)=SpeC: [P <> |P(n)i;l
=1
i
When P(A) = Al — A, G(P) reduces to the classic Gersgorin set of the matrix
A [6], which we denote by G(A). Also, if P(A\) = AB — A, then G(P) reduces
to the GerSgorin-type set of the matrix pencil (A, B) [9, 16]. In this section,

we show that the Gersgorin set for matrix polynomials is an instance of the
Householder sets defined in Section 2

Theorem 3.1. Let P()\) be a matriz polynomial as defined in (1)). Then, the
Householder set of P(X\) with respect to diag P(\) and ||-|| = |||, coincides with
the Gersgorin set of P(\).



Proof. Suppose that p € H(P,diag P). If u € o(diag P), then there is some
i € {1,...,n} such that P(u);; = 0 and it follows that y € G;(P) C G(P).
Otherwise, u € S(P,diag P) and it follows that

|

Note that the entries of the matrix diag P(p) " (P(u) — diag P()) = [2;,;] can
be written as x; ; = 0if ¢ = j and

diag (1)~ (P(u) - diag P(n))|| > 1.

Tij =

otherwise. Therefore,

. - . " P(p)i
1 ]
< — =
1< ] diag P(p) " (P(p) — diag P(u))H max. E{ 1: P(0)r.s
o §=
Jj#i
Hence, there is an 7 € {1,...,n} such that

Pl < D2 1PG0]
=1
i
and it follows that p € G;(P) C G(P).

Conversely, suppose that g € G(P). Then, there exists an ¢ € {1,...,n}
such that

|P(:u')i,z'

< Z [P ()i -
j=1
J#i

If P(p);; =0, then it follows that p € o(diag P) C H(P,diag P). Otherwise,

S P(:u)i,j
g Z’P(N)i,i

- HouagP(u)’1 (P(p) — diagp(“))H

o0

and, hence, p € S(P,diag P) C H(P, diag P). O

8.2. The Weighted Gersgorin Set

Gersgorin was the first to recognize the use of similarity transformations
X~1AX, where X = diag (x1,...,2,) and x; > 0, for i = 1,...,n, to sharpen
the bounds on the Gersgorin set of A € C"*™ []. Any similarity transformation
can be used; however, a diagonal similarity transformation with positive entries
has the advantage of an easily understood impact on the inclusion set. The set



GX(A) = G(XTAX) is known as the weighted Gersgorin set of A with respect
to X and is equal to the following union

¥ () = JeF ), (@

where

GX(A) = {peCs |u—ayl <3 4l
T
j=1

J#i
Now, define the set of all positive diagonal matrices
D = {diag (z1,...,2n): 2; >0, i=1,...,n}.
For each X € D, we define
vx(u) = HX_luHOO, (5)

for all w € C™. It is clear that vx(-) is a norm on C". Furthermore, the matrix
norm induced by vx(-) is defined by

vx(A) = HX‘lAXHOO,

for all A € C"*™. The weighted Gersgorin set of the matrix polynomial P()),
denoted by G (P), is the Householder set of P()\) with respect to diag P())
and ||| = vx ().

Theorem 3.2. Let P(\) = A — A. Then, GX(P) reduces to the weighted
Gersgorin set with respect to X of the matriz A as defined in ,

Proof. Suppose that p € H(P,diag P). If u € o(diag P), then there is some
i € {1,...,n} such that u — a;; = 0 and it follows that u € G;X(4) C GX(A).
Otherwise, u € S(P,diag P), and it follows that
vx (diag P(u)" (P(n) - diagP(u))) > 1,
that is,
HX_1 diag (uI — A)~" (diag A — A) XH > 1.
Therefore, we have

n

P
1 < max § Iy
l<isn | = (1 — ag)x;

=

J#i

So, there is an ¢ € {1,...,n} such that
n |ai;| z;
gl < N g TG
I — asl < jEZl o
J#i

10



which implies that p € GX (A) C GX(A).
Conversely, suppose that u € GX(A). Then, there exists an i € {1,...,n}

such that
 Jaj|z;
_asl < g g
|[L azz| =~ Z ; .
Jj=1
J#i
If 4 — a;; = 0, then it follows that u € o(diag P) C H(P,diag P). Otherwise,

n

< max E —_—
1<i<n — (M—aii)xi

]:

J#i

= vx (diag P(u) " (P(u) — diag P(u)))

CLij’JIj

—
A

and, hence, p € S(P,diag P) C H(P,diag P). O

It follows from Theorem that GX(P) is a generalization of the weighted
Gersgorin set of a matrix. Furthermore, the intersection

M ¢*(p)

Xeb

is equal to the minimal Gersgorin set of P()) as defined in [I0].

3.3. The Weighted Pseudospectrum

Finally, we consider the weighted pseudospectra of a matrix polynomial,
which is an established tool for gaining insight into the sensitivity of eigenvalues
to perturbations in the coefficients of the matrix polynomial [Il B [T}, 14l [17].
In this section, we show that the weighted pseudospectra can be represented as
a union of Householder sets.

Let P(\) be a matrix polynomial as defined in and consider (additive)
perturbations of P(A) of the form

PA(N) = (A + Ap) A" + - 4 (A + A A+ (Ao + Do),

where the matrices Ag, A1,...,A,, € C"*" are arbitrary. For a given € > 0
and a set of nonnegative weights w = {wo, w1, ..., w,,}, the e-pseudospectrum
of P(X) with respect to w is defined by

Oem(P) = {u € C: det Pa(u) =0, A, < ewy, j=0,1,...,m},

where ||| is any induced matrix norm.
It is useful to define the associated compact set of perturbations of P()\)

B(Pe,w) = {Pa(A): [|A;] < ewj, j=0,1,...,m}. (6)

11



Then, the e-pseudospectrum of P(\) can also be expressed in the form
oew(P)={p € C: det Pa() =0, Pa(N) € B(P,e,w)}.

Furthermore, by Lemma 2.1 of [I7], we have

O'e,w(P) = {/u eC: ||P 1|| < eqw(|pl) }
where
qw(A) = wp A" + -+ WA + wo.

Theorem 3.3. Let P(\) be a matrix polynomial as defined in (L)), and let e > 0
and w be given. Then, for any perturbation Pa(\) € B(P,e,w), we have

H(Pa,P) Co.w(P).

Proof. Suppose that y € H(Pa, P). If p € o(P), then p € 0. w(P). Otherwise,
€ S(Pa, P), and it follows that

[P() ™" (Amp™ + -+ Arp+ Ag)|| > 1
Therefore,

L<||P() ™ (Amp™ 4 -+ Avp + Do) |

<e|P()H awlln),
which implies that
1) < eqwllnh),

and p € oo w(P). O
Corollary 3.4. Let P(\) be a matriz polynomial as defined in , and lete > 0

and w be given. Then, the union of H(Pa,P) over all PA(X) € B(P,e,w) is
equal to oz w(P).

Proof. By Theorem the eigenvalues of Pa()) are contained in H(Pa, P).
Thus, 0. w(P) is contained in the union of H(Pa, P) over all Pa(\) € B(P, e W),
and the result follows from Theorem [3.31

Corollary 3.5. Let P(\) be a matriz polynomial as defined in , Q) a
matrix polynomial of degree m, with coefficients B; € C**™ for i =0,1,...,m,
and w a given set of weights. If

e > max{||4; — Bj||/w; : w; >0,j=0,1,...,m},
then for every p € H(P,Q) there is a Qa(X\) € B(Q, e, w) such that 1 € 0(Qa).

Proof. For j =0,1,...,m, define A; = A; — B;. Then, for j =0,1,...,m, we
have [|A;|| < ew;. Therefore,

P()‘):ATrL/\m+"'+A1)\+AO
=Bm+An)A" +-+ (B + AN+ (Bo + Ag)

is an element of B(Q,e,w). By Theorem it follows that H(P, Q) C 0. w(Q).
]
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3.4. Fxamples

In this section, we present three examples to illustrate the properties derived
in Section 2] For each example, we plot three Householder sets that correspond
to the inclusion sets from Sections[3.1}{3.3] Furthermore, the shaded (light blue)
region represents the interior of the Householder set, the darker curve (orange)
is the boundary of the setﬂ and the asterisks (black) are the eigenvalues of the
matrix polynomial. It is worth mentioning that we compute the interior and
boundary of these Householder sets with a brute force method in Mathematica,
and we are interested in developing more efficient methods for computing the
boundary of Householder sets.

Example 3.6. Let

C[BA AR 4+T 200+ 4
P(A)_[ A4l 22043

and consider the three Householder sets in Figure [T}

1.5

1.0 @ ® 1.0 * @ 1.0 @ g
*
05 ® @ 05 @ 05 ® Q@
0.0 @ Q 00d « * o 00F-@® @
05 ° 05 05 e
() z
-10 -10 . @ -10

Ga

O
-1.5 | -1.5 T T T T -1.5 |
-15 -10 =05 00 05 10 15 -15 -10 <05 00 05 10 15 -15 -10 =05 00 05 10 15

Figure 1: Householder sets of Example [3.6

The Householder set on the left corresponds to the Gersgorin set of P(\);
the Householder set in the center corresponds to the weighted Gersgorin set of
P(\), where X = diag (5,2); the Householder set on the right corresponds to
H(Pa, P), where ||| = |||, and Pa () is an element of B(P,e,w) as defined
in @, randomly selected with € = 0.075 and w; = [|A,||, for j =0,1,...,m.

Note that the Householder sets on the left and in the center are symmetric
with respect to the real axis, verifying Proposition since the coeflicients of
P(A) are real. In contrast, the Householder set on the right is not symmetric,
which can be attributed to Pa(\) having complex coefficients. Also, since none
of the Householder sets make up the whole complex plane, we know that both
P(A) and diag P(A) are regular. However, the Householder set in the center is
unbounded, by Theorem since 0 € H(A,, B,). Finally, by Theorem (3.3}
the Householder set on the right is a subset of the e-pseudospectrum of P()).

3Note that the darker curve (orange) surrounding the central plot of Figure [1]is not the
boundary of the set, but rather indicates that the set is unbounded.
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Example 3.7. Let

MO 1 3.5 3i 0
P(\) = 2 A0 94 0
0.5+ 2i —Ti A0 453

and consider the three Householder sets in Figure [2]

* *
10 10 10
@ ) \) ‘&
05 05 0.5 o) *
0.0 00 O 0.0 a
* O *
-0.5 -0.5 -05
-
-10 -10 -10 Q s
o * Q * Q *

-1.5
-15 -10

-1.5
-15 -1.0

-1.5
-15 -1.0

-05 00 05 10 15 -05 00 05 10 15 -05 00 05 10 15

Figure 2: Householder sets of Example

The Householder set on the left corresponds to the Gersgorin set of P());
the Householder set in the center corresponds to the weighted Gersgorin set of
P(X), where X = diag (1,1, 10); the Householder set on the right corresponds to
H(Pa, P), where ||| = |||, and Pa()) is an element of B(P,e,w) as defined
in @), randomly selected with e = 0.075 and w; = || 4], for j =0,1,...,m.

Note that the Householder set in the center illustrates the potential of the
weighted Gersgorin set to sharpen the bounds on the original Gersgorin set,
whereas the weights chosen in Example made the bounds worse.

Example 3.8. Let

A2 22 +1 0 A
P(\) = 0 A2 -1 0
0 0 A2 +1

and consider the three Householder sets in Figure [3]

The Householder set on the left corresponds to the Gersgorin set of P(\);
the Householder set in the center corresponds to the weighted Gersgorin set of
P(\), where X = diag (10, 1,1); the Householder set on the right corresponds to
H(Pa, P), where ||| = |||, and Pa()) is an element of B(P,e,w) as defined
in @), randomly selected with e = 0.075 and w; = || 4], for j =0,1,...,m.

Note that the Householder set on the left and in the center has three isolated
points. These three points are eigenvalues of diag P(A), which we expected
from the necessary condition in Theorem However, there is an eigenvalue
of diag P(\) that is not isolated, thus, this condition is not sufficient. Finally,
since H(Pa, P) is a subset the e-pseudospectrum, the right part of the figure
indicates that the eigenvalue 1 is more sensitive to perturbations than the other
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1.5F 1.5F 1.5F
10} * 10} * 10} ®
05F 05F 05¢F

00F = 00F = @ 00F ® @

-05F -05F -05F

-10f * -10f * -10f @

t Dk -15E
-1 0 1 2 -10 -05 00 05 10 15 -15 -10 =05 00 05 10 15

Figure 3: Householder sets of Example [3.3]

eigenvalues of P(\). This increased sensitivity is expected from Theorem 2
of [I4]; indeed, 1 is the only multiple eigenvalue of P(A) and it has algebraic
multiplicity 3 and geometric multiplicity 2.

4. Bauer-Fike-Type Bounds

In Section [3] we showed that Householder sets can be used to give elegant
derivations of other inclusion sets. In addition, these normed derived sets are
intimately connected with the Bauer-Fike theorem, see Theorem IV.1.6 of [16],
which in turn is deeply connected to the perturbation theory of matrices [I8]20].
In particular, the following proposition holds for any matrix polynomial P(\)
as defined in .

Proposition 4.1. Let AP(\) be a matriz polynomial of size n and degree less
than or equal to m, also let PA(X) = P(A) + AP(X\). If ua is an eigenvalue of
Pa()) that is not an eigenvalue of P(X), then for any invertible M € C™*™ we
have

M= P(ua) ™ M| < || M AP()M]|,

where ||-|| is any induced matriz norm.

Proof. Since pua € 0(Pa) and p ¢ o(P), it follows that

pa € S(M™PPA(N)M, M~*P(A\)M).

Therefore, |[(M~'P(ua) *M)(M~*AP(ua)M)|| > 1, and the result follows.

O

Note that the Bauer-Fike theorem is a special case of Proposition To
this end, let P(A\) = A— I and AP()\) = E; then, the result in Proposition [.1]
is equivalent to the result in Theorem IV.1.6 of [I6]. Moreover, this result
immediately implies the Bauer-Fike theorem for diagonalizable matrices, see
Theorem 6.3.2 of [6], provided that ||-|| is a matrix norm induced by an absolute
norm on C™ as defined in (5.4.18) of [6].
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Prior to extending the Bauer-Fike theorem for diagonalizable matrices to
matrix polynomials, we note that some matrix polynomials can be diagonalized
by congruence or strict equivalence, see [12]. While this requires the coefficient
matrices satisfy a strong commutativity condition, there are many applications
in engineering where this condition arises naturally. In this case, it is easy to
see how Proposition [£.1] can be used to derive a generalized Bauer-Fike theorem
for simultaneously diagonalizable matrix polynomials.

More generally, every matrix polynomial can be diagonalized as follows:

EQPNFQR) = D), (7)

where D(\) = diag (d1(X),...,d,(N\)) and E(A) and F(\) are unimodular, that
is, matrix polynomials with constant nonzero determinant [5]. In this more
general setting, the following theorem holds.

Theorem 4.2. Let AP(\) be a matriz polynomial of size n and degree less
than or equal to m, also let PA(\) = P(\) + AP(X). Then, for each eigenvalue
pua € o(Pa), there is a d;i(X\) as in such that

|di(pa)l < [Epa) [ 1 F(pa) [ 1AP(Ra)l, (8)

where ||-|| is any absolute induced matriz norm.

Proof. Let pua € o0(Pa) and consider the Householder set of E(X)Pa(A\)F(X)
with respect to D(A) and ||-||. By Theorem [2.1] it follows that s € (D) or

[D(pa) " E(ua) AP(ua)F(ua)|| > 1.

In the former case, the result is trivial. Assuming the latter we have

1< [ D(na)  E(ua) AP(ua)F(ua) |
< B(pa) AP(pa)F(pa) | || D(ua) ™|
= | B(ua) AP(ua) F(ua)l| max |di(ua) ™",

where the last line follows from Theorem 5.6.36 of [6]. Therefore,
i |di(pa)| < [E(ua)AP(pa)F(pa)l
< [IEa)HEF (pa) [ AP (ua)ll -
O

Note that the Bauer-Fike theorem for diagonalizable matrices is a special
instance of Theorem Indeed, let P(A) = M — A and AP(\) = E, where
A E € C"*™ If A is diagonalizable, then there exists an invertible M € C™*"
such that M~Y (Al — A) M = diag (A — pt1,- .-, A — 1), where pq,...,pu, are
the eigenvalues of A. By Theorem for each ua € o(A + E), there exists a
i € o(A) such that

= il < MM £
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Example 4.3. The following matrix polynomial is from [12]:

4112 —73 —36] _ [32 24
PO)=A [12 sa] TA 36 52 T 21 18]

Note that the coefficient matrices of P(A) are simultaneously diagonalizable by
congruence. In particular, there exists a unitary matrix U such that

U*P(A\)U = diag(50\% — 100\ + 50,25)\% — 25))
: = diag(dy (M), d2(N)).

Let ¢ > 0 and w = {w;, w2, w3} be nonnegative weights. Keeping in mind
the notation of Section for any pua € o(Pa), where Pa(\) € B(P,e,w),
Theorem implies that there is a d;(\), i € {1, 2}, such that

|di(pa)| < eqw(|pal)-

Next, we consider the case where the D()) in (7)) is the Smith form of P()\).
Then, the diagonal entries d;(A) are known as the invariant polynomials of
P(A). Furthermore, each invariant polynomial can be represented as a product
of linear factors

di(A) = (A= pi)* o (A= pae ), i=1,...n, (9)

where f4; 1, ..., lti k, are distinct complex numbers and «; 1, ..., o 1, are positive
integers. The factors (A — p; ;)*, j = 1,...,k;, i = 1,...,n, are called the
elementary divisors of P(\). Furthermore, an elementary divisor is called linear
if a; ; = 1, and nonlinear otherwise. Finally, it is clear that the complex numbers
Wi, - ik, are eigenvalues of P(\).

Now, let ua € o(Pa) as defined the hypothesis of Theorem n Then, there
exists an invariant polynomial d;(\) of P(A) that satisfies the bound in ().
Let d;()\) be written as in () and select p;;, I € {1,...,k;}, that minimizes
|ea — i), Furthermore, define

ki

FO) = [T = pii)™,
=

so that d;(A) = f(A)(A — pi)*t. Applying the bounds in (g), it follows that

| E(pa) |1 (pa)l ||AP(M)H>1/&,,,,,
|f(pa)l :

where «;; is no greater than the algebraic multiplicity of p,;; and f(\) is a
polynomial that is nonzero in a neighborhood of pa.

|Mmﬂ§( (10)

Example 4.4. The following matrix polynomial is from [12]:
a0 2 1] 1 1
P(A) =X [O 1+)\1 ol T 11 ol
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It can be shown, see [12], that P()\) cannot be diagonalized via congruence or

strict equivalence. However, we can still use the Smith form of P()\) and

in order to analyze the affects of a perturbation on the eigenvalues of P()\).
To this end, consider the perturbed matrix polynomial

N 1 14
Pa(y) =2 {o 1]+A[1 2]+[15 2 }

where 0 < € < 1. The eigenvalues of Pa()) are
1+ \/gekﬂ'i/47
for k =1,3,5,7. Furthermore,

0 1 —(A+1) (A+1)?
B = {1 >\(2+3/\+A2)} and F(}) = [ 1 —(A+1)]

are unimodular matrix polynomials such that E(A\)P(A\)F(\) = diag (1, (A + 1)*).
For any pa € o(Pa), it can easily be verified that

1E(ua)lloo < 142vE and [|[F(pa)ll < 1+2Ve.

Keeping in mind the notation of Section [3.3] it follows that

1Pa(pa)ll < eqw(|pal),
where w = {1,0,0}. Applying the bounds in , we verify that

VE = lna — il < (5(1 4+ 47 +40))
< (92)Y1.

5. Conclusion

Householder sets for matrix polynomials have a wide range of interesting
properties and applications. In Section 2] we introduced the Householder sets
for matrix polynomials and analyzed their topological and algebraic properties.
Then, in Section [3] we showed that instances of Householder sets could be used
to derive other well-known inclusion sets for matrix polynomials. Specifically, we
derived the Gersgorin set, weighted Gersgorin set, and weighted pseudospectra
of a matrix polynomial. Finally, in Section [4] we showed that Householder sets
are intimately connected to the Bauer-Fike theorem by using these sets to derive
Bauer-Fike-type bounds for matrix polynomials. We note that our definition of
Householder sets can easily be extended for analytic matrix-valued functions,
as well as for consistent and compatible matrix norms; many of our results
will be applicable in these more general settings. Future research includes the
application of Householder sets to the analysis of additive and multiplicative
perturbation theory for matrix polynomials, as well as an efficient method for
computing the boundary of the Householder sets.

18



Appendix A. Subharmonic Functions

In this appendix, we give our working definition of subharmonic functions
and prove some basic properties of subharmonic functions which are used in this
article.

Let € be an open set in C. The continuous function f: {2 — R is said to be
subharmonic in Q provided that for any closed disk D(z,7) C Q of center z and

radius r,
1 27

16 < g [ 1 +reyan
Proposition A.1. Suppose {fo: a € A} is a family of subharmonic functions
in € that are bounded above. Then,

f(A) = sup fa(X)

acA
is subharmonic on €.

Proof. The function f is clearly continuous. Now, consider the closed disk
D(z,7) C Q. For any a € A we have

1 2w

fa(z) < E o fa(z +T6i9)d0

1 2T

< — f(z+7re)ds.
2T 0

Therefore,
2

f(2) = sup fa(z) f(z+re®)do

S -
aEA 2m 0

and it follows that f is subharmonic in 2. O

Proposition A.2. Suppose that f: Q — R is subharmonic in Q and ¢: R — R
is continuous, convez, and non-decreasing. Then, ¢(f(\)) is subharmonic in ).

Proof. Again, it is clear that ¢(f())) is continuous. Furthermore, for any closed
disk D(z,7) C €2, we have

1 2 2

30 1
o [ oG reanz o (o |

Flzt re”>de) > 6(f(2)).

The first inequality is a result of Jensen’s inequality, see Theorem 3.3 of [15],
and the second inequality is a result of f being subharmonic and ¢ being non-
decreasing. O

Theorem A.3. Let § be a region and suppose that A:  — C"*™ is a non-zero
analytic matriz-valued function. Furthermore, let ||-|| be any induced matriz
norm. Then, log ||A(N)|| and ||[A(N)|| are both subharmonic functions in ).
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Proof. We need only to show that the former assertion is true since the latter
will then follow from Proposition Let ||| denote the norm on C" from
which our matrix norm is induced. Furthermore, let |||, denote the dual of
[Ill. By Theorem 5.5.9 and Theorem 5.6.2 of [0], it follows that

[AN| = =~ max [y A(X)z].
lell=lvil =1

For each z,y € C™\ {0}, y* A(\)z is a non-zero analytic function in 2. Also, by
Theorem 17.3 of [15], the function log |y* A(A)z| is subharmonic in 2. Therefore,

by Proposition [A71]

log [AN[| = = max _ logly"A(A)z|

llzll=llyll p=1
is subharmonic in 2 O
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