ON THE STABILITY RADIUS OF MATRIX POLYNOMIALS

P. J. PSARRAKOS* AND M. J. TSATSOMEROST

Abstract. The stability radius of a matrix polynomial P()) relative to an open region 2 of the
complex plane and its relation to the numerical range of P()\) are investigated. Using an expression of
the stability radius in terms of A on the boundary of Q and ||P()\)~!||2, a lower bound is obtained. This
bound for the stability radius involves the distances of €2 to the connected components of the numerical
range of P(A) and can be applied in conjunction with polygonal approximations of the numerical range.
The special case of hyperbolic matrix polynomials is also considered.
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1. Introduction. The notions of stability radius and pseudospectrum of a matrix
quantify the ‘distance to instability’ relative to a set that contains the spectrum. They are
useful tools for investigating the behaviour under perturbations of matrix-based models in
dynamical system theory and of algorithms in numerical linear algebra (see e.g., [4, 8, 18,
23]). Furthermore, the pseudospectrum appears in the study of linear operators [2, 22].
The extensions of these notions to matrix polynomials P(\) can play an important role
in the solution and perturbation analysis of high order vector differential equations and
dynamical systems (see e.g., [7, 12]).

The computational issues that arise regarding the stability radius of matrix polynomi-
als are substantially more complicated than in the case of constant matrices. Methods
currently in use (see e.g., [21]) are based either on linearization (resulting in larger order
problems), reduction of the order based on projections, or involve the computation of the
related functional ||P(A)~!|2 on a grid.

In this article, we examine the relation of the stability radius to the numerical range
of a matrix polynomial. Our approach offers an alternative to the current methods,
which can be combined with polygonal approximations of the numerical range for which
efficient techniques are available (see Section 4.2). Next section contains basic definitions
and notation. In Section 3, we provide expressions of the stability radius relative to an
open region (2 in terms of ||P(A\)~!||2, with A on the boundary of € and as some or all
of the matrix coefficients are allowed to vary. In Section 4, we obtain a lower bound for
the stability radius when the numerical range of P()) is bounded and lies in 2. We then
consider this bound in the context of polygonal approximations of the numerical range,
hyperbolic matrix polynomials and damped vibrating systems.
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2. Definitions and notation. Let M, (C) (M, (R)) be the algebra of all n x n
complex (real) matrices and let

(2.1) P(A) = Ap\™ 4. 4+ A+ A

be a matric polynomial, where A; € M,(C) (j = 0,1,...,m) and A,, # 0. If all the
coefficients of P(A) are Hermitian matrices, then P()\) is called selfadjoint. A scalar
Ao € C is an eigenvalue of P(\) if the equation P(M\g)z = 0 has a nonzero solution
2o € C", known as an eigenvector of P()) corresponding to A\g. The set of all eigenvalues
of P()\) is known as the spectrum of P()\), o(P) = {A € C : detP(\) = 0}. The
numerical range of P(\) (see e.g., [11]) is defined as

(2.2) W(P) = {AeC:z"P(A)xz =0 for some nonzero x € C"}.

Clearly, W(P) is always closed and contains o(P). When P(\) = IA—A, W (P) coincides
with the classical numerical range (or field of values) of the matrix A, F(A) = {«*Ax €
C:2eC", z*x =1} and o(P) is the spectrum of A, 0(A4). As shown in [11], W(P)
in (2.2) is bounded if and only if 0 ¢ F(A,,), in which case W(P) has no more than m
connected components. One can find more about the geometry of W (P) and the structure
of its connected components in [11, 14, 17].

We also need to recall the notions of the numerical radius r(A) = max{|\| : A € F(A)},
and the inner numerical radius 7(A) = min{|A| : A € F(A)} of a matrix A € M,,(C).
The open disk centered at p with radius ¢ is denoted by S(u,d) and its closure by

S(p,9).

Given an index set J C {0,1,...,m}, in this paper, we consider the spectrum of pertur-
bations of the matrix polynomial P()) in (2.1) of the form

(2.3) Pr(A) = (A + Am)AN™ + .+ (A + ADX + Ag + Ay,

where Ay = 0 for all s ¢ J. With the perturbed polynomial in (2.3) we associate the
n xn matrix polynomial Aj;(A\) = A AN +...+ A1 A+ Ay and the nxn(m+1) complex
matrix

(2.4) Dy = [Ap Apey ... Ay Agl.

Suppose now and for the remainder that ) is an open region of C whose boundary,
denoted by 91, is a piecewise smooth curve. The matrix polynomial P()) is said to be
O-stable if o(P) C € in this case, we define the J-stability radius of P(X) relative to
as

Ri(P, Q) = ]igf{IIDJHz o(Py)n(C\Q) # 0}

That is, Ry(P,€2) is the ‘distance of P(\) to Q-instability’ when (only) the coefficients
of P()) indexed by J are allowed to vary. The notion of J-stability radius of P()) is
related to the (e, J)-pseudospectrum of P()\) for given € > 0, namely,

oeg(P) = {AeC: e o(Py) for some A (A) with |Dyll2 <€},

where P;(\) and D are as in (2.3) and (2.4), respectively. It follows from the definitions
that o s(P) C Q if and only if R;(P,§) > e.
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Notice that when J = {0,1,...,m}, the J-stability radius and the (e, .J)-pseudospectrum
coincide with the notions of stability radius and pseudospectrum of matrix polynomials
as found in [16, 5, 21]. These notions, in turn, generalize the corresponding notions
for matrices; recall that the stability radius of a matrix A € M, (C) relative to  is

R(A,Q) =inf{||Alls : A € M,(C), a(A+A)N(C\ Q) #0}.

3. Stability radius and pseudospectrum. Consider a matrix polynomial P())
as in (2.1) and its perturbation P;(A) in (2.3), and let © be an open region of C such
that o(P) C Q. Observe that for every A € 02, the matrix P(\) is invertible, and that
detP;()\) = 0 if and only if det(I +A;(A\)P(A\)~!) = 0. By the definition of J-stability
radius and by the continuity of the eigenvalues of P(\) with respect to the entries of the
coefficient matrices, it follows that

Ry(P.Q) = inf {gfﬂDJng : detPy(A) = 0}}
J

Alenafﬂ {]1515{||DJ2 :detPy(\) = O}}

(3.1)

ant Lt (D s den(r -+ 2,00P0) ) = 0}}.

where D is defined in (2.4). Notice that P(\)~! assumes the role of the resolvent
(IXN— A)~! of the matrix A in [4, 8, 18, 22, 23].

Next, we present a basic expression of the J-stability radius of P(\). The proof employs
the methodology in [5] (where in our notation, J = {0,1,...,m}) and contains a con-
struction of the perturbations that attain the corresponding infimum. See also [16, 21]
for proofs of related results based on the notion of companion linearization of P(\).

THEOREM 3.1. Let P(\) = ApA™+...+ A1 A+ Ay be an n X n matriz polynomial with
detA,, #0, and let J C{0,1,...,m}. If Q is an open region of C such that o(P) C Q,
then

Ry(P,Q) = inf ! X e an

2okes AP IPA)

Proof. Since detA,, # 0, P(\) has nm finite eigenvalues (counting their multiplicities)
[7]. Consider a (fixed) A € C\ o(P) and a matrix polynomial

AN = Ap A"+ ..+ AN+ Ay = Dy [IN™ . IN T

where D is as in (2.4). Suppose that det(I + Aj(A)P(\)~!) = 0. Then —1 is an
eigenvalue of the rational matrix function A;(A)P(A)~! and thus,

1< [A;0PXN) 2 < 1AM [P) 2
As a consequence, [|[A;(\)|l2 > [[P(A\)~Y5 ", which implies
1

2kes AP IPN) 7l
3

(3.2) Dsllz >



Furthermore, one can construct matrices A; (s =0,1,...,m) for which D; attains the
above lower bound and det(I + Aj(A\)P(A\)~!) = 0, as follows. Consider two vectors
x,y € C" such that ||z]lo =1, [|[P(A\)"1z|2 = ||[P(A\)7!]2 and

Wy .
Yi = Ton—112 ° .7:1’2)"'7”7
S POV
where w = [wy wy ... w,|T := P(A\)~!a. Define the matrix Qo = —ay* and let either
A X Qo (seJ) or A 0 (s¢J)
S = = 9% 0 S = .
Dk IAIPF

Then (I+A;ANPAN) HNz=2+ Qo P\ "tz =2+ Qow and, as y*w =1,
(I+A; NPV e = z—ay*w = 0.

Thus, det(I + Az(A)P(N\)~1) = 0. We also have

H Qo (Spes X 06)(Spey AP H

[Dll2 = sup - 2.y, €C™\ {0}
Zke] vk ll3

—k

< [l lyll2 [| > ke A vkll2
= Tres PR o ;
keJ vk > ke vl

Moreover, by construction,
||y||2 _ Hw”2 _ “P()‘)_l‘r“Q _ 1
1PN ~HI3 I1P(N)-I3 [P(A)~H 2

and

~k
1D Noelle < L IA oo I T | Tog of <o )T ll2
keJ

where vy, = 0 for k ¢ J. Therefore, as ||z|2 = 1, we have
1
Dkes AP I~

That is, for this special D; (which depends on \), equality holds in (3.2). The proof is
complete in view of (3.1) and since N No(P) =0. O

Dyl <

The proof of the above theorem also yields the following.

THEOREM 3.2. Let P(\) = ApA™+...+ A1 A+ Ay be an n X n matriz polynomial with
detA,, #0, and let J C {0,1,...,m} and € > 0. Then

e,7(P)\o(P) = ¢ AeC\o(P): ! < e

Yes WP




Proof. Consider a (fixed) A € C\ o(P). If A € o, j(P), then there is an n x n
matrix polynomial Aj;(A) = ApA™ 4+ ...+ AjA + Ag such that Ay =0 for s & J,
I[Am .. A1 Ag]ll2 < € and det(P(\) + Aj(A)) = 0. Thus, by (3.2),

1
2kes PPFIIP) 2

§ H[Am Al Ao]”z S €.

Conversely, suppose that

! <
< e.
Dokes APE(PO) 2

Then, as in the proof of Theorem 3.1, one can construct a matrix polynomial Aj(X) =
Ap N 4o+ A+ Ag such that Ay =0 for s € J, ||[[Am ... A1 Ag]]l2 < € and
det(P(A) + Ay(A)) =0. Thus, A € o s(P). O

Due to the continuity of />, o/ [A?*[[P(A)~!|2 as a function of A, the boundary of
the (e, J)-pseudospectrum can be described as follows.

COROLLARY 3.3. Let P(\) = A ™+ ...+ A1+ Ap be an n X n matriz polynomial
with detA,, # 0 and let ¢ > 0. Then

O(oe,s(P)\o(P)) = ¢ AeC\o(P): ! =€

2okes APEIP(A) 72

REMARK 3.4. We have chosen to present our results in terms of the 2-norm due to its
association with the notion of singular values (see next section and [3, 9, 19]). However,
Theorems 3.1 and 3.2 and Corollary 3.3 (with minor modifications in their proofs) are

also valid for p-norms: The quantity
> P
keJ

\/ ke [AIFP if p<+oo

max{|A]* : ke J} if p=+occ.

should be replaced by

ExaMPLE 3.5. Consider the matrix polynomial

0 05 0
PN =IX—-[0 0 0
0 0 025



and the open unit disk Q = S(0,1). The spectrum of P(\) is o(P) = {-0.5,0,0.5}.
Let us examine the (e, J)-pseudospectrum of P()) for J = {0,1,2}. For every A € 99,

VIFAP+ N =3 and

A2 05074 0
PN = 0 A2 0
0 0 (A2 —0.25)""

with 1.2808 < ||[P(A\)~ |2 < 1.3333. Hence, R;(P,Q) = (1.33331/3)~! = 0.4330. That
is, Py(A) = P(\) + Axd? + Ajd + Ag with ||[[Ax A; Ag]|l2 < 0.4330, is Q-stable.
Equivalently, for every € < 0.4330, o¢ j(P) remains in Q. This is confirmed visually in
Figure 3.1, where 99, o(P) and 0o, j(P) for € = 0.04,0.09,0.2,0.3,0.4 are sketched
(using Corollary 3.3).

UNIT DISK AND PSEUDOSPECTRUM
T T T

IMAGINARY  AXIS

L L L L
-15 -1 -0.5 05 1 15

0
REAL AXIS

Fic. 3.1. The (¢, J)-pseudospectrum of a matriz polynomial.

4. Bounds for the stability radius and applications.

4.1. Stability radius and the connected components. Let P()\) be an n x
n matrix polynomial with bounded numerical range W (P) and let G be a connected
component of W(P). By [12, Lemma 26.8], for every nonzero vector x € C", the number
of roots of the equation z*P(A\)z =0 in G is constant, i.e., it does not depend on z. We
denote this constant number by ¢(G).

First, we obtain a lower bound for [[P(\)7!||2, A € C\ W(P) (cf. [6, Lemma 3.2] for
operators and [13, Theorem 1] for analytic operator functions).

THEOREM 4.1. Let P(A\) = A N+ ...+ A1 A+ Ag be an n x n matriz polynomial with

bounded numerical range W (P) that consists of s connected components Gi1,Ga,...,Gs.
Then for every A € C\ W(P),

1
PN < — .
POl = S T, distn, 6170




Proof. For any nonzero vector x € C", let Ai(x), A2(x),..., Am(x) be the roots of the
equation z*P(A)z = 0. Then for every A € C,

41 [[PNzllz flzlz = [z"P(Nz] = [(27Am2)(X = Am(2)) .. (A = Aa(2))]-
By the assumption that W (P) is bounded, it follows that 0 ¢ F(A,,) and thus 7(A,,) > 0.
Since for every nonzero x € C", 7(4,,) < |z*Apzx|/(x*z), (4.1) implies that

(4.2) IP(Nzlly > #(Am) J] dist[A, G199 ||z]l2, A eC.

j=1

Since detP(X\) # 0 for all A € C\ o(P), we can substitute z = P(\)"'Z in (4.2) to
obtain

122 > 7(Ap) [] dist[\, ;)79 [P E]l2, A€ C\W(P)
j=1
or equivalently,

[ECY i Pa 1
2l = #(Am) IT;=, dist[A, G199

j=1

AEC\W(P).

Since the above inequality holds for all nonzero Z, the proof is complete. O

THEOREM 4.2. Let P(A) = A A" + ...+ A1\ + Ag be an n x n matriz polynomial such
that W (P) is bounded and consists of s connected components Gi,Ga,...,Gs. If Q is an
open region of C such that W(P) C Q and J C {0,1,...,m}, then

F(Ay) [T5—, dist[A, G;]¢09)

j=1

\ 2kes AP

Proof. The result follows from Theorems 3.1 and 4.1. O

Ry(P,Q) > inf L A €00

4.2. The bound via polygonal approximations. Theorem 4.2 in conjunction
with the results in [17] provide the possibility to compute a bound for the J-stability
radius of a matrix polynomial when only rough approximations of the numerical ranges
of the coefficients are known. We describe and illustrate this technique next.

Let P(A) = A AN™ + ...+ A1A+ Ap be an n X n matrix polynomial. Suppose that for
each j =0,1,...,m,
F(A;) € ¥; = convex hull{¢;1,¢;2,... ,1/1]475].} .

Note that one can easily construct convex polygons containing the numerical range of a
matrix; see [10, pp. 33-37]. Let { := H;.n:o &; and consider the ¢ x ¢ diagonal matrix
polynomial

D(\) = Dp A"+ ...+ DA+ Dy,
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whose coeflicients are defined as follows: For each j =0,1,...,m, the matrix
Dj = diag{dj,l, dj727 e 7dj,C}

has Hk# &), diagonal entries equal to ¥, - for 7 =1,2,...,¢§;, arranged so that for every
selection of points {10 kg, V1.k1s- - - » Y.k, }, there exists v € {1,2,...,(} such that

(dow,diuy -y dmy) = (Vokes Vikis- > Vi) -

By [17, Theorem 2.1], one deduces that W(P) C W(D). Consequently, if  is an open
region that contains W (D) and if p € 99, then the distance of p from each connected
component of W(D) is not greater than the distance of p from the corresponding compo-
nent of W(P). Thus, the bound of Theorem 4.2 is valid when the distances are replaced
by distances of A from connected components of W (D).

The advantages of the above proposed method are the following:

1. It is independent of n.

2. Tt provides a bound for R;(P, ) even when the information given pertains only to
the numerical ranges of the coefficients of P(A).

3. The boundary of the numerical range of a diagonal matrix polynomial can be readily
computed [15].

We illustrate the above by an example.

EXAMPLE 4.3. Let Q = S(0,1) and consider a matrix polynomial P()\) = I\3 + Ax\? +
Aid + Ag for which the only information given is that W(P) C €, the coefficients are
Hermitian, and that the minimum and maximum eigenvalues of the matrix coefficients
satisfy

0 S )\min(AQ) S )\max(AQ) S 1/37
*1/9 § Amin(Al) S )\max(Al) S 1/97

_1/27 S )\min(AO) S )\max(AO) S 1/9

In the notation used above, m =3, j € {0,1,2,3}, ( =1-2% =8, and A3 = I. According
to the method described above, let us consider the (trivial) polygons

Uy = {1}7 Uy = [Oa 1/3]a v, = [_1/95 1/9]7 Uy = [_1/275 1/9]
and the 8 x 8 matrix polynomial D(A\) = D3\ + DyA2? + Dy A + Dy, where D3 = I and

Dy = dlag{07 0,0,0, 1/37 1/37 1/37 1/3} )
Dl = dla’g{il/ga 71/9a 1/97 1/97 71/95 71/93 1/97 1/9}a

Dy = diag{—1/27,1/9,—1/27,1/9,—1/27,1/9,—1/27,1/9} .

Thus, all 8 possible choices (¢ ky, - .., ¥3k,) can be formed from entries of the D,’s as
specified by our method. The numerical range of D(\) is the symmetric region outlined
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inside the unit disk in Figure 4.1. The curves drawn belong to W (D) and their union
contains OW (D). From this figure one estimates that dist(9Q, W (D)) = 0.2899, attained
by the left-most real eigenvalue of D(\) (which equals —0.7101). Suppose now, for the
sake of illustration, that only the coefficient matrices Ay, A1, Ao are perturbed, but not
Az = I; that is J = {0,1,2}. Then, by the discussion preceding this example,

R3(P,Q) > dist(0Q, W(P))3/v3 > dist(dQ, W(D))3/v3 = 0.2899%/v/3 = 0.0141.

Note that this bound is valid for every matrix polynomial Q(\) of degree 3 such that
W(Q) cW(D) c Q.

051

Imaginary Axis

-0.5f

Real Axis

F1G. 4.1. The numerical range of D(\) inscribed in S(0,1)

4.3. Left-half plane and hyperbolic matrix polynomials. To motivate our
subsequent analysis, we turn our attention to m X n quadratic matrix polynomials of the
form P(\) = A30% + A1\ + Ay with real symmetric coefficients such that A, is positive
definite and Ag, A; are positive semidefinite. Such matrix polynomials correspond to
second order dynamical models known as damped vibrating systems (see [1, 7]). Tt is
not difficult to see that o(P) and W(P) lie in the closed left-half plane of C. In the
following example, we consider a modal approximation to a mechanical damped vibrating
system (see [1, pp. 158-161]).

EXAMPLE 4.4. Suppose P()) is the 2 x 2 matrix polynomial

B ) (3 1\ ,2, (7 O 256 0
P(X) = A +A1>\+Ao< )>‘+(0 15>>‘+(0 32)'

Its coefficients are real positive definite matrices (and one can verify that for every
unit vector x € C?, (z*A;1x)? > 4(z*Agx)(x* Apz)). The numerical range W (P) co-
incides with the union of two closed real intervals, namely, G; = [—4.6844, —2.5274] and
Go = [—45.1207,—7.6674], whose endpoints are exactly the four eigenvalues of P(\) [7,
Theorem 10.15]. The inner numerical radius of Ay is 7(Az) = 0.5858. Let us first
consider the open disk Q = S(—25,25), because it contains W (P) and lies in the open
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left-half plane. Let J = {0,1,2}. The bound in Theorem 4.2 is

. { #(As) dist[), G1] dist[\, Go]

VI A2Z+ A2

(at A = —50) and, using Theorem 3.1, R;(P,Q2) = 0.0631 > 0.0518. The numerical
range W(P), the circle 9Q and the boundaries of the (e, J)-pseudospectra of P(\) for
e =0.04, 0.1, 0.2 are sketched in Figure 4.2. Tt is apparent that 0.04 < R;(P,) < 0.1
and that the left-most eigenvalue of P(\), which equals —45.1207, is quite sensitive to
perturbations. This explains the “small” J-stability radius relative to Q = S(—25,25)
for this matrix polynomial.

tAE 89} = 0.0518

Next, consider € to be the open left-half plane. Then for real ¢ — 400, both quantities

1 and 7:(142) dist [t’L, gl] diSt[ti, gg]
1,
VI+ 2+ ||P(t) |2 VIt 41

(here i = \/—1) are decreasing and converge to 7(A3). (Note that for every ¢ > 0,
the matrices P(ti)~! and P(—ti)~! = (P(ti)*)~! have the same norm.) Hence, the
J-stability radius of P()) relative to the open left-half plane is

Ry(P,Q) = lim 7(Ag) dist[ti, G, ] dist[ti, Go]
e VI +it

i.e., it coincides with its lower bound in Theorem 4.2.

= #(Ay) = 0.5858,

NUMERICAL RANGE AND PSEUDOSPECTRUM
T T T T T

o
T

IMAGINARY  AXIS
'

L L L L L L L
-60 -50 -40 =30 -20 -10 0 10
REAL AXIS

F1a. 4.2. A damped vibrating system.

Motivated by the previous example, we obtain the following more general result.

THEOREM 4.5. Let P(A) = A, N+ ...+ A1 d+ Ag be an n x n matriz polynomial with
bounded numerical range W (P) that lies in the open left-half plane Q2. Suppose that W (P)
consists of s connected components Gi,Ga,...,Gs, and that 7(An) = Smin(Am), where
Smin(Am) 1s the minimum singular value of A,,. Suppose that m € J C{0,1,...m}. If

10



the function

. dist[ti, G;]¢95)
g(t) _ H]_l [ ]]

\/ ZkeJ t2

is increasing in (—oo, u1] and decreasing in [ua,00) for some p1 < po, then Ry(P,Q)
equals the minimum of

, teR

inf 1
in
te(p,p2) ZkeJt2k ||P(ti)*1||2

Smin(Am) and

Proof. Since W(P) is bounded, det A,, # 0 and P(\) has nm finite eigenvalues in
Q. The singular values of the matrix P(¢i) are continuous functions of ¢ (see e.g.,
[20]) and, as ¢t — o0, they have asymptotically the behaviour of the singular values of
Ay, (ti)™. Consequently, |[P(ti) Y2 = Smin(P(ti))~! has asymptotically the behaviour
of ||(Amt™) 2 = [t7™| Smin(Am) L. Also, since ¢(G1) + c(G2) + ... + ¢(Gs) = m,
as t — =oo, the product Hj‘:1 dist[ti,gj]c(gj) behaves asymptotically as [¢™]. Thus
lim¢ 10 g(t) =1 and since m € J,
lim ! = dim (96) Smin(An)) = sman(An).
= ke PR IP ()2 -

By the hypothesis that 7(A.;,) = Smin(Am) and Theorem 4.1, we have that for every
t R,

Pokes PP 2

Hence, by the assumed monotonicity of g(¢),

. 1
inf cte RN (p1, p2)

Yok tF P () =2

= lim (g(¢) smin(Am)) = Smin(Am),

t—too
completing the proof. O

Note that the condition 7(A4,,) = Smin(Am) in the above theorem holds when A,, is
normal. Based on the proof of the above theorem, when m ¢ J, the following claim can
be made.

COROLLARY 4.6. Let P(\), Q and J be as in Theorem 4.5. If m & J, then there exist
w1, o € R with py < po such that

. 1
Ry(P,Q) = inf st € (u1,p2)

2kes PFIPE) = 2
11




It is also clear from the definition of g(¢) in Theorem 4.5 that the shape of W (P) affects

the J-stability radius. In this regard, recall from [12] that an n X n matrix polynomial
P(A) =A A+ ...+ A A+ Ap with Hermitian coefficients is said to be weakly hyperbolic
(resp., hyperbolic) if A,, is positive definite and all the roots of the scalar polynomial
x*P(A)x are real (resp., real and distinct) for every x € C". Weakly hyperbolic and
hyperbolic matrix polynomials arise in many applications and are of special interest. For
example, quadratic hyperbolic matrix polynomials correspond to overdamped vibrating
systems as the one in Example 4.4. It is worth noting that the numerical range of a
weakly hyperbolic (resp., hyperbolic) matrix polynomial P(A) of m-th degree consists of
s <'m (resp., exactly m) real intervals whose endpoints are eigenvalues of P()) (see [12]).
Hence, Theorem 4.5 yields the following.

COROLLARY 4.7. Let P(\) = A AN™ + ...+ A4\ + Ap be an n x n weakly hyperbolic
(resp., hyperbolic) matriz polynomial such that

W(P) = Uj_;[~aj, —bj],
where s < m and
0<b <ar<by<ag<...<bs<as.
Let J={0,1,...,m}, m € J, and Q be the open left-half plane. If the function

Hj:l |t — bjlc([_ajv_bj])
VIHt2 4. t2m

g(t) =

is decreasing for all t > 0, then Ry(P,Q) = Amin(Am) -
In relation to Example 4.4, we can also show the following.

COROLLARY 4.8. Let P(\) = AsA2+ Aj A+ Ag be an n xn selfadjoint matriz polynomial
such that W(P) = [—a1, —b1] U [—ag, —bs] (0 < bz < ag < by <ay). Let J={0,1,2},
2 € J, and Q be the open left-half plane. If for every t > 0,

(4.3) (b2 + b2 — 1)t* + 2(203 — )% + 303 — (b2 +b3) > 0,
then Rj(P,Q) equals the minimum absolute value amongst the eigenvalues of As.

Proof. Since (4.3) is assumed to hold for every ¢ > 0, it is straightforward that the
function

V12 + b3 /12 + b3

VIt +td
is decreasing for all ¢ > 0 and increasing for all ¢ < 0. The matrix Ay is Hermitian,
yielding smin(A2) = 7(Az). Since for every t > 0, ||P(ti) "2 = || P(—ti) "2, the result
follows by applying Theorem 4.5. O

g(t) =

Notice that (4.3) is always true when by > 1 and by > 1.

REMARK 4.9. The computation of the stability radius of A € M,,(C) relative to the open
left-half plane €2 reduces to the computation of inf{s,,;,(A — tiI) : t € R}. The existing
algorithms in the literature take advantage of the fact that lim; oo Smin(4 — til) =

12



+0o (see [3, 9]). In contrast, for the J-stability radius of a matrix polynomial P(})), if
perturbations of the leading coefficient are allowed, it may be the case that

1
lim - < 400
t—koo 37y st [P () |2

(see Theorem 4.5). Note also the possible complication that can arise if a perturbation
results into a singular leading coefficient. Essentially, this complication gave rise to Corol-
laries 4.7 and 4.8. On the other hand, if we assume that the leading coefficient of P(\)
in (2.1) remains unperturbed (m ¢ J), then, as in Corollary 4.6,

lim 1 I, distti, ;)09

- = lim
t—+oo ZkEJ t2k ||P(t2)71||2 t—+oco /ZkeJ tQk

that is, we have a situation similar to that of matrices.

= +OO,
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