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Some Results on Polynomial Numerical Hulls of Perturbed
Matrices

Madjid Khakshour' and Gholamreza Aghamollaei®*

ABSTRACT. In this paper, the behavior of the pseudopolynomial
numerical hull of a square complex matrix with respect to struc-
tured perturbations and its radius is investigated.

1. INTRODUCTION

Let M, be the algebra of all n x n complex matrices equipped with
the operator norm |.|| induced by the Euclidean vector norm ||z| =
(z*z)Y/2 on C", ie., ||A|| = max {||Az|| : 2 € S'}, where A € M, and
St = {x € C": ||z|| = 1} is the unit sphere. For a positive integer k& and
A € M, the polynomial numerical hull of A of order k is defined (e.g.,
see [?] and references therein) as

(1.1) VE(A) = {A e C: [p(\)] < [lp(A)]| for all p € Py},

where Py, is the set of all scalar polynomials with degree at most k. It
is known that
(1.2)

o(A) = V™(A) C - CVF(A) S VH(A) C - C VI(A) = W(A),

where m > n,o(A) and W(A) are the spectrum and the numerical range
of A, respectively.

In the following proposition, we recall properties of polynomial nu-
merical hulls of matrices which will be useful in our discussion. For
more details, see [7].

Proposition 1.1. Let A € M,. Then the following assertions are true:
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(i
(ii

VF(aA) = aVk(A), where a € C;
V’“(A+BI) VE(A) + 8, whereﬁE(C
|4

)
)
)
) 1If

(iii) VF(A") = VF(A) and VF(A*) = VE(A) := {X: X e VF(A)};
(iv) If A is Hermitian or skew Hermitian, then VE(A) = o(A), for
k> 2.

Let ¢ > 0 and A € M,,. The e—pseudopolynomial numerical hull
(pseudopolynomial numerical hull for short) of order k of A is defined
and denoted, (e.g., see [d]) by

(1.3)
VE(A) = {)\ €C:\e VA1 E) for some E € M, with ||E|| < e}
U vMAa+E).
IEll<e
It is easy to see that VJ*(A) = V¥(A), and
(1.4)

g(A) = VI(A) C--- CVMHI(A) CVEA) C - CVI(A) = W(4),

where o.(A) and W,(A) are the pseudospectrum and the pseudonumer-
ical range of A, which are defined, respectively, by

(1.5) o(A)={N€ad(A+E):3EeM,st. |[E|] <e},
(1.6) W (A) ={NeW(A+E):IEcM, st |E|<e}.

It is clear that o¢(A) = o(A) and Wy(A) = W(A). Moreover, in the
following proposition we state some properties of pseudospectrum and
pseudonumerical range of matrices which will be useful in our discussion.
For more details, see [4] and [7].

Proposition 1.2. Let A € M,,. Then the following assertions are true:
(i) For every e > 0, o(A) + D(0,¢) C 0.(A), where D(a,¢€) is the
closed disk centered at a with radius €.
(ii) A is normal (i.e., A*A = AA*, where A* = ZT) if and only if
0e(A) =0(A) + D(0,¢€) for every e > 0;
(iii) For every € > 0,0.(A) C W(A) = W(A) + D(0,¢).

The matrix A+ E, where ||E|| <€, is called a perturbation of A, and
the parameter € is said to be a tolerance for this perturbation. The the-
ory of perturbations has many applications in quantum, control theory,
numerical computation of eigenvalues and also in industrial areas; see
[M]. In this paper, we are going to study some properties of pseudopoly-
nomial numerical hulls of perturbed matrices. For this, in Section B, we
present some properties of pseudopolynomial numerical hulls of matri-
ces. Then we study the structured pseudospectrum for perturbations of
sets of all normal, Hermitian, skew-Hermitian, real symmetric and real
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skew-symmetric matrices. In Section B, we investigate some inequalities
for the pseudospectral numerical radius of matrices.

2. MAIN RESULTS

At first, we state some algebraic properties of the pseudopolynomial
numerical hulls of matrices.

Theorem 2.1. Let k € N and A € M,,. Then the following assertions
are true:

C VE(A), where 0 < €1 < e;

= Neso Upp<c V(A + B);

(0,6) C VE (A), where e,6 > 0;

(0,7(A) +¢€), where e > 0 and r(A) = max |z|;

zeW(A)
(V U||EH§e Vk(E) = D(Ov 6)'

Proof. The assertion in (i) follows easily from (I33). By (I=33), that
VF(A) C VF(A) for every € > 0. This proves C. Using the fact that

N U VMA+E) =[VFA) C VA =VFA),
0| E][<e €0

the proof of (@) is complete.

To prove (@), let €,6 > 0, and w = z+¢&, where z € VE(A) and [¢] < 4.
Then there exists £ € M, such that ||E| < ¢ and z € V¥(A + E). By
Proposition [T (i),(d), we have

VFHA+E+€I) =VFHA+E) +¢.

So, w=z+& € VF(A+ (E+EI)). Since ||E+£I|| < e+ 6, by (I3), the
result in () holds.

The result in (&) follows from the fact that VF(A) C W(A)+ D(0, ).
Using [@, Theorem 3.4(vi)] and (I=3), the result in (m) holds. So the
proof is complete. O

Theorem 2.2. Let A,B € M, and § = ||A— B||. Then for all ¢ > 0,
VE(A) S VEL(B).
In particular, if € > 3, then
VE5(B) CVE(A) CVE(B),
and so, V¥(B) C VE(A).

Proof. Let A\ € VF(A). Then there exists E € M,, with |E| < e such
that A\ € VF(A+E) = V¥ (B + (A — B+ E)). Since ||[A—B+E|| < d+e,
we see, by (I33), that A € Velié(B).
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The result in the second assertion follows easily from the first assertion
and changing the roles of B and A, and also ¢ —§ and €. Since V()k(B) =
V¥(B), the final assertion also holds. O

Corollary 2.3. Let A,B € M,, and 6 = ||AB — BA||. Then for all
e >0,
VE(AB) C VE 5(BA).
It is known, (e.g., see [3]) that for a normal matrix A € M,
(2.1) conv(o(A)) = W(A),
where conv(.) denotes the convex hull. Now, we prove a similar result

for pseudopolynomial numerical hulls of normal matrices. For this, we
need the following lemma.

Lemma 2.4. Let S,T C C be such that T is a convex set. Then
conv(S +T) = conv(S)+T.

Proof. Let p € conv(S + T'). Then there exist nonnegative real numbers
ai, ..., € R summing to 1 such that

1 !
p= Z ;8; + Z a;t;,
i=1 i=1

where s; € Sand t; € T for i = 1,...,k. Now, the convexity of T" shows
that p € conv(S) +T.

To prove the opposite inclusion, let p € conv(S)+T. Then there exist
nonnegative real numbers ag,...,q; summing to 1 and s1,...,s; € S
and t € T such that

p= zk: a;8;+t
1:1
= Z a;(s; +t) € conv(S+T).
So, the proof is completze.1 O
Theorem 2.5. Let A € Ml,, be normal and k € N. Then
conv(oe(A)) = conv(VF(A)) = W (A).
Proof. Using (I4), Proposition IA(d), Lemma P24 and (E-1), we have
We(A) = W(A) + D(0,¢)
= conv(c(A)) + D(0,€)
conv(o(A) 4+ D(0,¢))
(0c(A4))

= conv
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So, the proof is complete. O
Example 2.6. Consider the normal matrix
1 1 0
A=10 1 1
1 0 1
3

1
The eigenvalues of A are < 2, 3 + 22}. In Figure O, by using Theorem

23 and Proposition 2 (), the pseudonumerical range of A is plotted
for e = % Also, the circular disks are e—pseudospectrum of A.

051

)

05

FIGURE 1. e—pseudonumerical range and

e—pseudospectrum of A for e = %

Now, we are going to introduce the notion of structured pseudopoly-
nomial numerical hulls of matrices.

Definition 2.7. Let ¢ > 0, A € M,, and S C M,,. The structured
e—pseudopolynomial numerical hull of order k of A with respect to the
structure S (structured pseudopolynomial numerical hulls for short) is
defined as

(2.2)

VES(4) = {)\ €C:\e VAT E) for some E € S with ||E|| < e} .
It is easy to see that

(2.3) VES(A) = | VE(A+EB) CVE(A).
EcS||E||<e
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Moreover, we have V/"5(A) = 05(A) = Upes,|g<e 7 (A + E) which is

introduced and studied in [B]. Also, for S = M, we see that V;*°(A4) =
VF(A). In addition, we have

VA =wEUA) = |J W(A+E),
EcS,||E||<e

which e—structured pseudonumerical range.

In the following theorem, we are going to state some basic properties
of the structured pseudopolynomial numerical hulls of matrices. For
this, if S € M, is a structure, B € M,, and a € C, then BSB =
{BXB: X €S},08 = {aX:XeS},S" = {X": X €S} and $* =
{X*: X €S}.

Theorem 2.8. Let S C M,,,e > 0 and A € M,,. Then the following
assertions are true:
(i) If U*SU = S, where U € M, is a unitary matriz, then
VESUrAU) = VE(A);
(i) 05(4) = V"5(4) € - C VM) c v ¢ - C
VGI’S(A) = WSE(A) for all m > n;

(i) V&S (ad) = an;"i‘(A) if aS =S, where a € C\ {0};

(iv) VFS(A+ BI) = VFS(A) + B for all B € C;
(v) If St =S, then VES(AY) = VFS(A). Also, if S* = S, then

VEHAT) = V().

Proof. To prove (i), let z € VX(U*AU). By (E33), there exists E € S
with ||E|| < e such that z € VF(U*AU + E) = V¥(A + UEU*). Since
|[UEU*|| < ¢ and UEU* € S, we sec that z € VF°(A). This shows that
VES(U*AU) C VF®(A). For the converse, by the above case, we have
VES(4) = VES(U(urAav)Ur) € V(U AU). So, the proof of (i) is
complete.

The assertion in (@) follows directly from ([4) and (2=3). To prove
(&), we use (223). The equality aS = S implies that S = a~!S. Hence,
Proposition [T () reveals that

VS ad)= |) VMad+E)
EcS||E||<e
=a |J VF4+a'E)
EeS| Bl|<e
= U VE(A+ E)
E'eS|| B[ <e/lof
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k.S
= Vo) (A)
So, the assertion in (i) holds. Using (223) and Proposition [T (), we
obtain the assertion (i§). Finally, to prove (m), by (223), we have

Vek’S(At) — U Vk(At + E)
EeS||E|<e

= |J vha+EY
EeS||E|<e

= |y vM4a+E)
E€S||E||<e

= VI (4).

The second assertion also holds in a similar way. So, the proof is com-
plete. O

In the rest of this section, we use the following notations. The sets N,
H, and skewH denote the set of all n x n normal, Hermitian, and skew-
Hermitian matrices, respectively. Also, S and skewS denote the set of
all n x n real symmetric and real skew-symmetric matrices, respectively.

Theorem 2.9. Let A € M,,, ¢ >0 and 0 # o € C. Then the following
assertions are true:
(i) If S € {N,H,skewH}, then VFS(U*AU) = VFS(A) for any
unitary matriz U € M, ;
(ii) If S € {N, H,skew?, S, skewS}, then VFS(AY) = VFS(A) and
VES(A) = V()
(i) If S € {S,skewS} and o € R, or S = N and a € C, then
VIS (@A) = aVie (A);

e/lol
(iv) Vek’H(aA) = a‘/j’lz‘(A) for all o € R, and
VER () = aVE];’ﬁiTWH(A) for all v € iR;
(v) Vek’SkEWH(aA) = aVE];f‘ot('eWH(A) for all « € R, and
vEskewt (o, 4) = O‘VGI7|Z|<A) for all o € iR.

Proof. First we prove assertions (i) and () in the case that S = A/. The
other cases in these parts are proved in the same manner.

To prove (i), we show U*NU = N for any unitary matrix U € M,,.
Let A € U*NU. Then there exists B € N such that A = U*BU. Since
U*BU € N, so we have A € N. The converse also holds by setting
B :=UAU*. Using Theorem 28 (i), the result follows.

To prove (L), let A € N/. Then we have

(At)*At _ (A*)tAt — (AA*)t —_ (A*A)t _ At(A*)t — At(At)*
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This shows that A € N and hence N* = N. Similarly, N* = N. So,
using Theorem IR (m), assertion (d) also holds.

The assertion in (1) follows from Theorem 2R (1) and the fact that
aS =S, where S € {N, S, skewS}, and a € C.

To prove the assertions in () and (m), we show

VER(ad) = aVji " (A),

for all @ € ¢{R. The proof of the other cases in these assertions are
similar. For this purpose, let z € Vek’H(aA), where a € ¢R. There
exists E € H with ||E|| < e such that z € VF(aA + E). So, z €
VE(a(A+a~'E)). Tt is clear that a ' E € skewH and ||a " E|| < ¢/|a.

Therefore, using Proposition [ (i) and (2=3), we have z € aVEI;]sak‘eWH(A)

For the converse, let z € aV;I;"ZTWH(A) and o € ¢R. Then there exists

E ¢ skewH with ||E|| < ¢/|a| such that z € aV¥(A 4+ E). So, using
Proposition I (i), z € V¥(aA + aFE). It is clear that aE € H and

|laE|| < e. Therefore, by using (23), z € aVEI;]SOtTWH(A) and so the proof

is complete. O

In the following, using Proposition 2 (Hd), we recall and refine the
results that can be found in [G].

Lemma 2.10. Let A e M,, and ¢ > 0.
(i) If Se {H,S} and A €S, then
o5(A) = 0 (A) NR:

€

(ii) If S = skewH and A is skew Hermitian, then
(2.4) oS(A) = 0 (A) NiR;

(iii) Let S = skewS and A be real skew symmetric. If A has even
dimension or it has odd dimension without the simple eigenvalue
zero, then (24) holds.

Proof. The assertion in (1) follows from the fact that A = —i(iA), and
using the first assertion and Theorem 29 (m). O

Theorem 2.11. Let A € M,, and € > 0. Then the following assertions
are true:

(i) IfS € {H,S} and A €S, then
VES(A) = VH(A) + [—e, CVEA) NR.
The equality holds if k =1 orn;
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(ii) If S = skewH and A is skew Hermitian, then
(2.5) VFS(A) = VF(A) +i[—€,¢] € VF(A) NiR.

The equality holds if k =1 or n;

(iii) Let S = skewS and A be real skew symmetric. If A has even
dimension or it has odd dimension without the simple eigenvalue
zero, then (23) holds. Also, the equality in (EZ3) holds if k =
1 orn.

Proof. We just prove the assertion in (i) for the case that S = H. The
other cases and the other parts can be investigate by a similar way. Since
the eigenvalues of Hermitian matrices are real, by using Propositions [
() and 2, relation (23) and Lemma P10, when k£ > 1, we obtain that
vERA) = | VMA+E)
EcH| E|<e
= |J oA+E)
EeH||E|[<e
= o*(A) =0 (A)NR
= [0(A) + D(0,¢)] NR
=0(A) + [—€, €
= V*(A) + [-¢.q
CVFA)NR.
Now, let kK = 1. Since the numerical range of a Hermitian matrix is a
subset of the real axis, we conclude that

Wit = |J WwWMA+E
EeH|E||<e

CW(A)NR

=[W(A)+ D(0,¢)]NR

=W(A) + [—€,€].
So, it will be enough to show that W(A) + [—¢,¢] € WZ{(A). For this
purpose, let z € W(A) + [—¢,€] is given. Then there exist A € W (A)
and ¢ € R with [£| < e such that z = A + £. By setting £ = &1, we see
that z € W(A + &I) and so, the proof is complete. O

Example 2.12. Let

QU Ny
ok N
N = W
W N =
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e =2and k > 1. Since o(A) = {2,4£2v/2,10}, using Theorem 211()
and Proposition [CI(X), we have

VER(A) = VFS(A) = [-2v2 - 2,00 U [2v2 — 2,2V2 + 2] U [8, 12].
3. ADDITIONAL RESULTS

The spectral, pseudospectral, numerical and pseudonumerical radius
of A, for € > 0, are defined and denoted, respectively by
p(A) =sup{|A[: A € o(A)},
pe(A) =sup{|A| : A € oc(A)},
r(A) =sup{|\: A e W(A)},
re(A) =sup {|A| : A € W (A)}.
Like (pseudo)spectral radius and (pseudo)numerical radius, we can de-

fine the pseudopolynomial numerical radius of matrices.

Definition 3.1. The e—pseudopolynomial radius (pseudopolynomial
numerical radius for short) of order k of A € M, is defined and de-
noted by

r*(A) = sup {|)\| T € Vek(A)} .

Now, in view of Theorem 272, we have the following result.
Proposition 3.2. Let A,B € M,, and 6 = ||A—B||. Then for all e > 0,
re(A) < réys(B).

In particular, if € > 9, then
ré_s(B) < rf(A) <rls(B).
Also, in view of Theorem 3.4 in [A], we can easily verify the following
properties of 75(.).

Theorem 3.3. Let € > 0 and A € M,,. Then the following assertions
are true:

(i) r*(U*AU) = r¥(A), where U € Mn is unitary;
(i) p(A) + € < pe(A) = r™(A) < - < rFH(A) <k (A) < - <
rH(A) = re(A) =r(A) + ¢, where m>n;
(iii) rF(ed+BI) < |oz|rf/‘a| + |ﬁ], where «, 8 are two arbitrary com-
plex numbers with o # 0;

(4) = rk(A%) = ri(AT);
(A) = |\ +e€ zfand only if A= X, where \ € C;
If A= A1 ® Ay with A; € M, (n1 +na2 = n), then

rf(A) > max {rf(Al),rf(Ag)} .

ré
(v) ré
If
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Remark 3.4. Since the spectral radius is not a norm, 7*(.) is not also

a norm on M,,. Moreover, from [@, Theorem 3.9] and Theorem B=3 (i7),
for all e > 0 and 1 < k < n, we have

p(A) <rM(A) <rf(A) — e < r(A),
which is a refinement of the famous inequality p(A) < r(A).

Since p.(A) < r¥(A), for all A € M,,, by the same techniques as used
in the proof of the [6, Lemma 3.1 and Theorems 3.2, 3.3], we obtain the
following two properties.

Theorem 3.5. Let A, B € M,, be such that AB = BA. Then for e >0,
(i) rf(A+ B) < rf(A) +r¥(B);
(ii) If A, B are nonscalar matrices and 0 < ¢ < r¥(A) +r¥(B) — 1,
then
rR(AB) <r

€

£ (A)ré (B).
In particular, if r(A) +r(B) > 1, then r(AB) < r(A)r(B).
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