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Abstract. Let n and k be two positive integers, k < n and A be an n—square quaternion
matrix. In this paper, some results on the k—numerical range of A are investigated. Moreover,
the notions of k-numerical radius, right k-spectral radius and k-norm of A are introduced,
and some of their algebraic properties are studied.
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1. Introduction and preliminaries

As usual, let R and C denote the field of the real and complex numbers, respectively.
Moreover, let H be the four-dimensional algebra of quaternions over R with the standard
basis {1, 1, j, k} and multiplication rules:
i? =5 =k = -1,
ij=k=—ji, jk=1i=—kj, ki=j = —ik, and
lg=ql=gq forall g € {1,i,j,k}.
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If ¢ € H, then there are ag, a1, ag, a3 € R such that
g = ap+ a1l + asj + ask.
This representation of ¢ is called the canonical form of q. We define Re q¢ = «y, the real

part of ¢; Co g = ap + a1, the complex part of ¢; Im g = a1i+ asj + ask, the imaginary
part of ¢; ¢ = ap — ani — agj — ask, the conjugate of ¢; |q| = \/ag +af+aj+ai =

(qq)é = ((jq)%, the norm of q. Moreover, the set of all ¢ € H with Re ¢ = 0 is denoted by
P, and ¢q € H is called a unit quaternion if |¢| = 1.

Two quaternions x and y are said to be similar, denoted by x ~ y, if there exists a
nonzero quaternion ¢ € H such that z = ¢ lyq. It is known, e.g., see [4, Theorem 2.2],
that « € H is similar to y € H if and only if Re x = Re y and |Im x| = |Im y|. Obviously,
~ is an equivalence relation on the quaternions. The equivalence class containing z is
denoted by [x].

Let H™ be the collection of all n-column vectors with entries in H, and M, (H) (for
the case m = n, M, (H)) be the set of all m x n quaternion matrices. For any m x n
quaternion matrix A = (a;;) € My,xn(H), we define A = (a@;;) € My, xn(H), the conjugate
of A; AT = (aj;) € Myxm(H), the transpose of A; A* = (A)1 € M, (H), the conjugate
transpose of A.

Let A € M, (H). The matrix A is said to be normal if A*A = AA*; Hermitian if A* = A;
skew-Hermitian if A* = —A; and unitary if A*A = I,,, where I, is the n x n identity
matrix. A quaternion A is called a (right) eigenvalue of A if Az = z\ for some nonzero
x € H™. The set of all right eigenvalues of A is denoted by o, (A); i.e., the right spectrum
of A. Also, the right spectral radius of A is defined as p,(A4) = maz{|z| : z € 0,(A)}.
If A is an eigenvalue of A, then any element in [A] is also an eigenvalue of A. Moreover,
it is known, e.g., see [4, Theorem 5.4|, that A has, counting multiplicities, exactly n
(right) eigenvalues which are complex numbers with nonnegative imaginary parts. These
eigenvalues are called the standard right eigenvalues of A.

Throughout the paper, we assume that k& and n are positive integers, and k£ < n. A
matrix X € M, «r(H) is called an isometry if X*X = Ij, and the set of all n x k isometry
matrices is denoted by AX,,«i. For the case k = n, X, x, is denoted by U,, which is the
set of all n x n quaternionic unitary matrices. For A € M,,(H), the notion of k-numerical
range of A which was first introduced in [1], is defined and denoted by

Wh(A) = {%tr(X*AX) L X € Xuer). (1)

The sets W¥(A), where k € {1,2,...,n}, are generally called the higher numerical ranges
of A. Let A have the standard right eigenvalues Aq,..., A, counting multiplicities. The
right k—spectrum of A is defined and denoted by

k
1
ok(A) = {EZ% 1<y <dp < -o- <dp <y oap, € [N
j=1
Obviously, if o € 0¥(A), then [a] C oF(A). Moreover, o¥(A) C WF(A), ol(A) = 0,(4),
and

WHA) =W(A) = {z*Az : x ¢ H", 2"z = 1}



Gh. Aghamollaei et al. / J. Linear. Topological. Algebra. 04(04) (2015) 283-288. 285

is the standard quaternionic numerical range of A, which was first studied in 1951 by
Kippenhahn [2]. The numerical radius of A is also defined as r(A) = maz{|z| : z €
W(A)}. Now, in the following theorem, we list some other properties of the k—numerical
range of quaternion matrices which can be found in [1].

Theorem 1.1 Let A € M,,(H). Then the following assertions are true:
(a) Wk(al 4+ BA) = o+ BWF(A), where a, 8 € R;

b) Wk(A + B) C WF(A) + W*(B), where B € M,,(H);

c) Wk(U*AU) WF(A), where U € Up;

d) aW*(A)a = WF(A), where o € H is such that |a| = 1;
e) WH(A*) = Wk(A);

f) WkFL1(A) C conv(WF(A));

g) Wk(A) C R if and only if A is Hermitian;

h) Wn(A) = {2trA} if and only if A is Hermitian.

In this paper, we are going to study some properties of the k—numerical ranges and
radii of quaternionic matrices. To this end, in the next section, we state some other
properties of the k—numerical range of quaternion matrices. We also introduce and study,
as in the complex case, the notions of right k—spectral, k—numerical radius and the
k—norm of quaternion matrices. Moreover, we establish some relations among them.

2. Main results

We begin this section by a result about quaternion numbers which is important to study
some properties of the k—numerical range of quaternion matrices.

Theorem 2.1 Let S C H be such that A € S implies that [\] C S. Then
conv(C ﬂ S)=C ﬂ conv(S)

Proof. It is clear that conv(C(.S) C C()conv(S).
Conversely, let A = >, 0(a;+bji+cij+dik) € C(conv(S), where 6, >0, >, 0, =1,
and a; + bji +¢j +dik € S foralll =1,...,m. Thus, we have

A= 6i(ar+bii), and > Oi(cj + dik) = 0.
=1 =1

Since a; £ i1/b? + 2 +d? € [a; + bji + ¢1j + dik], by our assumption, we have a; %
in/b+ci+d? € CNS for all I = 1,...,m. So, for every I € {1,...,m}, we have

a4 bii = tlag + iy 07+ +d?) + (1 —t)(ag — iy /b + & +d?) € conv(C(S), where

_ bit/bitcid? . 2, 2, 32 g
t = W e for the case /by +cj +dj # 0, and for the case by = ¢, = d; = 0,
t € [0,1] is arbitrary. Therefore, A € conv(C()S). Hence, C()conv(S) C conv(C()S5).
This completes the proof. [ ]

By Theorem 2.1, we have the following results.
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Corollary 2.2 Let A € M, (H).Then
conv(C ﬂ wk(A) =C ﬂ conv(WF(A)).
Corollary 2.3 (see also [1, Theorem 2.4(b)]); Let A € M, (H).Then

conv(C m ock(A)=cC ﬂ conv(a(A)).

Now, we introduce the notions of right k—spectral, k—numerical radius and the
k—norm of quaternion matrices. To access more information about the similar results in
the complex case, see [3].

Definition 2.4 Let A € M, (H). The right k—spectral radius, the k—numerical radius,
and the k—norm of A are defined and denoted, respectively, by

p(A) = maz{|z| : z € of(A)},

r(A) = max{|z| : 2z € WF(A)}, and

1
Al k) = %max{\tr(X*AYﬂ X, Y € Xyxi )

It is clear that pgl)(A) = py(A) and 7D (A) = r(A). So, the notions of right k-spectral
radius and k-numerical radius are generalizations of the calssical spectral radius and

numerical radius, respectively. In the following theorem, we state some basic properties
of 7k ().

Theorem 2.5 Let A, B € M,(H) and c € R. Then the following assertions are true:
(a) M (4) > 0;

(b) r®)(cA) = |c|r®)(A);

(c) ) (U*AU) = r®)(A), where U € Uy,;

(d) r®)(A) = r®) (A7)

e) Let k < n. Then r*)(A) = 0 if and only if A = 0. For the case k = n, (™ (A) = 0 if
and only if A is Hermitian and trA = 0;

(£) (A + B) < r0(4) +rM(B);

(&) M (A) <r(=D(4) < - <rD(A) = r(A).

Proof. The part (a) follows from Definition 2.4. The parts (b), (c), (d) and (f) follow
easily from Theorem 1.1.

To prove (e), at first, we assume that r*)(4) = 0 and k < n. We will show that A = 0.
Since 7*)(A) = 0, for any z € W¥(A), |z| = 0. Therefore, W*(A) = {0}, and hence,
by Theorem 1.1(g), A is Hermitian. Now, since k < n, by a simple calculation we see
that A = 0. The converse is trivial. For the case k = n, let A have the standard right
eigenvalues A1, ..., \,, counting multiplicities, and 7(™(A) = 0. Then W"(A) = {0}.
Since 1trA € o™(A), by [1, Theorem 2.5(e)], W"(A) = {0} = {1trA}. So, trA = 0 and
also by Theorem 1.1(h), A is Hermitian. The converse is trivial.

To prove (g), let 1 < k < n be given. Then by Theorem 1.1(f), we have W*(A) C
conv(W*=1(A)). Now, let 7(*) (A) = |u| for some p € W¥(A). Hence, pu € conv(W*=1(A)).
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Then there are nonnegative real numbers t¢1,...,t, € R summing to 1, and ay,...,a, €
WHE=L(A) such that pu = >, t;;. Therefore,

r®(A) = ) < tila] <3 tar®D(A4) = D (4),
=1 =1

This completes the proof. [ |

Using Definition 2.4 and this fact that o%(A) C W*(A), we have the following result
which states the relation between pgk)(.), r(*)(.) and -l ke -

Proposition 2.6 Let A € M, (H). Then

P (A) < (A) <A gy

The following example shows that in Proposition 2.6, the equality pgk) (A) = (k) (A)
does not hold in general.

100
Example 2.7 Let A= | 002 | € M3(H). Then A is a matrix with eigenvalues 1,0, 0.
000
Therefore, p2(A) = 1 i ' 2 - (2) 1
, pr’(A) = 5. By a simple calculation, we have 7*(A4) = 1. So, p;” (A) = 5 <

1=r®(A).

In the following proposition, we show that the left inequality in Proposition 2.6 is
sharp. It follows easily from [1, Theorem 2.13].

Proposition 2.8 Let A € M,,(H) be a Hermitian matrix. Then
P (4) = r®(A).

In the following theorem, we state some basic properties of [|A[| ().

Theorem 2.9 Let A, B € M,(H) and ¢ € R. Then the following assertions are true:
a) [|Allx) = 0;

b) [[cAllr) = lelllAll x):

c) Let k <n. Then [|Al|;) = 0 if and only if A = 0;

d) [[A+ Bl < [[Allw) + 1Bl x);3

e) [Allmy < Alln=1) < --- < [|A]l(0)-

NN AN N N

Proof. The assertions in (a), (b), and (d) follow easily from Definition 2.4.

To prove (c), at first, we assume that [|A[/) = 0 and k < n. Then by Theorem 2.5(e)
and Proposition 2.6, we have A = 0. The converse is trivial.

For (e), let 1 < k < n. Moreover, let X = [z1,...,2,],Y = [y1,...,Yn] € Xxr be given.
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Therefore, we have

1o~ Len 1 -,
k’;xjAy”:k'Zk—lzxiA%'

N
E
(]~
o

| | =
H_
(]
B

N
s

k
1
<13 Ay
j=1
= | Al e—1)
So, [[Allx) < [|A|k—1)- This completes the proof. [ |
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