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Further results on generalized
centro-invertible matrices

Leila Lebtahi* Oscar Romero! Néstor Thomet

Abstract

This paper deals with generalized centro-invertible matrices intro-
duced by the authors in [Generalized centro-invertible matrices with ap-
plications, Applied Mathematics Letters, 38, 106-109, 2014]. As a first
result, we state the coordinability between the classes of involutory ma-
trices, generalized centro-invertible matrices, and {K }-centrosymmetric
matrices. Then, some characterizations of generalized centro-invertible
matrices are obtained. A spectral study of generalized centro-invertible
matrices is given. In addition, we prove that the sign of a generalized
centro-invertible matrix is { K }-centrosymmetric and that the class of gen-
eralized centro-invertible matrices is closed under the matrix sign func-
tion. Finally, some algorithms have been developed for the construction
of generalized centro-invertible matrices.

AMS Classification: 15A09, 15A18
Keywords: Centro-symmetric matrices; centro-invertible matrices; spectral
analysis; inverse problem; matrix sign function.

1 Introduction

Centrosymmetric matrices are those complex matrices A € C™*" such that
AJ, = J, A where J, € C"*" is the matrix with 1’s on the secondary diagonal
and 0’s otherwise. An important property of centrosymmetric matrices is that if
A is a centrosymmetric matrix with « linearly independent eigenvectors, then
linearly independent eigenvectors of A can be chosen to be symmetric or skew-
centrosymmetric. The particular case of matrices that commute with a permu-
tation matrix was studied in [13] by Stuart and Weaver. This class of matrices
has been widely studied by considering their applications [4, 14, 18]. In [1], Abu-
Jeib used them to analyze some spectral properties of regular magic squares.
After applying the Sinc collocation method to Sturm-Liouville problems, the re-
sulting matrices are centrosymmetric. Eigenspectrum properties of symmetric
centrosymmetric matrices presented in [6] are applied for solving a generalized
eigensystem of smaller dimensions than the original ones. Moreover, algorithms
for solving centrosymmetric linear systems of equations are presented in [5]. Not
only direct problems have been solved by using centrosymmetric matrices, but
also the inverse eigenproblem and its approximation have been considered by
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Bai in [2]. By generalizing centrosymmetric matrices, centrohermitian matrices
are defined as those matrices A € C™*" satisfying J,,AJ, = A, where A stands
for the conjugate of the corresponding entries of A. Each square centrohermitian
matrix is similar to a matrix with real entries and a full information about the
spectral properties of square centrohermitian matrices is given, for instance, in
[12]. Moreover, m-involutions (i.e., K™ = I) that commute (and anti-commute)
with a diagonalizable matrix were studied in [17].

In addition, a more general situation where the equation KA = AST'K is
studied for involutory matrices K has been analyzed in [8, 10] for nonnegative
integer values of s. They are called {K, s + 1}-potent matrices and when s = 0
it is called a { K }-centrosymmetric matrix. Complementing this study, the case
s = —2, that corresponds to generalized centro-invertible matrices, has been
considered in [11]. In addition, some applications for image blurring/deblurring
were developed. Clearly, {K, s+ 1}-potent matrices generalize centrosymmetric
ones to a wider class of matrices.

On the other hand, the sign function is studied in [7]. It is observed that
in general, sign(A) is a nonprimary square root of the identity. However, the
square root can be obtained from the sign function. It is also shown that the
sign function has applications in several areas. For example, it plays an im-
portant role in iterative methods for matrix roots and the polar decomposition.
Moreover, it is useful in applications to Riccati equations, the eigenvalue prob-
lem, and lattice quantum chromodynamics. Furthermore, it is well-known that
every square matrix A is {sign(A)}-centrosymmetric.

This paper presents a deeper study of generalized centro-invertible matrices.
In Section 2, we state the coordinability between the classes of involutory matri-
ces, generalized centro-invertible matrices, and { K }-centrosymmetric matrices.
Then, some characterizations of generalized centro-invertible matrices are ob-
tained. In Section 3, a spectral study of generalized centro-invertible matrices is
given. The inverse problem associated to generalized centro-invertible matrices
is analyzed in Section 4. Section 5 is devoted to design some algorithms for
solving both the direct and the inverse problem, and illustrating examples are
presented. Section 6 studies the relation between generalized centro-invertible
matrices and the sign function. In particular, we prove that the sign of a
generalized centro-invertible matrix is { K }-centrosymmetric and that the class
of generalized centro-invertible matrices is closed under the matrix sign func-
tion. Finally, Section 7 includes the form to extend our results to the problem
KAK = A=+,

2 Generalized centro-invertible matrices

In [15, 16], Wikramaratna studied all matrices X such that X! = X, where
Xgr = JXJ, for J being the interchange matrix (that is, J is the matrix with
1’s on the secondary diagonal and 0’s otherwise). In that paper, the author
focuses his study on matrices over the integers modulo m, since his goal was to
apply them to cryptography.



We recall that for a given involutory matrix K € C"*", a matrix A € C"*"
is called generalized centro-invertible if KAK = A~! [11]. It is clear that this
class of matrices is a subclass of nonsingular matrices with determinant +1.

Let GCIg be the set defined by

GCIyx = {AcCV": KAK = A~}

and let I, P € C"™*™ be the sets of all complex involutory and idempotent
matrices, respectively.
Next, we relate these three sets.

Theorem 1 The sets GClIg, I, and P are equipotent.

Proof. It is easy to see that the map ¥ : GCIx — I given by A — KA is
well-defined since KAK = A~! implies [¥(A)]? = (KA)? = I, so ¥(A) € L.
Moreover, it is immediate that ¥ is one-to-one and surjective (because of the
nonsingularity of K and ¥(K ~!B) = B for every B € I). Thus, ¥ is a bijection.
Hence, GCIxg ~ 1.

Notice that, even more, it can be said: W is an involution since W?(A) =
K(KA)= A, for every A € GClg.

On the other hand, we consider the function ¢ : GCIx — P given by
£(A) = (I, — KA) for A € GCIg. It is well-defined because KAK = A~!
implies £2(A) = 1(I,, - KA — KA+ (KA)?) = 1(I,, — KA) = £(A). Moreover,
injectiveness of ¢ is trivial and for B € GCIx and A = K(I,, — 2B) we have
&(A) = B. Hence, GCIi ~ P. |

Remark 2 Notice that GCIx ¢ I and GCIx ¢ P as matrices

1 4 1 0 1
A—3[1 2} and K—{lo]
allow us to check. Similarly, I ¢ GClk as it can be verified with
1 0 1 1
A—[O 1} and K—{O 1].

Finally, any idempotent singular matriz allows us to show that P ¢ GClk.
Hence, GCIg, I, and P are equipotent classes of different each other sets.

Next we give a characterization of matrices in GClg.
Theorem 3 Let A € C"*™. Then the following conditions are equivalent:
(a) A€ GClg.
(b) (KA)? =1,.

(¢) There exists a nonsingular matriz P € C"*™ such that



(d) There exists an idempotent matriz B € C"*™ such that KA+ 2B = I,,.

Proof. (a) <= (b) Is easy to see by Definition.
(b) <= (c) Is an immediate consequence from the fact (KA)? = I,, if and
only if there exists a nonsingular matrix P € C"*" such that

KA—P[(I) _OI}PI. (1)
(a) <= (d) Follows from Theorem 1. |

The following result gives a necessary condition for A to be in GClg.

Proposition 4 If A € GClg and KA has p eigenvalues equal to 1 then
trace(KA) < n. Moreover, trace(KA) > 0 (resp., < 0 or = 0) if p > n/2
(resp., p < n/2 orp=mn/2).

Proof. By Theorem 3, there is B € C"*" such that B?> = B and KA+2B = I,,.
By taking the trace in both sides we have trace(K A) + 2trace(B) = n. Since
trace(B) = rank(B) we arrive at rank(B) = %C(KA). Hence, trace(KA) <
n. By counting 1’s and —1’s in the representation (1) we obtain the sign of the
trace of KA. |

Despite KA and AK not being necessarily equal, a dual result to Theorem
3 can be stated for AK instead of KA.
On the other hand, it is well known that for an involutory matrix K € C"*™
there exists a nonsingular matrix P € C™*"™ such that
_ I O 1
K—P{O I]P . (2)
Theorem 5 Let A € C"*" and K be factorized as in (2). Then A € GClg

if and only if there exist matrices M, N, R, and S of appropriate sizes (for M
being a square matriz) such that

(3)

where the block matrices satisfy: (i) M?> — NR = I, (ii)) MN = NS, (iii)
RM = SR, and (iv) S> — RN = 1.

AP{M N]Pl

R S

Proof. We start by writing K as in (2) and considering the partition for A
given in (3). From Theorem 3, condition (K A)? = I,, yields

M?-NR MN-NS|_,
~RM +SR —RN+82 |~ ™"

Then conditions on M, N, R, and S are necessary. The sufficiency of these
conditions is evident taking into account that (K A)? = I,, implies the nonsin-
gularity of A. ]
By o(A) we will denote the spectrum of A € C™**™.



Corollary 6 Let A € C"*" be such that A € GCIg. The blocks M, N, R,
and S of Theorem & satisfy the following statements:

(a) trace(M?) = trace(IN?).
(b) trace(M?) — trace(M) = trace(S®) — trace(S) = trace(NSR).

(c) det(M) = £det(S). Consequently, M and S are either both nonsingular or
both singular.

(d) One of the following conditions holds:
(i) If « € o(M) then o € o(S)U{1}.
(ii) If B € 0(S) then £8 € o(M)U{1}.
(e) NS* = M?N.
(f) NR and M commute as well as RN and S.

Proof. (a) Subtracting (iv) from (i) in Theorem 5 and taking the trace we get
trace(M?) = trace(N?) since trace(NR) = trace(RN).

(b) Postmultiplying M2 — NR = I by M, S — RN = I by S and using that
trace(NSR) = trace(RNS) we get (b).

(c) By (i), (det(M))? = det(M?) = det(I + NR). Similarly, by (iv),
(det(S))? = det(S?) = det(I + RN). Since the Sylvester’s formula guarantees
that det(I + NR) = det(I + RN), we get det(M) = +det(5).

(d) From (i) and (iv) we have o(NR) = o(M? — I) and o(RN) = o(S? —
I), respectively. The matrices RN € C**° and NR € C"** have the “same
spectrum” counting multiplicities (except for some additional eigenvalues equal
to 0). Without any loss of generality, we assume s > £. So, if s = ¢, for a given
a € o(M), it is clear that a? — 1 € o(M? — I). The Jordan canonical forms of
M and S yield to a®> — 1 = 32 — 1 for some 8 € o(S). In this case, 8 = +a.
If s > ¢ then again = +a and, moreover, there exist s — ¢ eigenvalues a’s
e {-1,1}.

(e) Pre-multiplying (iv) by N, post-multiplying (i) by N, and then subtract-
ing them we get NS? = M2N.

(f) Follows directly from (ii) and (iii). |

Schur complement gives another approach to matrices in GCIg. For a
nonsingular matrix M, we denote the Schur complement of M in Z by Z/M =
S — RM~'N where

M N
=% 5]
for S being also a square matrix. In this case, det(Z) = det(M ) det(Z/M) and
M N1 [ M '+MIN@Z/M)“'RM~' —M-'N(Z/M)~!
R S N —(Z/M)"*RM ! (Z/M)~!

(4)
Analogously, the Schur complement of S in Z is Z/S = M — NS™'R.



Theorem 7 Let K be factorized as in (2) and A € C"*"™ such that

[ M NTJ .
a=r[ Y r

for some blocks M, N, R, and S of adequate sizes. If A € GClIg then
(a) M # O and S # O.
(b) only one of the following conditions holds:

(i) M and S are singular.

(ii) M and S are nonsingular, M +N(Z/M) 'R = M?, R= (Z/M)RM,
N = MN(Z/M), (Z/M)S = I, S+R(Z/S)"'N = 3, N = (Z/S)NS,
R=SR(Z/S), and (Z/S)M =1.

Proof. (a) Assume that M = O. By Theorem 5 we get NR = —I, NS = O,
SR = O, and S? — RN = I. Multiplying the last equality by S on the right side
and using NS = O, we arrive at S® = S. If S is nonsingular then R = O, which
contradicts NR = —I. So, S is singular and has index 1. Thus, there exists a
nonsingular matrix Pg such that

D O1],_
SPS{O O}Psl

where D is a nonsingular (diagonal) matrix. Now we partition

_ Rl R2 —1 o N1 NQ -1
R—PS[R3 R4}PS and N_PS[N:), N4}PS

according to the sizes of S. From SR = O we get R = O and Ry = O and, from
NS =0 weget Ny =0 and N3 = O. Since NR = —1I, we have NoRg = —I and
NyRy = —1I, that is, Ry = —N[l. By substituting in S — RN = I we arrive
at R3No = O. Multiplying this last equality on the right hand side by R3, we
obtain Rz = O, which contradicts NoR3 = —I. Hence, M # O. Analogously, it
can be shown that S # O.

(b) Since A is nonsingular, if M is nonsingular then Z/M also is. Now, if
we consider K factorized as in (2),

_ M —-N 1
KAK =P [ R g ] P
and by means of the Banachiewicz-Schur formula (4), the equality KAK = A~!
provides the conditions related to matrix M. Similarly, the conditions related

to matrix S can be stated. [ |

Remark 8 [t is easy to see that the conditions obtained in Theorem 5 are equiv-
alent to those given in (b) of Theorem 7.



3 Spectral analysis of matrices in GClg

This section studies the spectral analysis of generalized centro-invertible ma-
trices. On the one hand, we recall that for a given matrix in A € GCl,
the following fact is true: o(KA) = 0(AK) C {—1,1}. On the other hand,
by using properties of the trace function, if KAK = A~! then trace(A™!) =
trace( K (AK)) = trace((AK)K) = trace(A) and then

n n

IRED T
i=1 i=1
where o(A) = {\1,..., A\, }. This information can be more detailed as we obtain

in the following result.

Theorem 9 Let A € C"*" be such that A € GCIg. Then there exist nonzero
complex scalars \i, ..., A, such that

o(A) C{LATL A AL 1)
with
(a) \i # X\ fori#3j,i,j=1,...,p.
(b) Ni XNt fori=1,...,p.
(¢c) Fori=1,....p, \i €0(A) <=\ € o(A).

Proof. Since similar matrices have the same spectrum, if A € GCIx then
o(A) = o(A™Y). Now, if A € 0(A) then two situations may occur:
e A1 = )\. Hence, A = £1.

e A71 # \. Then, there exists u € o(A4) — {\} such that A=! = p. That
is, if A € 0(A) = o(A™1!) then it is clear that A=t € o(A). Hence, both
AL o(A).

Remark 10 Notice that Theorem 9 it is not saying that the eigenvalues \’s of
A must have algebraic multiplicity one. By considering the matrices

a 0 0 0 0100
10 1/a 0 0 1000
A=10 0 o o0 and E=10100 1|

0 0 0 l/a 0010

where a € C — {0, £1}, we have an example of a matriz A € GClx with a and
1/a being repeated eigenvalues.

Moreover, nothing may be said about the algebraic multiplicity of 1 and —1
when they belong to o(A). Particularizing to a = 1 or a = —1 the matriz A
above, we obtain a simple example for this last situation.



In [8], it was shown that for a {K, s + 1}-potent matrix A (that is, KAK =
AT with s > 1), it follows that A(*D® = A. This fact was crucial to show
that, in that case, A is diagonalizable. Now, our question is the following: Is it
possible to find a power ¢ € N such that A**! = A if A belongs to GCIx? The
answer is negative as we can see in the following example. The matrix

1 4 1
=5 4]

K:[(l)(l)]

However, it is possible to show by induction that

belongs to GCI g for

t 1 1
t+1 _ 4 _ U
A A—3[_1 _1}#O,forallt€N.

Even more, A is not diagonalizable since its Jordan canonical form is given by

B

With the intention of finding a similar result to [8, Theorem 2], it is necessary
to investigate how to relate matrices in GCIg to diagonalization. Although a
matrix may be in GCIg not being diagonalizable, a similar relation as the
aforementioned in [8] by using the projectors of a spectral decomposition of A
can be established in case of A being diagonalizable.

Before doing that, we recall the following well-known result. Here, d;; rep-
resents the Kronecker delta.

Lemma 11 [3] Let A € C™*" with k distinct eigenvalues Ai,...,\r. Then
A is diagonalizable if and only if there exist disjoint projectors Py, Py, ..., Py,
that is P,P; = 0;;P; for i,5 € {1,2,...,k}, such that A = Z?Zl AjPj and

I, = Z?Zl P;. Moreover, these projectors are uniquely determined.

Theorem 12 Let A € C"*™ be a matriz in GClk. If A is diagonalizable with
spectrum as in Theorem 9 then

(i) KP,K =P, foralli=1,...,p.
(ii) KP;K = P; for all j € {p+1,p+ 2}.

where P1,131, . .7Pp,ﬁp,Pp+17Pp+2 are the projectors associated to the eigen-
values A\, \(', ..., Ap, /\;17 1,—1, respectively (see Lemma 11).

Proof. By hypothesis, matrix A can be expressed as

A -1

Tp+2

Pdiag (AL, A7 Ly Apley AL T

TpI D Tpy TTp41

) P
= MPLAAMN'Pi 4+ NPy + AP+ Py — Py,



where Py, ﬁl, oy Py, Igp7 P,11, Pyyo are the projectors associated to the eigen-
values Al,Af17 ces Aps )\;1, 1, —1, respectively. Without loss of generality, we
assume that all of these eigenvalues are in the spectrum. It is then clear that
the inverse of matrix A is given by

ATV =ATPLA MNP A P+ AP+ Py — Py,

Since A € GClg, from KAK = A~ we get

KPK = P,
KP,K = P,
KPp+1K = Pp+1,
KPy oK = P,io.

Fori=1,...,p,p+1,p+ 2 we have (KP,K)’* = KP2K = KP,K, from
where every K P; K is idempotent. |

Example 13 By applying Theorem 12 to the diagonal matriz

2 0 10 110 0
A‘{o 1/2}_2{0 0}4_2[0 1}’
where the projector associated to the eigenvalue 2 is called Py_and the corre-
sponding to 1/2 is Py. Clearly, o(A) = {2,1/2} and KP,K = Py for

0 1
K_[l O]_
Hence, A € GCl.

We close this section with the following two properties: If A € C"*" is nonsin-
gular and K € C™*" is involutory then:

(a) PAP~! € GClg if and only if A € GCIp-1gp for all nonsingular P €
Cnxn'

(b) A € GCIy if and only if PAP™! € GClpgp-1 for all nonsingular P €
(Cn)(’ﬂ.

Clearly, those properties extend examples like the last one from diagonal to
diagonalizable matrices.



4 The inverse problem

Up to now, we have treated the problem of studying matrices A such that
KAK = A~! for a given involutory matrix K. This section is devoted to
the inverse problem, that is, to find matrices K satisfying the previous matrix
relation for a given matrix A.

The next result gives explicit representations for the involutory matrices K
such that a given matrix A be in GClg.

Theorem 14 Let A € C"™" be a diagonalizable matriz (i.e., A = PDP~1,
with P nonsingular). Then there exists an involutory matriz K such that A
belongs to GCl g with spectrum as in Theorem 9 if and only if

K K
K:P({ 0 1]@---@[ 0 p]@Kp+1€BKp+2)P‘1, (5)

Ki' o K;' 0O
for some arbitrary nonsingular matrices Ky, ..., K, of sizes 11 Xri,...,7p XTp,
: 2 _ 2
respectively, Ky 1 =1, , and K o =1 .,.

Proof. Assume that A € C"*" is a diagonalizable matrix and that there exists
an involutory matrix K € C™*™ such that A € GCIg. The proof will be carried
out by considering firstly some special cases. By applying Theorem 9 we know
that every eigenvalue \; has the same algebraic multiplicity as its inverse A; L

e Case 1: A has two nonzero distinct eigenvalues A and i and their inverses.
In this case,

A, O 0 0
O M\, O 0
0 O ul, O
0 0 0 u'IL,

A=P

The matrix A can be written as
A= AP+ X"'"Py 4 puPs+ p ' Py,

where P; = PE;P~', E; = diag(I,,,0,0,0), Ey = diag(O, I,,,0,0),
E;5 = diag(0, 0, I,,,0), and E, = diag(0,0, 0, I,,).

The inverse of A is given by
A_l :A_1P1+)\P2+M_1P3+,U,P4.

From KAK = A~! we have that AKP K + A\ 'KP,K + nKP;K +
W IKPK = \"'P, + APy + u~'P3y 4+ pP;. The uniqueness of the spec-
tral decomposition gives K Py K = P, and KP3K = Py. It is trivial that
K P;K is idempotent.

10



Now we denote M = P~'KP. By multiplying KP, = P,K by P~ on
the left hand side and by P on the right hand side we obtain

L., O O O O O O O
O O O O o I, O O
Ml'oo oo o|=|o o oo™
O O O O O O O O
where M is partitioned in blocks of adequate sizes as follows

Myy My Mz My
M1 Mz Moz Moy
M3z1 Mszs Mzz Msay
My Mys Myz  Myy

We can easily obtain My, = O, M3 = O, My; = O, May = O, Moz = O,
and Moy = O. By substituting them in M and proceeding in a similar
way with KP3 = P4K we arrive at M13 = O, M33 = O, M42 = O, and
M44 = 0. Then

O My O My
My O O O

— —1
K=P O My O My P
0] O My O
Since K is involutory,
O My O 0]
_ My O 0] 0] 1
K=P 0 0 O M P
0 o M;' O

Case 2: A has a nonzero eigenvalue as well as its inverse and, moreover,
the eigenvalues 1 and —1. Asin Case 1, A and A~! have the same algebraic
multiplicity. Thus,

M, O O O
O ', O O
o o I, O
o 0 I,

A=P

Again, we write M = P~ K P and partition

Myy My Mz My
M1 May Moz Moy
Ms1  Mzs Mz Msy
My Mys Myz Mgy

11



Now, proceeding similarly as in Case 1 we get

O My O O
Mz 0 O o0

O O My O

O O O My

K=P P

Now, it is clear that the general case can be obtained by a combination of the
cases studied previously.
The converse is trivial. |

Some examples illustrating the solution of the inverse problem will be given
in the next section.

5 Algorithms and numerical examples

The algorithms designed in this section can easily be implemented on a com-
puter. We have used the MATLAB package R2016a version 9.0. We will present
some numerical examples in order to show the performance of our algorithms
and demonstrate their applicability. The computational cost of all our Algo-
rithms is O(n?).

The first algorithm solves the direct problem from a numerical point of
view. In other words, this is a procedure to obtain examples of generalized
centro-invertible matrices in a very easy way.

ALGORITHM 1

Input: An involutory matrix K € C™"*".
Output: A matrix A belonging to GCI.

Step 1 Generate an arbitrary nonsingular matrix P € C"*".

Step 2 Fix the number of 1’s corresponding to the parameter r;
the number of —1’s is n — r.

Step 8 Compute the matrix A = KP [ IO’ 710 ] p-1

End.
Example 15 For the given involutory matrix
100
K=-]10 0 1|,
0 1 0

Algorithm 1 has randomly generated the nonsingular matrix

1 -2 -1 1
-4 -1 -4

12



and then the following generalized centro-invertible matriz is obtained

1 1 1 1
A= 3 4 —4 =2
-1 3 1

Next, for a given nonsingular matrix A € C"*" we wonder about the exis-
tence of an involutory matrix K € C™*" such that A € GCIg. Theorem 14
gives the response for diagonalizable matrices.

Consider the following example. For the given matrix

11
=[1],

it would exist a matrix K such that KAK = A~ 'ifandonlyif I, KA = A~ K1,
which is equivalent to

(AT®I, - I, A")v(K) =0,

where AT denotes the transpose of A and v(K) the column vector obtained by
stacking the columns of the matrix K on top of one another (see [3]). In this
example, by making some computations it is easily seen that its unique solution
is K = O, which is not involutory. So, not always such a matrix K exists.

However, this procedure allows us to construct an algorithm avoiding the use
of the diagonalization which, furthermore, allows us to drop out the hypothesis
of diagonalization extending Theorem 14 to the general case.

ALGORITHM 2
Input: A matrix A € C™*"™ for some integer n > 2.

Outputs: All the involutory matrices K € C™*" such that A €
GClg, if any such K exist.

Step 1 Compute A~! by solving linear systems Ax = e;, where ¢;
are the canonical vectors of C”.
Step 2 Construct the matrix M := AT ® I, — I,, ® A~'.

Step 3 Find the general solution v to Mv = 0. The n? x 1 vector
v will depend on d = dim(ker(M)) arbitrary parameters.

Step 4 If v = 0, or equivalently, if d = 0, then go to Step 8.

Step 5 Treating v as v = v(K) for an n X n complex matrix K
containing d parameters, recover K from v.

Step 6 Determine the allowed values for the d arbitrary parameters
so that K2 = I,,. If there are no allowed parameter values, then
go to Step 8.

13



Step 7 The output is the set of all of the matrices K whose param-
eter values are allowed. Go to End.

Step 8 “There is no involutory matrix K € C"*" such that A €
GClIg.”

End

The following is an example of a matrix A with repeated eigenvalues of a
diagonalizable matrix.

Example 16 Let

242 I4+% 0  I4%
a_| o 242 0 0
- 7 9, 1 1.

o e aEn 0y

0 —g-3¢ 0 g-g

with o(A) = {2+ 2i,+ — 1i)} both with algebraic multiplicity equals to 2. All
the matrices K such that A € GClg are given by Algorithm 2 as follows:

1 0 —2z—2w—z2w—4 —(z4+1)(w+2)
K 0 1 —z—2 —z—1
= z+1 z+1 (Z+1)2
z+2 _wz+2 —Z = 2 - z+2
-1 w z4+2 z

where z,w € C with z # —2.

As a variant of the algorithm given above we present the following one for
diagonalizable matrices.

ALGORITHM 3
Input: A diagonalizable matrix A € C"*" for some n > 2.

Outputs: All the involutory matrices K € C™*" such that A €
GClg, if any such K exist.

Step 1 Diagonalize A = PDP~1.
Step 2 Construct M =1, @ DT — D ® I.

Step 3 Find the general solution v to Mv = 0. The n? x 1 vector
v will depend on d = dim(ker(M)) arbitrary parameters.

Step 4 If v = 0, or equivalently, if d = 0, then go to Step 8.

Step 5 Treating v as v = v(K) for an n X n complex matrix K
containing d parameters, recover K from v.

Step 6 Determine the allowed values for the d arbitrary parameters
so that K2 = I,,. If there are no allowed parameter values, then
go to Step 8.
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Step 7 The output is the set of all of the matrices K whose param-
eter values are allowed. Go to End.

Step 8 “There is no involutory matrix K € C"*" such that A €
GClIg.”

End

We consider an example of a non-diagonalizable matrix with repeated eigen-
values.

Example 17 Consider the matrixz

2 1 0 0
02 0 0
A=10 0 12 1
00 0 1/2

Algorithm 3 gives the following matrices K such that KAK = A™!:

0o o
K= —4z w 0 (Z) ’
0 z 0 0

for both arbitrary z € C — {0} and w € C.

Finally, we consider an example of a non-diagonalizable matrix A having the
distinguished eigenvalues 1’s.

Example 18 By applying Algorithm 3 to the matrix

1] 41
A:3[—1 2}

we get the following involutory matrices such that A € GCl :

-z —z-1 ]
with arbitrary z € C.

6 Relation with the matrix sign function

Throughout this section, S € C"*" is assumed to have no eigenvalues on the
imaginary axis. Hence, S is nonsingular and the matrix sign function will be
well-defined.

As it was defined by Higham in [7], if S = ZJZ~! is a Jordan canonical
form arranged so that J = diag(.Jq, J2), where the eigenvalues of .J; € CP*? lie
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in the open left half-plane and those of Jy € C(»~P)*("=P) Jie in the open right
half-plane, then

sign(S) ::Z{_IOP IO ]Zl‘
n—p

Notice that in general AK # K A for a matrix A € GCIg. A first property
is given in the following result.

Theorem 19 If A € GCIg then KA and AK are fized points of the matrix
sign function.

Proof. By Theorem 3, if A € GCIg then KA is similar to the direct sum
diag(—1Ip, I,,—p), that is

-1, © .
KA_P[ S Inp]P ,

for some nonsingular matrix P € C"*". So, KA has no eigenvalues on the
imaginary axis. Now, it is evident that sign(K'A) = KA holds. The proof is
similar for AK. |

We now prove that the sign of a generalized centro-invertible matrix is a
{ K }-centrosymmetric matrix and that the class of generalized centro-invertible
matrices is closed under the matrix sign function.

Theorem 20 Let A € C"*" be such that A € GCIg and A has no eigenvalues
on the imaginary axis. Then:

(a) the sign of A is a {K }-centrosymmetric matriz.
(b) sign(A) € GCl.

Proof. By the assumption, for some nonsingular matrix P € C"*™ we have

[ 0],
amr[B 0]

where J; € CP*P, J, € C(n=P)*x(n=p) and
o(J1) C{z € C: Real(z) <0},  o(J2) C{z€C: Real(z) > 0}.
Clearly,

Jb 0
Al—P[ 1 z ]Pl.
o J;t

For a nonzero complex number « + ¢8 we have

1 «
l =
ftea (a+iﬂ> a? + (B2
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and so we get
o(J;7h) € {2 €C: Real(z) <0}, o(Jy; 1) C {2z €C: Real(z) > 0}.

Then,
-, O
O I,

Moreover, from A~! = KAK we obtain sign(A~!) = Ksign(A)K. Hence,
sign(A)K = Ksign(A) because K2 = I,,. So, (a) holds.
Item (b) follows from (a) and using the property sign(A~—!) = [sign(4)]~!. A

sign(A) = P [ } P! =sign(A™1).

Remark 21 Notice that the converse of Theorem 20 is not valid because sign(.)
18 mot a one-to-one function as it can be seen in the following example.
Let
—1+i —++43i 240 —1+3

0 1 0 0
A= 0 0 1 0
0 -3 0 —i-4

and the involutory matriz

1 3 3 0
0 2 1 0
K= 0 -3 =2 0
2 -6 0 -1

-1+ 0 0 0 1 1 -1 0
S S B F R
0 0 01 0 -2 0 -2
Then
-1 0 00 -1 0 -2 0
T S R
0 0 0 1 0 -4 0 -1
We have Ksign(A) = sign(A)K but
—1—4i —-4-3i -2-4i -2-32i
(AP = | ; ! 0| AL,

—4 -8 —-12—-4i —4—-8 —5-—2i

which proves that A ¢ GCl.
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The following example illustrates the results obtained in this section.

Example 22 Let A be the same matriz as in Remark 21 and the involutory
matric

i3 _1 _3
0 1 0 o
E=1"9 0o 1 o
1
-1 -3 -1 -1
Then, A € GClk and by Theorem 19
14l 143 —24Li 143
. 0 1 0 0
sign(KA) = KA = 0 0 1 0
1—i  —1—4i 1—i +-4i

It can be also checked that Ksign(A) = sign(A)K and sign(A) € GClg as
Theorem 20 assures and, moreover, a Jordan canonical form for KA is given

by

34 t4lpo1 -1 0 0 0 1 —i 1 -

—q 1,

KA — 0 0 0 1 0100 1 —i 1 1443
0 0 10 0010 00 1 0

—1+4i -3 00 0001 01 0 0

7 Final comments

In [8, 9, 10] the authors introduced and investigated matrices A such that
KAK = A*t! for a fixed K involutory and a natural s > 1. In those pa-
pers, it was proved that those matrices are always diagonalizable and a deep
spectral theory was developed for them as well as the relation with several well-
known classes of matrices. In addition, some algorithms were given to construct
those matrices.

Lastly, in [11], the case for nonsingular matrices was analyzed. Some appli-
cations were given for the study of blurring/deblurring images where nonsingu-
larity is crucial.

It is clear that a combination of both situations may be developed in a very
similar way. That is, we can define matrices A such that KAK = A~6+D for a
fixed K involutory and a natural s > 1. In this manner, all integer powers will
be covered. The class of these matrices will be called GCI g ;.

It can be easily demonstrated that GCIg _; is a subclass of nonsingular
matrices whose determinant is a root of unity of order s + 2.

In order to characterize matrices in GCIg, _g, first of all it is observed that
KAK = A=(+1 ig equivalent to A = AGS+D* Thus, the eigenvalues are roots
of unity of order (s+1)2 —1; the set of all of these roots is denoted by Qsr1)2-1
where w; is a primitive one.
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Then, it should be stated a bijection as in [8]. In fact, let ¢ : {1,2,...,(s +
1)2 =2} — {1,2,...,(s + 1)> — 2} be defined by (j) = b; where b; is the
smallest nonnegative integer such that b; = —j(s+1) [mod ((s+1)*—1)]. This
function is a bijection.

Now, we establish the characterization.

Theorem 23 Let A € C" ™ and s be a positive integer number. Then, the
following conditions are equivalent:

(a) A€ GCIg _,.

(b) A is diagonalizable, 0(A) C Qgi1y2—1, KPjK = Py forj € {1,2,...,(s+
1)2 -2} and KP1)y21 K = Prsy1)2—1 with ¢ being the bijection previously
defined and Py, Py, ..., Ps41)2—1 are the projectors of the spectral decompo-

2 (s+1)2—2

sition associated to the eigenvalues ws, w3, ..., ws , 1, respectively.

(c) ATV = A, KPjK = Py forj € {1,2,...,(s+1)2=2} and K P4 1o 1 K =
Plsy1)2—1 with ¢ being the bijection previously defined and Py, Pa, . .., Pisy1y2—1
are the projectors of the spectral decomposition associated to the eigenvalues

et

21 tivel
We, W5, ..+, , 1, respectively.

Curiously, matrices in GClIg _, are back within the set of diagonalizable
ones.

Although they are not included in this paper, following the same lineaments
as in [8, 9, 10], we can reproduce most of the results given there.
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