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Abstract

All vector spaces in this thesis will be endowed with an indefinite inner product defined
by an invertible Hermitian matrix H. We study cases where the H has either complex or
quaternion entries depending on the context.

We generalize known results on the existence of an H-selfadjoint square root of an
H-selfadjoint complex matrix to the existence of an H-selfadjoint mth root. It is found
that the conditions on an H-selfadjoint complex matrix B ensuring the existence of an
H-selfadjoint mth root, are only necessary for the blocks with eigenvalue zero and the
blocks with negative eigenvalues. The results are given as conditions on the canonical form
of (B, H) and although the results associated with the negative eigenvalues are the same
as in the square root case, the results associated with the zero eigenvalue are somewhat
more intricate. A construction for an H-selfadjoint mth root is included in each of the
proofs for different cases depending on the eigenvalues.

The study of square roots of H-nonnegative complex matrices is interesting because of
the simple structure of these matrices. For each of the three cases, namely for square roots,
H-selfadjoint square roots and H-nonnegative square roots of H-nonnegative matrices, we
give necessary and sufficient conditions for the existence of a square root and we describe
the square roots for the blocks with zero eigenvalue. The Jordan normal form is obtained
for a square root of an H-nonnegative matrix and for the cases where A is an H-selfadjoint
square root or an H-nonnegative square root of an H-nonnegative matrix, a canonical
form of (A, H) is obtained. Conditions are also found for an H-nonnegative square root
to be stable.

We extend the complex case of H-selfadjoint mth roots to the skew field of quaternions
and using the complex matrix representation of quaternion matrices, we prove that the
results are essentially the same in the quaternion case as in the complex case, despite the
noncommutativity of quaternions.

Due to a logical connection between square roots and polar decompositions, it is natural
to study H-polar decompositions of quaternion matrices. We show that a quaternion
matrix X admits an H-polar decomposition, say X = UA for an H-selfadjoint matrix A
and an H-unitary matrix U, if and only if the matrix X" X has an H-selfadjoint square
root A and the null spaces of X and A coincide. Specialising the conditions we found for
the existence of an H-selfadjoint mth root to the case m = 2, we conclude by giving the
conditions in terms of the canonical form of the pair (XX, H) and a basis for the null
space of X. We also prove that Witt’s theorem is true for quaternion matrices.

Keywords: H-selfadjoint matrix, mth root, H-polar decomposition, Quaternion,
H-nonnegative matrix, Indefinite inner product.
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Summary

Throughout this thesis we work with an indefinite inner product which is defined on either
a complex vector space or a quaternion vector space. A function |-, -] from C* x C" to C is
called an indefinite inner product in C™ if it is linear in the first argument, anti-symmetric
and nondegenerate. Every indefinite inner product is defined by an invertible Hermitian
matrix H € C"" as follows: [z,y] = (Hz,y) for x,y € C* (where (-,-) denotes the
standard inner product). One could also substitute the set of quaternions H for C.

A square matrix A is called an mth root of a square matrix B if A™ = B, where m is
any positive integer. The matrix A is the matrix in which each entry is the conjugate of
the corresponding entry in A and the transpose of the matrix A is denoted by A*. Let
Jn(A) denote a single n x n Jordan block with eigenvalue A € C and let @,, denote the
n X n matrix with ones on the main anti-diagonal and zeros elsewhere, called the sip
(standard involutory permutation) matrix. The usual notation o(A) is used for the set of
eigenvalues of a matrix A. The H-adjoint of a matrix A € C™*" is the unique n X n matrix
Al such that [Ax, y] = [z, AFly] for all x,y € C*. A matrix A is said to be H-selfadjoint
if A= Al or equivalently if HA = A*H, and A is called H-unitary if A is invertible
and A~!' = AM or equivalently if A*HA = H. In the case where we have two indefinite
inner products [-,-]; and [-,-]o on C" which are defined by invertible Hermitian matrices
H,,Hy € C"*", and a linear transformation U : C* — C" satisfying [Uz, Uyls = [z,y]1
for every x,y € C", the transformation U is said to be H;-Hs-unitary.

There exists a unique canonical form (S7'AS,S*HS) (up to permutation of corre-
sponding blocks) for each pair (A, H) where A is H-selfadjoint and S is invertible. The
matrix ST'AS consists of a direct sum of Jordan blocks and S*HS consists of a direct
sum of sip matrices. For a real \;, the Jordan block Ji,(\;) corresponds to a matrix €;Qy,
in the canonical form. It is said that the block Ji,()\;) has positive sign characteristic if
g; = 1 and negative sign characteristic if e, = —1. Let A € C"*" be a matrix which has
D;_, Jn,(A) at the eigenvalue A in its Jordan normal form and assume that the sizes are
in decreasing order. Then the Segre characteristic of A corresponding to the eigenvalue A
is defined as the sequence ny,ns, ns,...,n,.,0,0,....

A matrix A € C"*" is called H-nonnegative if [Ax,z| > 0 for all € C". It is known
that an H-nonnegative matrix is H-selfadjoint, has only real eigenvalues and all of its
Jordan blocks are of size one except Jordan blocks with eigenvalue zero which are of size at
most two. Moreover, the Jordan blocks with positive (respectively, negative) eigenvalues
have positive (respectively, negative) sign characteristic and the blocks J5(0) have positive
sign characteristic. In this setting, we also define a Segre pairing. Let ny,no,...,n, be
the Segre characteristic of a nilpotent H-nonnegative matrix A. Note that the zeros are

vil
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dropped here but they are considered in the definition. We call a collection S of pairs of
numbers from N = {n;}/_; U{0} a Segre pairing if:

e cach entry in the Segre characteristic appears in one and only one pair of §;

e cach pair in § consists of two entries from the Segre characteristic or one entry from
the Segre characteristic and one zero, with the first entry greater or equal to the
second entry;

e the absolute difference between the two entries in each pair is at most one;
e the pairs are arranged lexicographically.

Firstly, we want to generalize known results on the existence of an H-selfadjoint square
root of an H-selfadjoint complex matrix to the existence of an H-selfadjoint mth root.
For an H-selfadjoint matrix B, we find that there exists an H-selfadjoint mth root if
and only if the canonical form of (B, H) has the following three properties: in the case
where m is even, the Jordan blocks of B with negative eigenvalues «; can be reordered
as a direct sum of pairs Jy, (o;) © Ji,;(;) and the two blocks in each pair have opposite
sign characteristic. The other two properties regarding the zero eigenvalue of B are as
follows: there exists a reordering of the Segre characteristic of B corresponding to the zero
eigenvalue such that the difference between any two entries in each m-tuple is at most one,
and specific rules hold for the number of Jordan blocks with positive sign characteristic.
The proof is split into several cases depending on the eigenvalues, in particular, for the
cases where B has only positive eigenvalues, only nonreal eigenvalues, only eigenvalue
zero, and only negative eigenvalues (two separate cases here for m even and for m odd).
Included in the proofs are constructions for H-selfadjoint mth roots when they exist. The
relation between the canonical forms of (A, H) and (A™, H) for the case where A has only
the eigenvalue zero, is also found.

Secondly, square roots of H-nonnegative complex matrices are studied because the
simple structure makes explicit description of the roots possible. We show that an H-
nonnegative matrix B has a square root if and only if in the Segre characteristic of B
corresponding to the eigenvalue zero there is either an even number of entries equal to
two, or there is an odd number of entries equal to two and at least one entry equal to
one. In the second part, it is shown that B has an H-selfadjoint square root if and only if
B has no negative eigenvalues and the number of Jordan blocks J;(0) with positive sign
characteristic is not less than the number of Jordan blocks J,(0). This is a result of only
being able to pair ones with twos, in the Segre pairing, and not twos with twos. When
we restrict the square root of B further to be H-nonnegative, the conditions are found
to be as follows: B has no negative eigenvalues and no Jordan blocks of size two with
eigenvalue zero.

We also obtain the explicit forms of the square roots, H-selfadjoint square roots
and H-nonnegative square roots of a nilpotent H-nonnegative matrix in Jordan normal
form. From these results the Jordan normal form is deduced for a square root of an
H-nonnegative matrix and for the cases where A is an H-selfadjoint square root or an
H-nonnegative square root of an H-nonnegative matrix, a canonical form of (A, H) is
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obtained. In the final section of this part of the research we study the notion of stability.
An H-nonnegative square root A of an H-nonnegative matrix B is called unconditionally
stable if for all € > 0 there exists a § > 0 such that for all H-nonnegative matrices B
satisfying | B — B|| < ¢, B has an H-nonnegative square root A for which ||A — A|| < e.
We prove that an H-nonnegative matrix B has an unconditionally stable H-nonnegative
square root A if and only if there is no pair (1, 1) in the Segre pairing of B and all Jordan
blocks J;(0) associated with the pair (1,0) have positive sign characteristic. Restricting
ourselves to only the H-nonnegative matrices B having at least one H-nonnegative square
root, we show that B has a conditionally stable H-nonnegative square root A if and only
if there is no pair (1,1) in the Segre pairing of B.

Thirdly, we extend our study of H-selfadjoint mth roots to the skew field of quaternions.
The complex matrix representation of quaternion matrices is used to simplify the problem.
If Ais an n X n quaternion matrix written as A = A; + jA; where Ay, Ay € C"*", then
the map w, : H"" — C*2" defined by

= [ 4, 7]

is an isomorphism of H™ ™ onto the real unital subalgebra €y, of C?*"*?" where

L Al A2 nxn
e {[ 4, i amec)

Using the canonical form of a pair of quaternion matrices and the properties of w,, we
present the canonical form of a pair of matrices in €23,,. The main result in this part of
the research is necessary and sufficient conditions for the existence of an H-selfadjoint
mth root of an H-selfadjoint matrix where all matrices are in {25,. It is important to first
show that there exists an H-selfadjoint matrix A such that A™ = B if and only if there
exists an w, (H )-selfadjoint matrix w,(A) such that (w,(A))™ = w,(B), where w,(B) is
an wy, (H)-selfadjoint matrix in the subalgebra y,.

We prove that B € (), has an H-selfadjoint mth root in €2, if and only if the part of
the canonical form of (B, H) with negative eigenvalues is equal to (B_, H_) when m is
even and the part of the canonical form with eigenvalue zero is equal to (By, Hy), where
these matrices are as follows:

t

B_ =B (J,(\) & Ji,(Ny) @ @ (i, (A1) @ Tk, (N))

J=1

t t

H =P (Qr, & Q) &P (@, & —Qx) .
j=1

J=1

where \; < 0; and

t

By =P @Jaﬁl(())ea'@ Jo,(0) | @ B0 G 7,0 |,

j=1 \ i=1 i=rj+1 j=1 \ i=1 i=rj+1
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t r; m t Ty m
Hy = @ 6§5§j)Qaj+l D @ 5§j)Qaj ® @ @ 5§j)Qaj+1 ® @ €§j)Qaj ’
=1 J=1 \ =1

j=1 \ i= i=rj+1 i=rj+1
for some a;,r; € Z with 0 < r; < m. The signs are as follows, given in terms of 7;, where
n; could be either 1 or —1: If r; (respectively m — r;) is even, half of 55” fori=1,...,r,
(respectively for ¢ =r; +1,...,m) are equal to 7; and the other half are equal to —n;. If
r; (respectively m — r;) is odd, there is one more of the sgj) for i =1,...,r; (respectively
fori=r;4+1,...,m) equal to n; than to —n);.

Consequently, by applying the inverse of w,,, the conditions are found to be essentially
the same in the quaternion case as in the complex case, despite the noncommutativity of
quaternions.

For the last part of this thesis, the objective is to find necessary and sufficient conditions
for a quaternion matrix X to admit an H-polar decomposition. We extend Witt’s theorem
to the quaternion case, that is, we prove that if there is a nonsingular linear transformation
Up between subspaces V) and V, in H" satisfying [Upx, Upyls = [z, y]1 for every x,y € V)
where the two defining matrices H; and Hy have the same number of positive eigenvalues,
then there exists an Hi- Ho-unitary linear transformation U which satisfies Ux = Uyx for
every x € Vi. This U is called a Witt extension of Ujy. In a subsequent result we also
present the form of any Witt extension.

The main result in this part is that X € H™*"™ admits an H-polar decomposition, that
is, X = UA where A is an H-selfadjoint matrix and U is an H-unitary matrix, if and
only if the matrix XX has an H-selfadjoint square root A such that the null spaces
of X and A coincide. This is shown by obtaining an injective Hy-isometry Uy satisfying
X = UyA and then using Witt’s theorem to extend Uy to an H-unitary matrix U. Finally,
the conditions for the existence of an H-polar decomposition for X are given in terms
of the canonical form of the pair (XX, H) with the help of the conditions found for
H-selfadjoint mth roots (here only for the case m = 2), as well as a basis for the null
space of X.



Preface

For this thesis the article format has been selected. The research was structured for this
format from the outset, and four papers were produced, all of which were accepted at
accredited journals.

The co-authors of the papers mostly took the role of advisers in the research process,
whereas the student focused on developing proofs as well as formulation of results. Hence
the student had an absolute majority share by far.

Up to some minor modifications, the chapters included in this thesis were published
as papers in two academic journals. In the same order as the chapters, the publications
are as follows:

1. G.J. Groenewald, D.B. Janse van Rensburg, A.C.M. Ran, F. Theron, M. van Straaten.
mth roots of H-selfadjoint matrices, Linear Algebra and its Applications, 610, (2021),
804-826.

2. D.B. Janse van Rensburg, M. van Straaten, F. Theron, C. Trunk. Square roots of
H-nonnegative matrices, Linear Algebra and its Applications, 621, (2021), 29-49.

3. D.B. Janse van Rensburg, A.C.M. Ran, F. Theron, M. van Straaten. mth roots of
H-selfadjoint matrices over the quaternions, Electronic Journal of Linear Algebra,
37, (2021), 492-503.

4. G.J. Groenewald, D.B. Janse van Rensburg, A.C.M. Ran, F. Theron, M. van Straaten.
Polar decompositions of quaternion matrices in indefinite inner product spaces,
FElectronic Journal of Linear Algebra, 37, (2021), 659-670.

All of the listed co-authors gave permission that the research in the published papers
may be presented as part of the thesis and to be submitted in fulfilment of the requirements
of the student’s doctoral degree.

X1



Xil

PREFACE



Contents

Acknowledgements iii
Abstract \
Summary vii
Preface xi
1 Introduction 1
1.1 Roots of matrices . . . . . . . . ... 2

1.2 Complex indefinite inner product space . . . . . . . . .. ... ... ... 3
1.3 Quaternion indefinite inner product space . . . . . . ... ... L. 7
1.4 Structure overview . . . . . . . .. 8
Bibliography of Chapter 1 . . . . . . . . . .. ... ... ... ... 13

2 Complex H-selfadjoint mth roots 15
2.1 Introduction and Preliminaries . . . . . . . .. ... ... ... ... ... 15
2.1.1 Notation . . . . . . . . . . . e 16

2.1.2 Important concepts . . . . . . . .. ... 17

2.1.3 Canonical form . . . ... ... oo 17

2.1.4 The main theorem . . . . ... .. .. ... .. ... ... .. 18

2.2 Existence of an H-selfadjoint mth root . . . . . .. ... ... ... ... 19
2.2.1 The case where B has only positive eigenvalues . . .. ... ... 20

2.2.2  The case where B has only nonreal eigenvalues . . . . . . .. ... 22

2.2.3 The case where B has only eigenvalue zero . . . . . .. ... ... 23

2.2.4  The case where B has only negative eigenvalues . . . . . .. . .. 30
Bibliography of Chapter 2 . . . . . . .. .. ... .. .. 35

3 Complex H-nonnegative square roots 37
3.1 Imtroduction . . . . . . . .. 37
3.2 Preliminaries . . . . . . ... 38
3.3 Square roots . . . oL ... e 40
3.4  H-selfadjoint square roots . . . . . . . . . .. ... ... ... 47
3.5 H-nonnegative square roots . . . . . . . . ... 20
3.6 Stability of H-nonnegative square roots . . . . . . . .. ... ... ... 51
Bibliography of Chapter 3 . . . . . . . . . .. .. .. ... ... .. ... ... 55



X1v

4 Quaternion H-selfadjoint mth roots

4.1 Introduction . . . . . . . .. ... ... ..
4.2 Preliminaries . . . .. . ... ... ... .. ... ..
4.3 Existence of mthroots . . .. ... ... ... ....
Bibliography of Chapter 4 . . . . .. .. ... ... ....
5 Quaternion H-polar decompositions
5.1 Imtroduction . . . . . ... ... ... ... ... ...
5.2 Preliminaries . . ... ... ... ... ... ...
5.3 H-selfadjoint square roots . . . .. .. .. ... ...

5.4 First steps toward H-polar decompositions

5.5 Witt’'s theorem . . . ... ... ... ... ......
5.6 H-polar decompositions . . . . ... ... ... ...
Bibliography of Chapter 5 . . . . . .. .. ... ... ...

Index

CONTENTS



Chapter 1

Introduction

The central topic of this thesis is the study of mth roots of both complex and quaternion
matrices, where m is any positive integer. Extra conditions are imposed on the matrices
and/or their roots while working with an indefinite inner product. Ultimately, we apply
the results on roots in the study of polar decompositions. Let us start by introducing a
few necessary notions.

A square matrix A is called an mth root of a square matrix B if A™ = B. Throughout
this thesis we work with an indefinite inner product which is defined on either the complex
vector space or the quaternion vector space. In the following definitions one could also
substitute the set of quaternions H for C. Every indefinite inner product is defined by an
invertible Hermitian matrix H € C**™ as follows: [z,y| = (Hz,y) for x,y € C" (where
(-, ) denotes the standard inner product). A matrix A € C"*" is called H -selfadjoint if it
is selfadjoint with respect to the indefinite inner product determined by H, or equivalently
if HA = A*H, and A is called H-unitary if A is invertible and A*HA = H. Lastly, A is
called H-nonnegative if [Az, x| > 0 for all x € C". The n x n matrix in which each entry
is the conjugate of the corresponding entry in A is denoted by A and the transpose of A
is the n x n matrix denoted by A*.

For background on indefinite inner product spaces in finite dimensional spaces, a great
start is the book by Gohberg, Lancaster and Rodman [14]. The book by Leiba Rodman
[22] contains an extensive narrative on quaternion linear algebra.

The main research questions that are answered in the thesis may be stated as follows:
Find necessary and sufficient conditions for the existence of an H-selfadjoint mth root, say
A, of a square H-selfadjoint complex matrix B, that is, A™ = B. In particular, develop a
construction for such an H-selfadjoint mth root.

Next, for an H-nonnegative matrix obtain necessary and sufficient conditions for the
existence of a square root under no restrictions, of an H-selfadjoint square root and also of
an H-nonnegative square root. Characterize all square roots, all H-selfadjoint square roots
and all H-nonnegative square roots of H-nonnegative complex matrices. Furthermore,
study the existence of a stable H-nonnegative square root of an H-nonnegative matrix.
The reason for the study of roots of H-nonnegative matrices is that this class is a significant
subclass of the class of H-selfadjoint matrices, and it has a simple structure which is easily
described explicitly.
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A similar question to the first research question above can be asked in the quaternion
case, that is, find necessary and sufficient conditions for the existence of an H-selfadjoint
mth root of an H-selfadjoint quaternion matrix. For this part, the complex matrix
representation of a quaternion matrix is used to simplify the proofs.

Finally, find necessary and sufficient conditions on a given square quaternion matrix X
for the existence of an H-polar decomposition of X in terms of an H-unitary matrix U and
an H-selfadjoint matrix A, such that X = UA. This is a natural sequel to the study of
square roots in an indefinite inner product space, since the study of polar decompositions
is closely related to that of square roots.

In the following sections we present some background material and discuss the devel-
opment of the theory in existing literature. The last section of this introduction, in the
form of a structure overview, gives an idea of what can be expected throughout the thesis
by introducing some of the results in a way which is perhaps easier to digest. Note that
we use standard terminology from linear algebra which can be found in many books, see
for example the book by Horn and Johnson [16].

1.1 Roots of matrices

Roots of matrices have been studied extensively, from as early as 1858 in the paper by
Cayley [9]. For a short account of the further development of the roots of matrices, see
Section 5 of Drazin [12]. Cross and Lancaster [10] found in 1974 necessary and sufficient
conditions for the existence of square roots of complex matrices by using dimensions of
null spaces of powers of the matrix. Let m be any positive integer. In [21] Psarrakos
obtained a criterion for the existence of mth roots of singular matrices by using elementary
divisors. A Schur algorithm is used in the paper by Smith [24] to find mth roots in the
nonsingular case, building on results of Bjork and Hammarling [3] and of Higham [15].
On the other hand, in the paper by Borwein and Richmond [8], conditions are given for
the existence of mth roots of nilpotent matrices in terms of the sizes of the Jordan blocks.
This was especially useful in our research. For easy reference we also state the result here:

Theorem 1.1.1 (Theorem 2, [8]). The n x n complex matriz B has an mth root A, that
is, A™ = B, if and only if the dimensions n; of the blocks in the Jordan normal form of
B with eigenvalue zero, in decreasing order, satisfy

Nrm+1 — N(r41)m S 17 0 S r S S — ]-7

where Y 7" n; is the total dimension of the blocks in the Jordan normal form of B with
eigenvalue zero and we assume there are exactly sm such blocks.

Let Jg(A) denote the single k x k Jordan block with the eigenvalue A\. The Jordan
normal form of a matrix B is the matrix J consisting of a direct sum of Jordan blocks
where J is similar to B and unique up to a permutation of diagonal blocks. Theorem 1.1.1
is true because of the fact that the matrix (Jy;m4,(0))™ is similar to the direct sum

@ Ja+1(0) & 6_9 Ja(0)

as is illustrated by the following example.
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Example 1.1.2. Consider the two Jordan blocks with eigenvalue zero and sizes n = 7
and n = 8. Raise both of these matrices to the mth power and then find the Jordan
normal form. If m = 2, then both (J7(0))? and (J3(0))? are matrices with ones on the
second superdiagonal and zeros elsewhere. From the Jordan normal form of these two
matrices we then obtain:

(J7(0))? is similar to J4(0) & J5(0);
(Jg(O))2 is similar to Jy(0) @& J4(0).

If m = 5, then we have:

(J7(0))° is similar to J5(0) @ J(0) & J1(0) @ J1(0) @ J1(0);
(J5(0))® is similar to J»(0) & J2(0) @& Jo(0) & J1(0) & J1(0).

One notices immediately that the Jordan normal form of a Jordan block raised to the
mth power consists of m blocks. The total dimension of these m blocks is equal to n and
the sizes differ by at most one. O]

Square roots of matrices in the complex indefinite inner product space were covered in
the paper by Bolshakov et al. [4] and necessary and sufficient conditions for the existence
of H-selfadjoint square roots of H-selfadjoint matrices over C can be found in the paper
[18] by Van der Mee et al. Careful scrutiny of the relevant literature, however, yielded no
results on mth roots of matrices in the complex indefinite inner product space. On the
other hand, square roots of other special classes of matrices have been considered. For
example, in [1] Alefeld and Schneider studied square roots of M-matrices while in [13]
Fassbender et al. studied Hamiltonian square roots of skew-Hamiltonian matrices.

As mentioned in the statement of the research questions, there is a logical connection
between square roots and polar decompositions of matrices. Any square matrix X admits
a polar decomposition, that is, there exists a unitary matrix U and a positive semidefinite
matrix A such that X = UA. The matrix A is uniquely determined as the positive
semidefinite square root of the matrix X*X and therefore the study of square roots can
be invaluable in the study of polar decompositions.

1.2 Complex indefinite inner product space

We refer to the book by Gohberg, Lancaster and Rodman [14] for standard notation and
terminology used in the thesis. We summarise the most relevant concepts here. The
indefinite inner product, which is a function [-,-] from C" x C" to C, satisfies all the
properties of a standard (definite) inner product, except for the positive semidefiniteness.
To be more precise, the function |-, -] is called an indefinite inner product in C™ if the
following axioms are satisfied:

(i) linearity in the first argument: [ax;+ fxg, y] = alxy, y|+ B[xe, y] for all z1, z9,y € C"
and «a, 8 € C;

(ii) antisymmetry: [z,y] = [y, z] for all z,y € C™;
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(iii) nondegeneracy: if [z,y] = 0 for all y € C", then z = 0.

Therefore there can be a nonzero x € C" for which [z, x] is negative or zero. As stated
earlier, there exists a unique invertible Hermitian matrix H € C"*" which generates
the indefinite inner product. The H-adjoint of a matrix A € C"*" is the unique n X n
matrix AN such that [Az,y] = [z, AFly] for all 7,y € C". The matrix A is said to be
H-selfadjoint if A= A and H-unitary if A is invertible and A~* = A, The notation
Qy, is used for the k x k standard involutory permutation (sip) matrix with ones on the
main anti-diagonal and zeros elsewhere.

The pairs of matrices of the form (A, H) where A is H-selfadjoint can be partitioned
into equivalence classes under the relation of unitary similarity. Two pairs of matrices
(A, Hy) and (Ay, Hy) are called unitarily similar (following the terminology of [14]) if
there exists an invertible matrix S € C™*" such that Ay = S7'A;S and Hy, = S*H,S. A
unique representative, called the canonical form, for each of these equivalence classes can
be found. The following theorem presents the canonical form of a pair (A, H) where A is
H-selfadjoint.

Theorem 1.2.1 (Theorem 5.1.1, [14]). Let H € C™*" be an invertible Hermitian matrix
and let A € C™" be an H-selfadjoint matrixz. Then there exists an invertible matriz
S € C™™ such that STYAS and S*HS have the form

STTAS = Ty @ - @ Jp,(Aa)

o [fhenlan) Jw?xam} o {Jkﬁ 0s) Jkﬂ?x[;)} Y
where A1, ..., Ay are real and Ao41, ..., Ag are nonreal with positive imaginary parts, and

S'HS =e1Qu &+ @ €aQra ® Q2toyy &+ @ Qi (1.2)
where €1, ...,&, are £1. For a given pair (A, H), where A is H-selfadjoint, the canonical

form given by (1.1) and (1.2) is unique up to a simultaneous permutation of corresponding
diagonal blocks.

In the canonical form given by (1.1) and (1.2), we say the block Ji, (\;) has positive
sign characteristic if ¢; = 1 and negative sign characteristic if ¢; = —1.

An interesting subclass of the class of H-selfadjoint matrices is the class of H-
nonnegative matrices. A matrix A € C"*" is called H-nonnegative if [Az,z] > 0 for all
x € C". The H-nonnegative matrices have simple Jordan structures as can be seen in the
following theorem.

Theorem 1.2.2 (Theorem 5.7.2, [14]). A matriz A € C™*" is H-nonnegative if and only
if the following conditions hold:

(i) A is H-selfadjoint;

(i) all the eigenvalues of A are real;
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(iii) n the Jordan normal form of A, all Jordan blocks corresponding to the nonzero
eigenvalues have size 1, and all Jordan blocks corresponding to the zero eigenvalue
have size at most 2;

(iv) the Jordan block Ji,(X;) in the Jordan normal form of A has positive sign character-
wstic if \; > 0 and negative sign characteristic if \; <0, and the Jordan blocks with
eigenvalue zero and of size 2 have positive sign characteristic.

Note that in the light of Theorem 1.2.1, the canonical form of a pair (A, H) where A
is an H-nonnegative matrix, is given by

q r—q S t
STAS =@ n(N) e @ h(h) @ P L(0) & @D R (0),
=1 =1 i—1 i—1
and , — .
S*HS = @Q1 S @(—Q1) S @&'Ql 3] @ Q2,
=1 =1 =1 i—1

where A\i,..., A, >0, Agy1,..., A <0, and g; = 1.

The study of polar decompositions in indefinite inner product spaces was thoroughly
covered by a series of papers by the authors Bolshakov, Van der Mee, Ran, Reichstein and
Rodman, [4, 5, 6, 7, 18]. A matrix X € C™" is said to have an H-polar decomposition if
there exists an H-unitary U € C*"*" and an H-selfadjoint A € C™*" such that X = UA.
Necessary and sufficient conditions for the existence of an H-polar decomposition in the
complex case are found in the paper [7] by Bolshakov and Reichstein.

In the papers [19, 20] by Potapov, it was shown that if a matrix X over C is H-
nonexpansive (that is, [Xv, Xv] < [v,v] for all v € C"), then X admits an H-polar
decomposition X = UA where A is H-selfadjoint with nonnegative eigenvalues. This

result was generalized and extended to operators in the infinite dimensional case by Krein
and Shmul’jan [17].

For easy reference we state here one of the main theorems in [4], which will be used
later on.

Theorem 1.2.3 (Theorem 4.4, [4]). An n x n complex matriz X admits an H-polar
decomposition if and only if all the conditions below are satisfied.

(i) For each negative eigenvalue \ of XM X the part of the canonical form of (XX, H)
corresponding to X\ can be presented in the form:

i=1 i=1

(ii) The part of the canonical form of (XM X, H) corresponding to the zero eigenvalue
can be presented in the form:

(é B, ém) ,
i=0 i=0
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where (By, Hy) = (Okyxkys Lpo ® —Ing)s Po + no = ko, and where (fori =1,...m)
either

where n; = =1 and k; > 1, or

where k; > 1.

(iii) Assume that (i) holds. Let ¢; denote the size of a block B;. There is a choice of
basis {ei,j}g';oj;l in C™ which produces the canonical form in (ii) and

Ker X = Span{em —+ €ik;+1 | gz = 2]{5“2 = ].7 Ce ,m}
@ span{e;; |l =2k —1.i=1,....,m} & span{eoyj};?(’:l.

The theory on Witt extensions established in [6] by Bolshakov et al. is a crucial step
in the proof of the existence of H-polar decompositions. The next theorem, known as
Witt’s theorem, gives necessary conditions for the existence of a Witt extension. See also
[7] by Bolshakov and Reichstein.

Theorem 1.2.4 (Theorem 2.1, [6]). Let Hy, Hy € C™*™ be invertible Hermitian matrices
which define two indefinite inner products [-,-|1 and [-,-]a on C", respectively. Assume
that Hy and H, have the same number of positive eigenvalues. Let Uy : Vi — V5 be a
nonsingular linear transformation, where Vi and Vs are subspaces in C", such that

[Uoz, Upylz = [z,yl1  for every x,y € V1.
Then there exists a linear transformation U : C* — C" such that
Uz, Uyl = [z,y]1 for every z,y € C" (1.3)

and
Uzr = Uyx for every x € V. (1.4)

Any linear transformation U satisfying (1.3) and (1.4) is called a Witt extension of
Uy. To state an extended version of this theorem which includes a description of all Witt
extensions, we first need some notation. Let the dimension of V; be equal to m and let
{e1,...,en} be a basis of V; such that

1 ifi=73=mg+1,meg+2,...,mp+ my,
leieji=4q—-1 if i=j=mo+my+1,mog+my+2,....,m,

0 otherwise,

where mg + my. + m_ = m. Extend the basis for V; to a basis £ for C" as in the
construction given in [6], and then form the matrix Jy of size n —m — mg as the Gramian
matrix of the last n — m — mg vectors in the basis £.
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Theorem 1.2.5 (Theorem 3.2, [6]). Let U be a Witt extension of the n x n matriz Uy
as in Theorem 1.2.J. Then there exists a Jo-unitary matriz Py (of size n —m —my), an
(n —m —mg) X mg matriz Py, and a skew-Hermitian mqy X mqy matriz Py, such that the
matriz of U has the form

Lo 0 —%PQ* JoPy + Ps —P5JoPy
=~ |0 Ly, 0 0
U= 0 0 L, 0 (1.5)
0 0 Py P

Here m = dim Vy and my is the algebraic multiplicity of the zero eigenvalue of the Gramian
matriz of any basis in Vy with respect to [-,-];.

Conversely, if Py is an arbitrary Jyo-unitary matriz of size n — m — mg, Py is an
arbitrary (n —m — mg) X mg matriz, and P is an arbitrary skew-Hermitian mg X my
matriz, then the matriz U defined by (1.5) s a Witt extension of Uy.

Note that most of the results in this section are analogous for matrices over R except
the canonical form for a pair of matrices (A, H) in Theorem 1.2.1, see for example [14].

1.3 Quaternion indefinite inner product space

The book by Leiba Rodman [22] provides us with the necessary basic theory of quaternion
linear algebra. Every element in H, the real skew field of quaternions, is of the form

T = xo + T1i + Toj + 73K,
where g, x1, T2, 3 € R and the base vectors follow the following set of rules:
P=2=k=—-1, ij=—ji=k, jk=—-kj=i, ki=—-ik=]j.

One easily notices that multiplication in H is noncommutative and this is crucial to take
into account when working with quaternions. Let the conjugate quaternion of x € H be
denoted by ¥ = xg — x1i — z9j — z3k.

The set of all m x n matrices in H is denoted by H™*™ and it is considered as a left
vector space. As can then be expected, an n X n quaternion matrix A has left eigenvalues
and right eigenvalues which do not necessarily coincide. A nonzero vector v € H" is
called a right (respectively, left) eigenvector of a matrix A € H"*" corresponding to the
right (respectively, left) eigenvalue A € H if Av = v (respectively, Av = Av) holds. It
can be shown that A has exactly n right eigenvalues which are complex numbers with
nonnegative imaginary parts, multiplicity taken into account, and all right eigenvalues of
A are obtained from these n numbers since the spectrum of A is closed under similarity
of quaternions. Thus, if A is a right eigenvalue with right eigenvector v, then a~!\a is
also a right eigenvalue with right eigenvector va for all nonzero v € H. Throughout this
thesis we shall work with right eigenvalues and hence we omit the word “right” and simply
speak of eigenvalues.
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It is well-known that there exists a complex matrix representation for quaternion
matrices. This is achieved by a map w,, : H"™"® — C?"*?" defined as follows for a matrix
A € H™" written as A = Ay + jAs, where Ay, Ay € C™*™:

Al AQ
wn(A) = [—AQ Al

Moreover, this map w, is an isomorphism of the real algebra H™*™ onto the real subalgebra

Oy, of C**27 where
A A nxn
Q2n = { |:_£2 Ai‘| | Al, A2 € C x } .

In the paper [2] by Alpay et al., basic classes of matrices including selfadjoint, unitary
and plus matrices are studied in indefinite inner product spaces over the quaternions. The
canonical form of a pair of quaternion matrices (A, H), where A is H-selfadjoint, can be
found for example in the papers by Djokovic et al. and Sergeichuk [11, 23]. We state the
canonical form here using the notation from [14].

Theorem 1.3.1 (Theorem 10.1.1, [22]). Let H € H" ™ be an invertible Hermitian matriz
and let A € H™™™ be an H-selfadjoint matriz. Then there exists an invertible matriz
S € H™™™ such that

STTAS = J,(M) @@ Ji, (M)

ko1 (Aat1) 0 iy (A ) 0
® ' 0 ’ Jkaﬂ(xaﬂ)} S [ ' 0 ’ Jkﬁ(Xg)} ’ (1.6)

where \; € o(A)NR foralli=1,...,a, \; € 0(A)NCy foralli=a+1,...,5, and
S*HSIé?lelEB"'EB€anaEBQ2ka+1@"'@Q%Ba (17)

where ¢; = +1. The canonical form (S~'AS, S*HS) given by (1.6) and (1.7) is uniquely
determined by the pair (A, H), up to a simultaneous permutation of corresponding diagonal
blocks.

Polar decompositions in the standard inner product space over the skew field of
quaternions were studied by Wiegmann [25]. In indefinite inner product spaces, however,
no results on polar decompositions of quaternion matrices have been published.

1.4 Structure overview

The first part of the research, which is presented in Chapter 2, focuses on mth roots of
H-selfadjoint matrices in the complex case. The case where m = 2 was covered in the
paper by Bolshakov et al. [4], but see also the paper by Van der Mee et al. [18]. As in
the square root case, the conditions for the existence of an H-selfadjoint mth root of an
H-selfadjoint matrix, are only associated with negative eigenvalues and the eigenvalue
zZero.
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Let B be a given H-selfadjoint matrix in C"*" where H is the invertible Hermitian
matrix defining the indefinite inner product. The condition associated with negative
eigenvalues states that, when m is even, in the canonical form of (B, H) the Jordan blocks
with eigenvalue A < 0 occur in pairs with opposite sign characteristic. Note that there
are no restrictions to the existence of H-selfadjoint mth roots of H-selfadjoint matrices
with negative eigenvalues in the case where m is odd. Now, the condition associated
with the eigenvalue zero states that there exists a reordering of the Segre characteristic
of B corresponding to the eigenvalue zero, i.e. a decreasing sequence of the sizes of
the Jordan blocks of B with eigenvalue zero, such that when divided into m-tuples the
difference between any two numbers in each m-tuple is at most one. This includes a
somewhat complicated condition regarding the sign characteristic of the Jordan blocks
with eigenvalue zero:

e If there is an even quantity of some number a in the kth m-tuple, then half of the
Jordan blocks corresponding to that number a have positive sign characteristic (and
the other half have negative sign characteristic);

e If there is an odd quantity of some number a in the kth m-tuple, say 2q + 1, then
either ¢ + 1 of the Jordan blocks corresponding to that number a have positive sign
characteristic (and the other ¢ of the Jordan blocks have negative sign characteristic),
or ¢ + 1 of the Jordan blocks corresponding to that number a have negative sign
characteristic (and the other ¢ of the Jordan blocks have positive sign characteristic).

In the case where m is even and in an m-tuple the two numbers, say a + 1 and a, occur
an odd number of times each, either both sets of Jordan blocks J,.1(0) and J,(0) have
one more positive sign characteristic than the number of Jordan blocks with negative sign
characteristic, or both sets have one more negative sign characteristic than the number of
Jordan blocks with positive sign characteristic.

Let us illustrate the condition at the zero eigenvalue with an example.

Example 1.4.1. Let m = 5 and B = @_, J5(0) ® @;_, J2(0) @ J1(0), so the Segre
characteristic of B is 3,3,3,3,3,2,2,2,2,1,0,.... Suppose H is such that (B, H) is in
canonical form. If we write

(3,3,3,3,3),(2,2,2,2,1),

then the first part of the condition associated with the zero eigenvalue is satisfied since this
is a reordering of the Segre characteristic of B such that in each quintuple the difference
between any two numbers is at most one. Note that there does not exist any other
reordering of the Segre characteristic such that the condition is satisfied.

Turning to the second part of the condition, we look at each quintuple separately and
count the numbers. In the first quintuple there are five 3s, i.e., an odd number of 3s, and
g = 2 in the second point above. Thus for the condition to be satisfied, either ¢ +1 = 3
of the five Jordan blocks J,(0) = J3(0) have positive sign characteristic and the other
q = 2 have negative sign characteristic, or three of the J3(0) blocks have negative sign
characteristic and the other two have positive sign characteristic. In the second quintuple
there are four 2s and one 1. Thus half of the four J5(0) Jordan blocks (i.e. two) have
positive sign characteristic and the other half (i.e. two) have negative sign characteristic,
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and the sign characteristic of the J;(0) Jordan block have either positive sign characteristic
or negative sign characteristic. Once this is satisfied, the H-selfadjoint matrix B has an
H-selfadjoint fifth root. O

Remarkably, as can be seen in Chapter 4, the results for this problem in the quaternion
case are essentially the same as in the complex case. The reasons for this are the
canonical form of a pair of quaternion matrices (A, H) where A is H-selfadjoint (as
given in Theorem 1.3.1) and the fact that quaternion matrices have a complex matrix
representation (given in (1.3)). See Chapter 4 for the proofs and note that they are
presented for matrices in the subalgebra €2y, of C*"*?". An explanation is included as to
why that is sufficient for the goal of retrieving the results for quaternion matrices.

In Chapter 5 the main focus is on H-polar decompositions of matrices with quaternion
entries. Necessary and sufficient conditions for the existence of an H-polar decomposition
of a given quaternion matrix are obtained. It is important to note that these results are,
once again, essentially the same as the results in the complex case. To understand why
this research is a natural sequel to the H-selfadjoint mth roots of H-selfadjoint quaternion
matrices we show here that the existence of H-selfadjoint square roots is a necessary
condition for the existence of H-polar decompositions. Let X be any n x n quaternion
matrix and suppose X admits an H-polar decomposition. Then we can write X = UA
for some H-unitary matrix U and some H-selfadjoint matrix A, ensuring the following

XX = (UAWUA = AMUMU A = AA = A2,

Hence X1 X has an H-selfadjoint square root A. In another useful result for the quaternion
case, which is similar in the complex case, conditions are given for which ¥ = Uy X is
true for two linear transformations X and Y from H" to H™ and where U, is an injective
H-isometry in the indefinite inner product defined on H™ from Im X to ImY. Witt’s
theorem is proved for the quaternion case even though the proof is essentially the same
as in the complex case, and it is used to extend the H-isometry U to the whole space
H"™. This forms the essence of the sufficiency part of the proof for the existence of an
H-polar decomposition, since we are provided with an H-unitary matrix in the H-polar
decomposition. The necessary and sufficient conditions for the existence of an H-polar
decomposition for a quaternion matrix X are then stated in the main theorem of Chapter 5
in terms of the canonical form of the pair (XX, H) and a basis for the kernel of X. The
first part of these conditions is related to the existence of an H-selfadjoint square root of
XFX, as we explained earlier. Note that although the work could also have been done for
matrices in the subalgebra €, of C*"*?" as in Chapter 4, we preferred a direct approach
and proved the results for matrices in H"™*".

The research recorded in Chapter 3 could be seen as a slight deviation from the rest
of the thesis. It seemed compelling to study H-nonnegative matrices in the complex
case because of the simple structure. Recall that H-nonnegative matrices have only real
eigenvalues and their Jordan normal form is almost diagonal. Indeed, the Jordan blocks
with nonzero eigenvalues have size 1 and the Jordan blocks with zero eigenvalue have size
at most 2. Also, the Jordan blocks with positive (respectively, negative) eigenvalues have
positive (respectively, negative) sign characteristic and the Jordan blocks of size 2 (with
eigenvalue zero) have positive sign characteristic. Let B be an H-nonnegative complex
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matrix. Looking at the eigenvalue zero of the matrix B, we use the term Segre pairing to
refer to a specific reordering, satisfying a particular set of rules, of the Segre characteristic.
In the case where there exists a square root of B, the Segre pairing consists of pairs where
each pair can only be one of the following;:

(2,2), (2,1), (1,1), or (1,0).

The main idea of Chapter 3 is to separately study square roots of H-nonnegative complex
matrices, and we first consider square roots of these matrices in general, then we look at
H-selfadjoint square roots and finally study H-nonnegative square roots. Conditions are
found for the existence of a specific square root (a general, H-selfadjoint or H-nonnegative
square root) of B and are given mostly in terms of the numbers allowed in the Segre
characteristic of B. For instance, an H-nonnegative matrix B has an H-nonnegative
square root if and only if B has no negative eigenvalues and there are no 2s in the Segre
characteristic of B corresponding to the eigenvalue zero, which essentially means that
B is diagonalizable. An interesting part of this research is the description of the square
roots in the nilpotent case. Once a square root exists, these results give the exact form
of the (general, H-selfadjoint, H-nonnegative) square roots of B. The construction is
again presented per pair in the Segre pairing of B, or more specifically the corresponding
pairs of Jordan blocks with eigenvalue zero as in the canonical form of (B, H). In each
case the canonical form of the pair (A, H), where A is a specific square root of B, is also
given. Chapter 3 ends with a few results on the stability of H-nonnegative square roots
of H-nonnegative matrices.
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Chapter 2

Complex H-selfadjoint mth roots

Abstract. In this chapter necessary and sufficient conditions are given for the existence of
an H-selfadjoint mth root of a given H-selfadjoint matrix. A construction is given of such an
H-selfadjoint mth root when it does exist.

Keywords. Indefinite inner product space, H-selfadjoint matrices, Roots of matrices, Canonical
forms.

AMS subject classifications. 15A16, 15A63, 47B50.

2.1 Introduction and Preliminaries

Let H be an invertible n x n Hermitian matrix. On C" we consider the indefinite inner
product generated by H, given by [x,y] = (Hx,y), where (-,-) denotes the standard inner
product. Linear algebra in spaces with an indefinite inner product has been an area of
active research over the past few decades, and many basic elements of the theory are
summarised in [5]. An n X n matrix B is called H-selfadjoint if it is selfadjoint in the
indefinite inner product given by H, or equivalently, if HB = B*H. The problem studied
in this chapter is that of finding H-selfadjoint mth roots of a given H-selfadjoint matrix
B. This problem has been investigated in [1] for m = 2 where it plays a role in polar
decompositions in an indefinite inner product space. Stability of H-selfadjoint square
roots was studied in [17].

A matrix A is called an mth root of a matrix B if A™ = B. The problem of finding
mth roots of a given matrix has been studied in the past; a first characterization can be
found in the book by Wedderburn [18], and another characterization in [13]. In the book
by Gantmacher [4] it is shown for the singular case that the function of taking mth roots
can be applied to each Jordan block. Matrix mth roots have been studied extensively, see
for example [2, 6, 15, 16].

Obviously, in the case where B is H-selfadjoint, a necessary condition for existence
of an H-selfadjoint mth root is the existence of an mth root. Thus, this chapter will
focus on the extra conditions needed for the existence of an H-selfadjoint mth root. In

1Up to some minor modifications this chapter has been published as follows: G.J. Groenewald,
D.B. Janse van Rensburg, A.C.M. Ran, F. Theron, M. van Straaten. mth roots of H-selfadjoint matrices,
Linear Algebra and its Applications, 610, (2021), 804-826.
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[17] existence and uniqueness of H-selfadjoint square roots of an H-selfadjoint matrix are
studied, along with stability of such square roots when they exist.

More restrictive conditions on the H-selfadjoint square root can be imposed, for
instance it is natural to impose the condition that the eigenvalues of A are in the open
right half-plane, possibly including zero as well. In more generality than in the present
setting such polar decompositions and square roots have been studied extensively in a
sequence of papers by Higham, Mackey, Mackey, Mehl and Tisseur [7, 8, 11]. It turns
out that imposing this extra condition on the eigenvalues of the square root leads to
a square root which is unique and is computable using iterative methods. However, it
restricts the class of matrices for which such a square root exists to those for which the
structure of the zero eigenvalue is semisimple (if one includes the possibility of zero being
an eigenvalue, but insists on uniqueness) or to those which are non-singular (if one insists
on the eigenvalues of the square root lying in the open right half-plane). Square roots for
other classes of structured matrices have been considered as well in [7, 8, 11]; see also [3]
for the case of Hamiltonian square roots of skew-Hamiltonian matrices.

2.1.1 Notation

The notation (-, -) stands for the standard inner product in either C" or R", that is,
n
<$7 y> = ijgja
j=1

where © = [:pl e xn]T, Yy = [yl e yn}T € C" or R™. The following definition and
notation is taken from [5]. A function [-,-] from C™ x C" to C is called an indefinite
inner product in C™ if it is linear in the first argument, anti-symmetric and nondegenerate.
Therefore, the only possible difference with the standard inner product is that [x, z] may
be nonpositive for  # 0. Clearly, for every n x n invertible Hermitian matrix H (or real
symmetric H) the formula [z,y] = (Hx,y), with z,y € C", defines an indefinite inner
product on C". Conversely, for any indefinite inner product [-,-] on C", there exists an
invertible Hermitian matrix H such that [x,y] = (Hx,y) for all z,y € C".

The H-adjoint of a square matrix A, denoted by A is the unique square matrix
such that [Az,y] = [z, AMy] for all 2,y € C". Observe that A = H—1A*H.

We denote a single n x n Jordan block with eigenvalue A € C by:

A 1 0 --- 0
0o x 1

Jn(N) =1 -
: oA 1
0 0 - 0 A

We will use the standard notation o(A) for the spectrum of A, that is, for the set of
eigenvalues of a matrix A, including nonreal eigenvalues of real matrices. Furthermore,
we denote by @), the n X n matrix with ones on the main anti-diagonal, which is called
the backward identity matrix, or standard involutory permutation (sip) matrix.
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We need the following well-known notation and result on Hermitian matrices. The
inertia of a Hermitian matrix H is a triple consisting of the number of positive, negative
and zero eigenvalues (counted with multiplicities), respectively, and will be denoted by
(i (H),i_(H),io(H)). According to Sylvester’s law of inertia two Hermitian matrices
have the same inertia if and only if they are congruent, see [10].

2.1.2 TImportant concepts

A subspace M of C" is called H-nondegenerate if x € M and [z,y] = 0 for all y € M
implies that x = 0. If [x,y] = 0 for all x,y € M, then M is called H-neutral.

A complex matrix A is H-selfadjoint if A¥ = A, that is, if HA = A*H. Thus, any
H-selfadjoint matrix A is similar to A*. If we consider, for example, a single Jordan block
Jn(A) with real eigenvalue A and if @, is as defined above, then J, () is @,-selfadjoint.
Furthermore, the spectrum o(A) of an H-selfadjoint matrix A is symmetric relative to
the real axis. Also, the sizes of the Jordan blocks in the Jordan normal form of A with
eigenvalue \ are equal to the sizes of the Jordan blocks with eigenvalue A. A proof of this
result can be found in [5, Proposition 4.2.3].

A matrix A is called H-unitary if A is invertible and A = A~ je., AAHA = H.
The pairs (A1, Hy) and (Ay, Hy) are said to be unitarily similar (following the terminology
of [5]) if there exists an invertible matrix S such that Ay = S7'A;S and H, = S*H,S. If
H = H, = H>, then S is H-unitary and we say that A; and A, are H-unitarily similar.
Note that if (Ay, Hy) and (Ay, Hy) are unitarily similar, it implies that A; is H-selfadjoint
if and only if Ay is Ho-selfadjoint.

If a matrix A is H-selfadjoint, then any power A* of A is also H-selfadjoint since if we
use HA = A*H repeatedly we have

HAF = (HA)AF ' = A"HAM ' = (A" )PHAY? = ... = (A")'H = (A")'H,

for any positive integer k.

2.1.3 Canonical form
The following theorem for the canonical form of H-selfadjoint matrices is taken from [1].

Theorem 2.1.1. Let H be an invertible Hermitian n X n matriz over the field C, and let
A be an n x n H-selfadjoint matriz over C. Then there exists an invertible n X n matrizc
S over C such that ST'AS and S*HS have the form

STTAS = J,(M) @@ Ji (M)

[T Rat1) © Jrais Qo )] @ -+ ® [, (Ng) © Ty (W), (2.1)

where A1, ..., Ao are real and Ao41, ..., A\g are nonreal with positive imaginary parts; and
S*HS =£1Qp, ® + ® £aQry D Qopoyy B+ B Qo (2.2)

where €1, ...,&4 are £1. For a given pair (A, H), where A is H-selfadjoint, the canonical

form (2.1) and (2.2) is unique up to permutation of orthogonal components in (2.2) and
the same simultaneous permutation of the corresponding blocks in (2.1).
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The theorem is well-known and can be traced back to Weierstrass and Kronecker, see
for example Chapter 5 in [5], and the references given there.

The signs €1, ...,&, in (2.2) form the sign characteristic of the pair (A, H). Therefore,
the sign characteristic consists of signs +1 or —1 attached to every partial multiplicity
(equivalently, the size of a real Jordan block in the Jordan normal form) of A corresponding
to a real eigenvalue. If &; = 1 (respectively, ; = —1) for some i, we say €;Qy, is a positive
(respectively, negative) block in S*HS.

2.1.4 The main theorem

We need a definition and more notation before stating the main result. Recall the following
definition from [14].

Definition 2.1.2. Let A be a square matrix with Jordan blocks @._, J,,,(A) at A in
its Jordan normal form and assume that n;y > ny > ng > ... > n, > 0. The Segre
characteristic of A corresponding to the eigenvalue ) is defined as the sequence:

Ny, N9, N3, ..., N 0,0, .. ..

Throughout the chapter this sequence will only be used when looking at the Jordan

/

blocks associated with the eigenvalue zero. Let ny,ny,...,n,,,,0,... be some reordering

of the Segre characteristic of a nilpotent H-selfadjoint matrix B, where p is the number
of nonzero m-tuples in this reordering. The kth m-tuple is

(”,m(k—1)+17 nlm(k—l)—i-27 s M)
Now let
BW = {i|n.=v;:mk—1)+1<i<mk}, (2.3)
so that ‘Bl(,k)| represents the number of blocks in H (or A) of size v which corresponds to
the kth m-tuple, that is, k = 1,...,p and v can be any number in the Segre characteristic
of B.

Let us partition the canonical form (J, Hg) of (B, H) as follows:
J:J()@Jl@JQ and HB:Ho@Hl@HQ,

where Jy is a direct sum of blocks of the form J;;(0) for some kj;, J; is a direct sum
of blocks of the form J,,(a;) for some k; and a; < 0, and J; is a matrix in Jordan
normal form with all eigenvalues not in (—oo, 0], and where the matrices Hy, H; and Ho
correspond to the matrices Jy, J; and Js.

In the next section, the search for necessary and sufficient conditions for existence of
an H-selfadjoint mth root is reduced to the treatment of the same problem for the pairs
(Jo, Ho), (J1, Hy) and (Jo, Hy) separately. These cases are then studied, and the results
are summarised in the following main theorem. In addition, for each of these cases, in the
next section an explicit construction is given in the case that an H-selfadjoint mth root
exists.

Theorem 2.1.3. Let B be an H-selfadjoint matriz. Then there exists an H -selfadjoint
matriz A such that A™ = B if and only if the canonical form of (B, H), given by (J, Hg),
has the following properties:
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1. There exists a reordering, ny,ny, ..., ny,,,0,..., of the Segre characteristic corre-
sponding to the zero eigenvalue of B such that for all k the m-tuple

(nlm(k—l)—i-la e M)

, , : , P
is descending and the difference between n, )., and ny, is at most one.

2. For some reordering satisfying the first property, the number of positive blocks in Hy
of size v is equal to Y & _, m, ) where

}B,(,k)D if ’B,(,k)| s even

}ng)‘ + nk> if ‘B,(,k)| is odd

Ty k =

N N

with ny either equal to 1 or —1.

3. The blocks in J, and Hy for an even m, can be reordered in the following way:

t t

Ji =D (U, () ® Iy, (@)))  and  Hy =D (Qn, @ (—Q4,)) -

J=1 J=1

2.2 Existence of an H-selfadjoint mth root

Given an H-selfadjoint matrix B, we are interested in finding H-selfadjoint mth roots of
B, if they exist. It is well-documented (for example in [9, p. 461]) that for finding mth
roots, one may limit oneself to finding the mth root of the Jordan normal form of any
matrix. We show that the same is true for finding H-selfadjoint mth roots.

Consider the following result which implies that it is sufficient to start with the pair
(B, H) in canonical form. It shows how mth roots of matrices which are part of pairs in
the same equivalent class are related.

Lemma 2.2.1. Let the pair (X, Hx) be unitarily similar to the pair (Y, Hy) where Hx
and Hy are invertible Hermitian matrices, that is, there exists an invertible matrixz P such
that

P'XP=Y, and P*HxP = Hy. (2.4)

Let the matriz A be an Hx-selfadjoint mth root of X. Then the matriz A :== P~ YAP is
an Hy -selfadjoint mth root of Y.

Proof. Suppose that the equalities in (2.4) hold. Let the matrix A be an Hy-selfadjoint
matrix such that A”™ = X. Then by writing (P~'AP)™ = P'A™P =Y, we obtain an
mth root A := P~YAP of Y. It follows that (A, Hy) and (A, Hy) are unitarily similar
and therefore the mth root A is Hy-selfadjoint. m

The above lemma can be used in the proofs for the existence of an H-selfadjoint mth
root of a given B, where we only need to construct a matrix A whose mth power has
Jordan normal form equal to B and check that there exists an invertible matrix P such
that equations (2.4) hold.



20 CHAPTER 2. COMPLEX H-SELFADJOINT MTH ROOTS

From the literature (for example [9, p. 461]) we also know that when finding mth
roots of a matrix B in Jordan normal form, we may consider blocks with each eigenvalue
separately. The situation is a bit more complicated in the case of H-selfadjoint mth roots,
because of the restriction placed by the canonical form as given in Theorem 2.1.1. We
therefore need to group the blocks in B in pairs of complex conjugate eigenvalues, except
in the case where the eigenvalue is real, in which case it may appear on its own, see
also [1] for the case of finding H-selfadjoint square roots. We discuss the existence of
H-selfadjoint mth roots for the cases where B has only positive real eigenvalues, only
nonreal eigenvalues, only eigenvalue zero, and only negative eigenvalues separately in the
next few subsections.

Note that although functional calculus can be used for the case where B has neither
negative nor zero eigenvalues, we prefer to give a detailed proof using only linear algebra
techniques.

2.2.1 The case where B has only positive eigenvalues

In this subsection we find conditions for the existence of an H-selfadjoint mth root of an
H-selfadjoint matrix which has only positive real numbers as eigenvalues. We start with
a discussion which leads to the main result of this subsection.

Let B = J, (\) and H = €Q,, where ¢ = £1 and A is a positive real number. Let
A = J, (p), where y is the positive real mth root of A. Then the Jordan normal form of
A™ is equal to B. Note that the matrix A is H4-selfadjoint where H4 = 6Q,,, for 6 = 1 or
0 = —1. Take § = e. Next, we construct an invertible matrix P such that the equations

P'A"P =B and P'H,P=H (2.5)

hold and then Lemma 2.2.1 can be applied. Therefore, we examine the structure of the
matrix P*H 4P where the columns of P form a Jordan basis for the matrix A™. Recall
that, see for example [12, p. 594], the matrix P will be of the form

P=[(A" = D)y - (A" =Dy o], (2.6)

where y = (y1,..., )T € Ker(A™ — XI)" but y ¢ Ker(A™ — AI)"~*. Note that in this
case Ker(A™ — X\I)" = C".

We write p; = (flm — A"y and let the entries of the matrix P*H 4P be denoted by
¢i;(y). Then, see for example the proof of Theorem 2.1.1 in [5], the matrix P*H4P is an
anti-lower triangular Hankel matrix and can be uniquely determined by using only the n
values in its last row. Therefore P*H4 P = H if and only if

1 ifj=1,

2.7
0 ifj=2...,n (2.7)

0 (y) = bnj(y) = [pj,pu] = y" Ha(A™ — N)" Ty = {

_ Since the matrix (Am — M) is upper triangular with zeros on the diagonal, the matrix
(A™ — XI)"~7 will have zeros in the first n — j columns and in the last n — j rows. This
implies that the entry ¢;(y) = ¢nj(y) = y*Ha(A™ — XI)" Iy for each j = 1,...,n, is an
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expression in the variables y,, ..., yn—j+1, that is,
¢2 (y) = ¢2 (yna yn—l)

¢3(y) = ¢3(yn;yn—17yn—2)

an(y) = (bn(ynv s 7y1>7

where each one is a sum of terms of the form cg;y;, ¢ € R, see Example 2.2.2.

Hence, using the first equation in (2.7) to find the nth entry in y and the other equations
in (2.7) to write each of the other entries in y in terms of the nth entry, we construct the
vector y and consequently find a matrix P using (2.6) such that equations (2.5) hold. It
now follows from Lemma 2.2.1 that the matrix A := P~*AP is an H-selfadjoint mth root
of B.

The procedure is illustrated in the following example.

Example 2.2.2. Let B = J5(\) where ) is a positive real number and let A = Js(p)
where p is the positive real mth root of A. The matrix B is H-selfadjoint where H = )3
and the matrix A is H4-selfadjoint where H4 = H = Q3. Then the Jordan normal form
of

i A mpm™t dm(m - 1)pm?
A" =10 A mu™!
0 0 A

is B and therefore we know that the invertible matrix P for which the equality P~1A™P =
B is true, will be of the form

P = [(Am" - )%y (A" -y 4]

(mpm™ ) 2ys mp™ tys + sm(m — D)™y
= 0 mu™ tys v,

0 0 Ys

where y = (y1, 42, y3)" € Ker (A™ —\I)® = C? but y ¢ Ker (A™ — AI)%. Then by equating
the entries in the third row, P*H P = H holds if and only if the following equations hold:

1= 1(ys) = (mp™ ") gsys,

1 1 2 — el
0= éa(ys,v2) = mu™ 'hys + §m(m — D)™ 2 ysys + mu™  Gsys,
0= ¢3(ys,y2,91) = V13 + Yoy + U3y1.

Assume that y is real, then we can solve the first equation for y3, choose the positive value
and substitute into the second equation to find y,, and lastly, solve the third equation for
y1. Therefore, one solution to these equations is as follows:

—(m—1)2 —(m—1) 1
= " = pumng . D
Y1 32mpm Y2 A Y3 1
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In the case where B consists of more than one block, the construction may be applied
to each block separately. We have thus proved the following theorem.

Theorem 2.2.3. Let B be an H-selfadjoint matriz with a spectrum consisting only of
positive real numbers. Then there exists an H-selfadjoint matriz A such that A™ = B.

2.2.2 The case where B has only nonreal eigenvalues

In this subsection we give a proof for the existence of an H-selfadjoint mth root in the
case where B has only nonreal eigenvalues.

Theorem 2.2.4. Let B be an H-selfadjoint matriz with a spectrum consisting only of
nonreal numbers. Then there exists an H-selfadjoint matriz A such that A™ = B.

Proof. Let B be a 2n x 2n H-selfadjoint matrix with nonreal eigenvalues. Assume that
the pair (B, H) is in canonical form and that B has only one number and its complex
conjugate as eigenvalues, each with a geometric multiplicity of one. Thus, with A being a
nonreal number,

B = Jn()\) o J, (5\) and H = Qs,.
Let u be any mth root of A and

A:Jn(ﬂ)@JN(ﬂ)a

then the Jordan normal form of A™ is equal to B. Note that the matrix A is H 4-selfadjoint
where Hy = @2, We once again construct a 2n x 2n invertible matrix P such that
P'A"P =B and P*H,P = H hold. For the first equality to hold, the columns of P

have to form a Jordan basis for the matrix flm, and therefore P = P, © P, where

Pr=[((Zu)™ =AD"y oy

and
= [((pyym =302 - 2],

where y € Ker ((J, ()™ — A)"* = C* but y ¢ Ker ((J,(u))™ — M), and where z €
Ker ((Jo(2))™ — A)" = C" but z ¢ Ker ((J,(2))™ — S\I)nfl. Take z = 7, i.e. P, = P.
Then, by a simple calculation, one finds that P*H,P = H if and only if Pl Q,P, = Q,,
and by following a similar process as in Section 2.2.1, one can see that this is true if and
only if

1 ifj=1,

$i(y) = dni(y) =y Qu((Ju(w)™ = A"y = {0 ifj=2...n

Note that, similarly to the case in Section 2.2.1, each ¢,(y) is an expression in the variables
Yn, - - -y Yn—j+1, and a solution to these equations can be found by solving the first equation
for y,, and substituting back into the other equations. Therefore, there exists a solution to
P*H 4P = H which also satisfies P1A™P = B, and hence by Lemma 2.2.1, the matrix
A= P7'AP is an H-selfadjoint mth root of B. In the case where B consists of more than
one pair of blocks, the construction can be applied to each pair of blocks separately. [
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2.2.3 The case where B has only eigenvalue zero

In this section we consider the case where B has only zero in its spectrum, so that B is
nilpotent. Obviously the mth roots of B will then be nilpotent as well.

The main theorem concerning H-selfadjoint mth roots in this case is given. The first
property is necessary for the existence of an mth root in general and this is well-known
(see for example [9, Theorem 6.4.12]).

Theorem 2.2.5. Let B be a nilpotent H-selfadjoint matriz. Then there exists an H -
selfadjoint matriz A such that A™ = B if and only if the canonical form of (B, H), given
by (J, Hg), has the following properties:
1. There exists a reordering, ny,ny,ny, ..., n,..0,..., of the Segre characteristic of B
such that for all k the m-tuple (n’m(kfl)ﬂ, —oynl ) is descending and the difference
between ny, 4y, and ny,, is at most one.

2. For some reordering satisfying the first property, the number of positive blocks in
Hp of size v is equal to Y _, m, ) where

|B,(,k)‘> if ‘Bl(,k){ s even,

2.8
|Bl(,k)‘ + Uk) if ‘B,(,k)| is odd, (28)

Tk =

N= N

with ny either equal to 1 or —1.
The proof will follow after some results and two examples.

Lemma 2.2.6. Let the matriz A be equal to J,(0). Then A™ has Jordan normal form

D Jos(0) & D 100), (2.9)

where n =am +r, fora,r € Z, 0 <r < m.

Note that if m > n, then @ = 0 and r = n, that is, (2.9) is equal to @;_, J1(0), which
is the n x n zero matrix.

Proof. Let A = J,,(0). If m > n, then A™ = (J,,(0))™ =0 = @;_, J1(0). Let m < n,
then by raising A to the mth power, we have

Am =
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where the one in the first row is in the (m + 1)th column. It can easily be seen that the
Jordan chains of A™ are

C; = {e|i=1(modm); i=1,...,n},
Cy {e;|i=2(mod m); i=1,...,n},

: : (2.10)
Cono1 = e |li=m—1(mod m); i=1,...,n},
Cn = {ei]i=0(modm); i=1,...,n}.

Use the division algorithm to write n = am + r where a,r € Z, 0 < r < m. Then the
number of elements in each set C; is

(2.11)

O] = a+1 for 1<5<r,
A for r+1<j5<m.

Let S be the n x n invertible matrix with columns consisting of the vectors in the Jordan
chains C1, ..., C,,. Then, since the lengths of Jordan chains coincide with the sizes of the
corresponding Jordan blocks and by using (2.11), we have the Jordan normal form of A™:

”é§ 7,(0). O

=1

STA™S =P Jic,(0) = P Jara (0) @
j=1 i=1

An interesting corollary that we obtain from this result, is the following.

Corollary 2.2.7. If the number of Jordan blocks with eigenvalue zero of a matrix B is not
divisible by m and there are no J1(0) blocks, that is, no entry in the Segre characteristic of
B corresponding to the zero eigenvalue is equal to one, then B does not have an mth root.

The following result shows the relation between the canonical forms as will be illustrated
in the examples.

Lemma 2.2.8. The pair (A, H) has canonical form (J,(0),nQy), n = £1, if and only if
(A™ H) has canonical form

m—

(@ Ja+1 (O) D @ Ja(O), @ 51’Qa+1 ¥ @ 5r+iQa> )
=1 i=1 i=1

i=1

where the signs are as follows: Ifr (respectively m—r) is even, the number of signs &;, where

i=1,...,r (respectively i =r +1,...,m), which are equal to n is § (respectively ™= ).
If r (respectively m — ) is odd, the number of signs €;, where i = 1,...,r (respectively
i=r+1,...,m), which are equal to 1 is "I+ (respectively =+ ). In both cases the rest

of the signs are equal to —n.

The next two examples illustrate much of the general case to be proved after the
examples.
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Example 2.2.9. Let the matrix

B =P Ji(0) & P J5(0) & €D J(0)

be H-selfadjoint where

3 7 2
H = @ €;Q4 B @ €34iQ3 D EB €104iQ2
i=1 i=1 i=1

for some €; = £1. B has Segre characteristic 4, 4,4, 3,3,3,3,3,3,3,2,2,0,.... We wish to
determine for which values of €; the matrix B would have an H-selfadjoint fourth root.
Thus, in terms of notation of Theorem 2.1.3, n = 37 and m = 4. For the purpose of this
example, we just consider the following grouping of the Segre characteristic into 4-tuples:

(4,4,4,3),(3,3,3,3),(3,3,2,2),(0,0,0,0), .. .. (2.12)

Then p = 3 with p as in Theorem 2.1.3. The other possible reorderings of the Segre
characteristic are

(4,4,3,3),(4,3,3,3),(3,3,2,2),(0,0,0,0), ... and

(4,4,4,3),(3,3,3,2),(3,3,3,2),(0,0,0,0), .. ..

Any fourth root of B will be similar to A = B}_, J,,;(0) for some integers ¢ and n;,
since it will also be nilpotent. If n; = 4a; + r; for some a;,r; € Z, 0 < r; < 4, then by
Lemma 2.2.6, we have that A* has Jordan normal form

@ (é Ja;+1(0) @ 69] Jaj(0)> : (2.13)

J=1

We also know that A* is similar to B and therefore we know the number of blocks of
size 4, 3 and 2 in (2.13). If we restrict ourselves to the ordering (2.12), it can easily be
seen that a; = 3, ry = 3, as = 2, ro = 4, a3 = 2 and r3 = 2, which then give the values
ny = 15, ng = 12 and ng = 10 from the division algorithm. Compare with the exercises
6.4.10-6.4.13 in [9]. Hence, using the ordering (2.12), any fourth root of B will have the
form A = J15(0) & J12(0) & J1p(0). By Theorem 2.1.1, the pair (A, H,) is in canonical
form, with Hy = 11 Q15 ® 12Q12 B 13Q19 for some n; = +1, 7o = £1 and n3 = £1. We
wish to find a fourth root (which is similar to A) that is H-selfadjoint and to this end
we construct a matrix P satisfying (2.4) where X = A*, Y = B, Hy = Hy and Hy = H.
Write down the Jordan chains of the matrix A* by using the notation in (2.10) adapted
for more blocks:

C1 = {e1,e5,€9, €13}, C2 = {ea, €6, €10, €14}, C3 = {es, er,e11,€15}, Cy = {eq, €5, €12};
Cie = {6167 €20, 624}, Cir = {617, €21, 625}, Cig = {618, €22, 626}7 Cig = {619, €23, 627};

Cog = {6287 €32, 636}7 Uy = {6297 €33, 637}, C30 = {6307 634}, Cs1 = {6317 635}-
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Note that the matrix having these Jordan chains as columns does not satisfy the equations
(2.4), since the only Jordan chains spanning H s-nondegenerate spaces are Cy and Cj.
All the other Jordan chains span H4-neutral spaces. Therefore, a change of basis is
necessary on these Jordan chains to ensure that all Jordan chains in the new basis span
H j-nondegenerate spaces. This is done in the following way: let P be the invertible
37 x 37 matrix whose columns consist of the following (new) Jordan chains:

Ci = {(e1+e3)/V2, (5 + 1)/ V2, (eg + €11)/ V2, (e13 + €15) /V2},
Cy = {62766,6’10,614},
Cr ={(e1 — 63)/\@, (es — 67)/\/57 (eg — 611)/\/57 (e13 — 615)/\/§}a

Cy= {6476&612}7

Crls = {(e16 + €19)/ V2, (€20 + €23)/ V2, (€21 + €27) /V2},
Ot = {(e1r + €18)/V2, (ea1 + €22)/ V2, (€25 + €26) /V2},
Cir = {(617 - 618)/\/5, (€21 — 622)/\/5, (€25 — 626)/\/5}7
Crs = {(e16 — €19)/V2, (20 — €23)/ V2, (e2s — €27) /V/2},
Cos = {(es + 629)/\/57 (€32 + 633)/\/57 (€36 + 637)/\/5}7
Cos = {(eas — €29)/V/2, (€30 — €33)/V'2, (€36 — €37)/V2},
Cio = {(es0 + €31)/ V2, (€34 + e35) /V2},

Cao = {(e30 — €31)/ V2, (€34 — €35) /V2}.

Then P~'A*P = B holds, and comparison of entries in P*H,P and H gives us the
relationship between the signs of €; for j = 1,...,12 and those of n; for j = 1,2, 3.
In order to determine which combinations of ¢; could rise to H-selfadjoint B with H-
selfadjoint fourth roots, we consider all eight combinations of n; and determine the possible
values of ¢; that would correspond to these 7); for each of the blocks associated with the
4-tuples in (2.12).

Consider Table 2.1 which gives the signs of the blocks @,; in H corresponding to each
entry n; in the Segre characteristic of B by specifying n; from Hy.

4-tuples 4 4 4 3 3 3 3 3 3 3 2 2

€ €1 €2 €3 €4 €5 €6 €7 €8 € €10 €11 €12
Mo M2 w3 | tm Am o A2 A2 2 T2 | Ans TNz ANz 3
I 1 I+ + - + |+ + - |+ - + -
1 1 -1+ + - 4+ |+ + - - - 4+ - +
1 -1 1|+ + - 4+ |- - + + |+ - 4+ -
1 -1 -1 + + - 4+ |- - + + |- + - +
-1 1 1| - - 4+ —|+ + - —-|+4+ - + -
-1 1 -1 - - + - |+ + - - |- 4+ - +
-1 -1 1| - - 4+ - |- - + 4+ |+ - + -
-1 -1 -1 - - 4+ - |- - + 4+ |- 4+ - +

Table 2.1: Signs of all €; corresponding to each combination of 7,

To explain Table 2.1, we look at the first row which shows that if n;, 1, and 73 are
all equal to +1, then we have that ey = ¢y = ¢4 = 65 = 66 = 69 = €11 = +1 and
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€3 =67 =¢cg = €19 = €12 = —1 and that gives

H=Q:0Q1P QP3P Q3DQ3P —Q3P—Q3DQ3D —Q3D Q2D —Qo.

Furthermore, we can see that for the first four choices of 1,7, and n3, H consists of
two positive (04 blocks, four positive Q3 blocks and one positive ()5 block. For the last
four choices of 1y, n9, 13, H consists of one positive )4 block, three positive ()3 blocks and
one positive ()5 block.

Thus for the chosen ordering (2.12), the H-selfadjoint matrix B will have an H-
selfadjoint fourth root only if the total number of positive ()4 blocks in H is one or two,
the total number of positive ()3 blocks in H is three or four, and there is only one positive
()2 block in H.

If the pair (B, H) was given, and therefore ¢; is known for all j = 1,...,12 where
some permutations are allowed, Table 2.1 then gives all possible sets of signs 7; for H4
such that (A, H,) is the canonical form for any H-selfadjoint fourth root of B, associated
with the ordering (2.12), if it exists. For example if ; =1 for all j =1,...,12, then no
set of signs 7; for H4 exist, that is, there does not exist an H-selfadjoint fourth root of B
associated with this ordering.

We also illustrate the use of (2.3) in this example for the ordering (2.12):

BX = {i|n) =v; 4k —3 <i < 4k}

where k = 1,2,3 and v = 4,3,2 (the sizes of the blocks in H). Then \BS)] = 3,
B = 1B =0, 1B =1, 1B =4, |B| =2, 1B"| = B = 0, B =2. O

The following example shows how the sign characteristic differs by using different
reorderings of the Segre characteristic.

Example 2.2.10. Let B =@, J5(0) © @7_, J»(0) and be H-selfadjoint where (B, H)
is in canonical form. Then the Segre characteristic of B is 3,3,3,3,3,3,2,2,2,2,2,2.0,.. ..
We illustrate finding the signs of the blocks in H for which an H-selfadjoint sixth root of
B exists. For this we consider all of the possible reorderings of the Segre characteristic
such that for each 6-tuple, the maximum difference between any two numbers is one. In
terms of the notation of Theorem 2.1.3, n = 30 and m = 6, and in all of the reorderings
p=2.

We follow a similar process as the one in Example 2.2.9 to determine the canonical
form for (B, H) that is necessary for the existence of an H-selfadjoint sixth root of B for
each possible reordering of the Segre characteristic.

1. Reordering: (3,3,3,3,3,3),(2,2,2,2,2,2),(0,0,0,0,0,0),.... Canonical form of the
H-selfadjoint sixth roots of B: (Ji5(0) @& Ji2(0), 11 Q18 @ 172Q12). Then

H=mQ3dmQs®mQs® —mQs ® —m@Qs S —mQs
D 2Q2 © 12Q2 © 1202 B —12Q2 B —12Q2 & —12Q.

Thus, for any choice of 7; and 75, the number of positive (3 blocks in H and the
number of positive ()2 blocks in H are both three.
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2. Reordering: (3,3,3,3,3,2),(3,2,2,2,2,2),(0,0,0,0,0,0),.... Canonical form of the
H-selfadjoint sixth roots of B: (J17(0) @ J13(0), mQ17 © n2Q13). Then

H=mQ3s®mQsdmQs & —mQs D —1mQ3 D Qs
@ 12Q3 D N2Q2 @ M2Q2 ® MQ2 & —12Q2 & —12Q2.

Thus, for the choice n; = 1 and 7, = 1, the number of positive ()3 blocks in H and
the number of positive ()3 blocks in H are both four. For both the choices n; =1,
7o = —1, and n; = —1, e = 1, the number of positive ()3 blocks and the number
of positive ()5 blocks are both three. If both n; and 7, are chosen as —1, then the
number of positive ()3 blocks and the number of positive ()5 blocks are both two.

3. Reordering: (3,3,3,3,2,2),(3,3,2,2,2,2),(0,0,0,0,0,0), .... Canonical form of the
H-selfadjoint sixth roots of B: (J15(0) @& J14(0), 11 Q16 & 172Q14). Then

H=mQ3®mQ3® —mQ3® —mQs® Q2 ® —nQs
B Q3 B —1n2Q3 B 2@ B 112Q2 B —12Q2 B —1n2Qs.

Thus, as with the first reordering, for any choice of 77; and 7, the number of positive
()3 blocks in H and the number of positive ()5 blocks in H are both three.

4. Reordering: (3,3,3,2,2,2),(3,3,3,2,2,2),(0,0,0,0,0,0), .... Canonical form of the
H-selfadjoint sixth roots of B: (J15(0) @ Ji5(0), m1Q15 & 12Q15). Then

H=mQ3®mQ3® —mQz®mQ2®mEQ2® —mQ:
D 2R3 D 12Q3 ® —12Q03 B MN2Q2 D 12Q2 © —12Q.

Again, the total number of positive blocks in H is the same as with the second
reordering. Thus, for the choice 7y = 1 and 75 = 1, the number of positive )3 blocks
in H and the number of positive ()5 blocks in H are both four. For both the choices
m =1,n,=—1,and 791 = —1, 2 = 1, the number of positive ()3 blocks and the
number of positive ()5 blocks are both three. If both 7, and 7, are chosen as —1,
then the number of positive Q3 blocks and the number of positive ()5 blocks are
both two.

Note that we have covered all of the possibilities for the sixth root A of B as well as for
the corresponding matrix H4. Therefore this example shows the only options of matrices
H that we can start with in canonical form (B, H) from which we will be able to find
H-selfadjoint sixth roots. O]

We are now ready to prove the theorem giving the conditions of the existence of an
H-selfadjoint mth root of nilpotent matrices.

Proof of Theorem 2.2.5. Let B be a nilpotent H-selfadjoint matrix with Segre charac-
teristic ni,no, ..., n,,0,... and assume there exists an H-selfadjoint matrix A such that
A™ = B. Let A be similar to @7 _, J;, (0) for some t;, then from Lemma 2.2.6 we have
that the Jordan normal form of A™ is equal to

m—rg

J = é ékBJakH(O) ® P 1., (0], (2.14)
k=1 =1 =1
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where ty, = agm + rg, ag, 7x € Z and 0 < 1, < m by using the division algorithm. Since
A™ = B, this matrix J is also the Jordan normal form of B and therefore will have the
same Segre characteristic as B, possibly reordered. From (2.14) one can see that this
reordering, say n',nj, ..., n,,,0,..., has the property that in each m-tuple the difference
between the highest and the lowest number is at most one.

From Theorem 2.1.1 the pair (B%_, J:,(0), Bh_, 7@+, ) is in canonical form for
ne = £1. Let the blocks of Hp in the canonical form (J, Hg) after a permutation of blocks
according to the reordering ni,nj, ..., ny,,,0,..., be given by &,Q,, for e; = £1. The
conditions on these signs can be found by a change in Jordan basis. The Jordan chains of
A™ which correspond to different Jordan blocks of A, or equivalently, to different m-tuples
in the above reordering, are considered separately. Among the Jordan chains of A™ of a
certain length, say v, which correspond to a single Jordan block of A, there will be at
most one Jordan chain spanning an H-nondegenerate space. This will happen when there
is an odd number of Jordan chains of this length since the other Jordan chains of length v
which do not span H-nondegenerate spaces, occur in pairs. By making combinations with
these Jordan chains in a similar way as illustrated in Example 2.2.9, we obtain the desired
change in Jordan basis. Compare also the proof of Theorem 4.4 in [1]. Each pair of Jordan
chains delivers opposite signs of blocks in Hg and the blocks in Hp corresponding to
the H-nondegenerate spaces will have the same sign as that obtained from the mth root.
Hence by using B as introduced in (2.3), we can determine the number of blocks in Hp
for each sign. If, for some k, the number |B,(,k)‘ is even, then the number of i € B¥ such
that ¢; = n, and the number of i € B,(,k) such that ¢; = —ny, are both equal to %(|B,(,k) ‘)
If, for some k, the number |B,(,k)‘ is odd, then the number of 7 € Bl(,k) such that e; = n; is

%({B,(,k)} + 1), and the number of i € B,(,k) such that ; = —n; is %(‘Bl(,k){ — 1). Hence, the
number of positive blocks in Hg of size v is equal to

p
§ Ty ks
k=1

where 7, is given by (2.8).
Conversely, suppose that (B, H) is in canonical form and that it satisfies Properties 1
and 2, and suppose the reordering of the Segre characteristic of matrix B that satisfies

the second property, is given by nj,nj,...,n,,..0,.... Let A = @Y, J,(0) where
tr = ZZZI n;n(k_l)H. If we have by the division algorithm that ¢, = axm + rg, ag, 7 € Z,
0 < 7, < m, then from Lemma 2.2.6 the matrix A™ = @F_,(J,,(0))™ has the Jordan
normal form
p Tk m—r
D |D a0 & D Ju,(0)
k=1 Li=1 i=1

Thus the Segre characteristic of this matrix is some reordering of the numbers in the
following m-tuples, with possibly some zeros added:

(a1+1,...,a1+1,a1...,al),...,(ap—l—1,...,ap—|—1,ap,...,ap),0.... (215)
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Since for all K =1, ..., p we have that

Tk m—ry m

Z(flk +1)+ Z ag = lp = Z”;n(k—l)ﬂ' and 7, 1)1~ gy <1,
i=1 i=1

i=1
it then follows that the Segre characteristic in (2.15) is equal to the sequence

/ !/ !/
Ny, Moy ...,y 0,0

7 pm?
This means that B is also the Jordan normal form of A™ since they have the same Segre
characteristic, or reordering thereof. Note also that the matrix A is H4-selfadjoint where
Hy=@)_, e1Qr,. If we let g, =, for each k from Property 2 which was assumed for
(B, H), then there exists an invertible matrix P, formed in the same way as explained
above, such that P~'A™P = B and P*HP = H. Therefore, by Lemma 2.2.1, the matrix
A := P7'AP is an H-selfadjoint mth root of B. O

2.2.4 The case where B has only negative eigenvalues

We now look at the case where the eigenvalues of B are negative real numbers, firstly for
the case where m is even and secondly where m is odd.
Consider the following example regarding negative eigenvalues.

Example 2.2.11. Let H = ()5, where ¢ = £1. Suppose that the H-selfadjoint matrix
-1 1
ponin=[7 1]

has a square root A which is H-selfadjoint. We know that o(A) C {7, —i} since ¢ and —i
are the square roots of —1. According to Theorem 2.1.1 the Jordan normal form of A

should be
1 0
]
which is @Q,-selfadjoint. Let A = S~1.JS for an invertible matrix S, then

A2 (ST1TS) = 5 [‘01 _01] s,

which is not similar to B. This gives a contradiction. Therefore, B does not have a square
. 1.72
7

root which is H-selfadjoint. Note however, that {0 _;Z] = B, so B does in fact have a

square root.

This illustrates the fact that there do not exist H-selfadjoint mth roots of matrices of
the form J,,(\) where m is even and A is a negative real number. Suppose in general that
B = J,(\), with A a negative real eigenvalue. We know from Theorem 2.1.1 that (B, Q)
is in canonical form. But the mth roots of A\, where m is even, are all nonreal numbers,
since no real number raised to the mth power can be negative if m is even. Therefore
the eigenvalues of any mth root A of B are nonreal numbers. From Theorem 2.1.1 we
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know that the Jordan normal form of A should contain pairs of Jordan blocks of equal
size that correspond to complex conjugate pairs. This implies that the Jordan normal
form of A should consist of a direct sum of at least two blocks of equal size, but such a
matrix raised to the mth power is not similar to B. Hence, the blocks of the canonical
form of (B, H) corresponding to negative real eigenvalues should occur in pairs.

Now we present a lemma that will be useful in the proof of the subsequent theorem.

Lemma 2.2.12. Let T be an upper triangular complex nxn Toeplitz matriz with A € R on
the main diagonal, and a nonzero number on the first superdiagonal. Let B =T &T. Then
B is Qap-selfadjoint, and the pair (B, Qay) is unitarily similar to (J,(A\)@®J,(N), Qn®—Qr).

Proof. Let

Aty tn
T- ,
123
A
with to # 0. Then
0 @[T O [ 0 QT
wn= g Fllo 7= loir %
_ 3\
ty
B N B o
N A
to
N oty et

which is clearly selfadjoint. Hence, B is (J9,-selfadjoint.

Because #; = \ is real and t5 # 0, the Jordan normal form of both 7" and T is J,()).
Thus the canonical form of the pair (B, Qa,) is given by (J,(A) @ J,(\),e1Qn @ €2Q).
Therefore, there exists an invertible matrix S such that S™'BS = J,(\) @ J,()\) and

S*QonS = €1Q,, B £2Q),,. By using these equations and letting Q) = £1Q,, ® £2Q),,, we have
the following congruence:

5" Q2aBS = S*Q2,5S7'BS = Q (Ju(A) @ Ju(N)),
which leads to
5*Qun(B = A)S = Q (Jn(0) & Jn(0)),
and then by multiplying (S™'(B — AI)S)"~2 from the right, we have

S*Qon(B — AX"1S = Q (J,(0) @ J,(0)" . (2.16)
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Note that the matrix @Qy,(B — AI)"~! has only two nonzero entries: t5~ " in the (2n,n)
position and its complex conjugate in the (n,2n) position. Consequently, Qa,(B — \I)"!
has only one positive and one negative eigenvalue, namely =+ (tsfs) 51 and the matrix on
the right side of (2.16) has eigenvalues ¢; and €,. Hence, by Sylvester s law of inertia
€1 = —&9, and by reordering the Jordan blocks if necessary, we have that the pair (B, Q2,)
is unitarily similar to (J,(A) ® Jn (), @ @ —Q5,) as claimed. O

First we consider the case where m is even.

Theorem 2.2.13. Let B be an H-selfadjoint matriz with a spectrum consisting of only
negative real numbers. Then there exists an H-selfadjoint matriz A such that A™ = B, for
m even, if and only if the canonical form of (B, H), given by (J, Hg), has the following
form:

J = @Jk )@ T, (N), A eRT (2.17)

and
t

Hp = @ (Qr, @ (—Qx))) - (2.18)

J=1

Proof. Let B be an H-selfadjoint matrix with a spectrum consisting of only negative real
numbers and assume there exists an H-selfadjoint matrix A such that A™ = B, with m
even. Then the eigenvalues of A, which are mth roots of negative real numbers \; € o(B),
will be nonreal numbers. Since A is H-selfadjoint, the eigenvalues of A must be symmetric
relative to the real axis. Therefore, by Theorem 2.1.1, the canonical form of (A, H) is of

the form .
(@ (Jk (,U] S Jk ,Uj @Q% ) )

j=1
where ; is an mth root of \; € R™. This means that there exists an invertible matrix S
such that

t t

STAS = @B (Ji, (1) ® Ji, (1)) and  S*HS = P Qu,-
j=1 j=1

Consider S7'BS = (ST'AS)™ = @' _; ((Jr, (11))" & (Ji, (11;))™), which is S*HS =

@;:1 Qar;-selfadjoint. By Lemma 2.2.12, it follows that the canonical form of (B, H) is

(@ (J’fj()‘j) ©® ka<)‘j>) ) @ (ij ) (—ij))> .

Jj=1 J=1

Conversely, let B be an H-selfadjoint matrix and assume that the canonical form of
(B,H) is as in (2.17) and (2.18). We first consider the case of just one pair of blocks, so
assume

B=J,(\)&J,(\) and H=Q,& (—Qn),

with A a negative real number. Let p be an arbitrary mth root of \, and let A =
Jo(p) @ Jo(i1). Since m is even and A < 0, we have that p is nonreal; therefore the



2.2. EXISTENCE OF AN H-SELFADJOINT MTH ROOT 33

matrix A is Qqp-selfadjoint. Now, note that A™ has X on the main diagonal and then
Lemma 2.2.12 implies that the pairs (A™, Q)s,) and (B, H) are unitarily similar. Hence,
there exists an invertible matrix P such that the equations

P'A"P =B and P*Q.,P=H

hold. From Lemma 2.2.1 the matrix A := P~'AP is an H-selfadjoint mth root of B. In
the case where B consists of more than one pair of blocks, the construction can be applied
to each pair of blocks separately. O]

For the case where m is odd the following result holds.

Theorem 2.2.14. Let B be an H-selfadjoint matrixz with a spectrum consisting only of

negative real numbers. Then, for m odd, there exists an H-selfadjoint matriz A such that
A™ = B.

Proof. Let B be an n x n H-selfadjoint matrix with negative real eigenvalues. Assume
that the pair (B, H) is in canonical form and that B consists of a single Jordan block,
that is,

B=J,(\) and H =eQ,,

where ¢ = £1 and ) is a negative real number. Let p be the real mth root of A, and let
A= Jy (). Then the Jordan normal form of A™ is equal to B. Note that the matrix A
is H 4-selfadjoint where H, = 0Q),,, with 0 =1 or 6 = —1. Take § = . Similarly as in
Section 2.2.1, construct an invertible matrix P such that the equations

P'A"P =B and P*H4P=H

hold. Finally, it follows from Lemma 2.2.1 that the matrix A := P~'AP is an H-selfadjoint
mth root of B. In the case where B consists of more than one block, the construction is
applied to each block separately. O

We illustrate Theorem 2.2.14 with the following example.
Example 2.2.15. Let m = 5 and let the matrices B and H be given by

~1 1 0 0
B=|0 -1 1| and H=Q;= |0
0 0 -1 1

o = O

1
0
0

Then (B, H) is in canonical form. The eigenvalues of any fifth root of the matrix B are
fifth roots of —1. Construct the following matrix by using the real fifth root of —1, that
is, let A = J3(—1). Note that A is H4-selfadjoint, where H4 = Q3. Then

-1 5 -=10

Using the notation in Section 2.2.1, one can easily see that

2513 5y2 — 10y3 (0
pi=1 0 |, p2= 5Y3 and p3=y= |y,
0 0 Y3
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so we obtain the equations:

1= ¢1(y) = y*Ha(A® + 1)y = 2573y3,

0= ¢2(y) = y"Ha(A® + D)y = 5ysy2 — 10J3y3 + 552y,
0=3(y) =y " Hay = Ysth + Yoo + U19s.
One solution of these equations is the real vector y where y3 = 1/5, yo =
y; = —1/10. Thus we have a matrix

= 1/5 and
-1 =t
P =

—

matrix

110
0o 1|
5

such that the equations P~*A°P = B and P*H4P = H hold. Finally, we note that the

-1 1 2
. 5 25
A=pP'AP=10 -1 1%
0o 0 -
is an H-selfadjoint fifth root of B.

—_
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Chapter 3

Complex H-nonnegative square roots

Abstract. Roots of matrices are well-studied. The conditions for their existence are understood:
The block sizes of nilpotent Jordan blocks, arranged in pairs, have to satisfy some simple
algebraic property.

More interesting are structured roots of structured matrices. Probably the best known
example is the existence and uniqueness of positive definite square roots of a positive definite
matrix. If one drops the requirement of positive definiteness of the square root, it turns out that
there exists an abundance of square roots. Here a description of all canonical forms of all square
roots is possible and is straight forward.

H-nonnegative matrices are H-selfadjoint and are nonnegative with respect to an indefinite
inner product with an invertible Hermitian matrix H. An H-nonnegative matrix B allows a
decomposition in a negative definite, a nilpotent H-nonnegative, and a positive definite matrix,
B = B_ & By ® By. The interesting part is By, as only Jordan blocks of size one and two occur.
Determining a square root of B reduces to determining a square root of each of B_, By, and By.
Here we investigate for an H-nonnegative matrix its square roots without additional structure,
as well as its structured square roots that are H-nonnegative or H-selfadjoint.

For these three classes of square roots of H-nonnegative matrices we show a simple criterion
for their existence and describe all possible canonical forms. This is based mainly on known
results, but an important new part is that in all three cases we describe all possible square
roots of the nilpotent H-nonnegative matrix By explicitly. Moreover, we show how our results
can be applied to the conditional and unconditional stability of H-nonnegative square roots of
H-nonnegative matrices, where the explicit description of the square roots of By is used.

Keywords. Indefinite inner products, Square roots, H-nonnegative matrices.
AMS subject classifications. 15A21, 15A23, 47B50.

3.1 Introduction
The study of square roots of matrices dates back to 1858 [8]. Since 1858 numerous authors

have studied square roots of matrices. For example, a necessary and sufficient condition for
the existence of square roots of a complex matrix A is given in [9]. This condition relates

1'Up to some minor modifications this chapter has been published as follows: D.B. Janse van Rensburg,
M. van Straaten, F. Theron, C. Trunk. Square roots of H-nonnegative matrices, Linear Algebra and its
Applications, 621, (2021), 29-49.

37



38 CHAPTER 3. COMPLEX H-NONNEGATIVE SQUARE ROOTS

to the dimensions of nullspaces of powers of A. Other authors such as [2, 10, 14, 15, 17],
to mention but a few, focus on an efficient algorithm or a formula for square roots of a
matrix.

The problem of finding roots of matrices where certain extra requirements or structure
are imposed on the class of matrices studied and/or their roots, has also attracted a lot of
attention. For example, [1] studies roots of M-matrices that are M-matrices themselves
and [11] find results on Hamiltonian square roots of skew-Hamiltonian matrices.

Turning to indefinite inner product spaces, by definition [z, y] = (Hz,y) represents
the indefinite inner product between vectors x and y in C" where H is some Hermitian
and invertible matrix. Here (-, -) is the standard inner product in C". A complex n x n
matrix B is called H-selfadjoint if [Bx,y|] = [z, Byl, that is, ift HB = B*H. In [4] and
[16] H-selfadjoint square roots of H-selfadjoint matrices are studied. The canonical form
of all H-selfadjoint matrices having H-selfadjoint square roots is derived, as well as the
canonical form of the H-selfadjoint square roots.

A complex matrix B is called H-nonnegative if [Bx,x] > 0 for all z € C". The class
of H-nonnegative matrices is a subclass of the class of H-selfadjoint matrices and has
some very special properties, such as having a real spectrum and having Jordan blocks of
size at most two. We study square roots of H-nonnegative matrices and in Section 3.3 we
find necessary and sufficient conditions for the existence of square roots. We also give
explicit formulas for the square roots of nilpotent matrices. In Section 3.4 we characterize
all H-selfadjoint square roots of H-nonnegative matrices and find characterizations of
an H-nonnegative matrix with entries in C to have H-selfadjoint square roots, while in
Section 3.5 we find conditions for an H-nonnegative matrix to have an H-nonnegative
square root. Finally, Section 3.6 contains the theory regarding the stability of these
H-nonnegative square roots.

3.2 Preliminaries

The Jordan normal form plays an important role in this chapter. We denote an n x n
Jordan block corresponding to an eigenvalue A in a Jordan normal form by J,(\) and the
n X n sip matrix which has ones on the main anti-diagonal and zeros elsewhere by @),,.
Here “sip” stands for standard involutory permutation.

Let B be a square matrix which at eigenvalue A has in its Jordan normal form Jordan
blocks of sizes in decreasing order (ny,ng,n3, ..., n,). We call this the Segre characteristic?
of matrix B corresponding to the eigenvalue A\ (see for example the book by Shapiro [18]).

In the following theorem we recall the well-known canonical form given by (3.1) and
(3.2) for a pair (B, H), where B is an H-selfadjoint matrix and H is an invertible Hermitian
matrix (see for example [13]).

Theorem 3.2.1. Let H be an invertible Hermitian n X n matriz, and let B be an n X n
complex H -selfadjoint matriz. Then there exists an invertible n X n matriz S such that

2Here the Segre characteristic is defined somewhat differently than in Chapters 2 and 4, but the
difference is cosmetic and entails zeros that are dropped. In our subsequent definition of a Segre pairing
we do consider the zeros again.
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S='BS and S*HS have the form

ST'BS = Juy(A) @@ T, (Aa)

D [Trarr Rat1) © Jiars Qo)) @ -+ @ [T, (Np) @ Ty (Np)] (3.1)

where Ay, ..., Ay are real and Ao41, ..., Ag are nonreal with positive imaginary parts; and
S'HS =e1Qr, @+ D eaQry ® Qatary @+ Qo (3:2)

where €1, ..., are £1. For a given pair (B, H), the canonical form given by (3.1)

and (3.2) is unique up to permutation of orthogonal components in (3.2) and the same
simultaneous permutation of the corresponding blocks in (3.1).

Observe that only the blocks in (3.2) related to blocks in (3.1) with a real eigenvalue
possess a sign. The vector of signs (e1,...,&,) is called the sign characteristic of (B, H).

In the canonical form given by (3.1) and (3.2), for any i = 1,..., «, we say the block
Jr;(Ai) has positive sign characteristic if e; = 1, and negative sign characteristic if e, = —1.

H-nonnegative matrices have the following characteristics (taken from [13, Theorem
5.7.2]).

Theorem 3.2.2. A matriz B is H-nonnegative if and only if the following conditions
hold:

(i) B is H-selfadjoint;
(ii) B has a real spectrum;

(iii) the canonical form of the pair (B, H) is:

q r—q s t
STBS =@ Li(\) & P S(Agwi) & €D 1(0) & €D J2(0),
i=1 =1 =1 i=1

q r—q s t
STHS = @Ql ® @(_Ql) D @&Ql D @Qg,
i=1 i=1 i=1 i=1

where A\i,..., Ay > 0, A\gy1,..., A\ <0, and ¢;, = £1. Thus B has positive sign
characteristic at a nonzero eigenvalue \ if A > 0, and negative sign characteristic
if A < 0; each Jordan block of size 2 at the zero eigenvalue has positive sign
characteristic.

We frequently require Theorem 3.1 from [16] in some of the sections and therefore
present it here in an equivalent form without the “moreover” part.

Theorem 3.2.3. Let B be an H-selfadjoint matriz. Then there exists an H -selfadjoint
matriz A such that A?> = B if and only if the canonical form of (B, H) has the following
properties:

(i) the Jordan blocks corresponding to the negative eigenvalues exist in pairs and the
two Jordan blocks in each pair have opposite sign characteristic,



40 CHAPTER 3. COMPLEX H-NONNEGATIVE SQUARE ROOTS

(ii) the Jordan blocks corresponding to the zero eigenvalue can be written as JV @ J@ @
J® where JY is a direct sum of pairs J,,(0) @ J,,(0), J? is a direct sum of pairs
Jp(0) @ Jp,—1(0) and J® is a direct sum of 1 x 1 blocks and where the blocks in
each pair in JV have opposite sign characteristic and those in each pair in J@ have
the same sign characteristic.

3.3 Square roots

In this section we describe all square roots of H-nonnegative matrices, that is, the collection
of all matrices A such that A2 = B and B is H-nonnegative. Without loss of generality
we always assume B to be in Jordan normal form. The following result is well-known (see
for example [7]).

Theorem 3.3.1. Let B be H-nonnegative and in Jordan normal form. Write B as
B=B_ & By4 B, (3.3)

where 0(Bx) C R* and o(By) = {0}. A matriz A is a square root of B if and only if
there exist square roots A_, Ay, and Ay of B_, By, and B, respectively, such that

A=A @A @A, (3.4)

Proof. The partition of B follows from Theorem 3.2.2. Given square roots A_, Ap, and
Ay of B_, By, and By, respectively, it is obvious that A_ @ Ay ® A, is a square root of
B. We show the converse. Let A be a square root of B, that is, A> = B. Therefore, A
and B commute and, by [12, Theorem 3 in Chapter VIII], A allows a representation as in
(3.4). As A? = A2 @ A} @ A% we conclude that A_, Ay, and A, are square roots of B_,
By, and B, , respectively. O

It follows from Theorem 3.2.2 that B_ and B, are diagonalizable and, hence, they
have a square root. Therefore a square root of B exists if and only if a square root of B
exists according to Theorem 3.3.1. For this reason, we focus on the case where B = By is
a nilpotent H-nonnegative matrix. Let (nq,ns,...,n,) be the Segre characteristic of By.
We call a collection S of pairs of numbers from N = {n;}_, U {0} a Segre pairing if:

e cach entry in the Segre characteristic appears in one and only one pair of §;

e cach pair in § consists of two entries from the Segre characteristic or one entry from
the Segre characteristic and one zero, with the first entry greater or equal to the
second entry;

e the absolute difference between the two entries in each pair is at most one;

e the pairs are arranged lexicographically.

Note that a pair of the form (4,2), (2,0) or (0,0) is not a member of a Segre pairing.
In [7] it is shown that a matrix By has a square root if and only if there exists a Segre
pairing. By Theorem 3.2.2 we know that for each pair (m,n) in a Segre pairing of an
H-nonnegative matrix By, we have m < 2, n < 2 and |m —n| < 1. This leads to the
following characterization of square roots of a nilpotent H-nonnegative matrix.
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Theorem 3.3.2. Let By be a nilpotent H-nonnegative matriz. Then the following are
equivalent:

(i) By has a square root;
(ii) There exists a Segre pairing;

(iii) In the Segre characteristic of By, either there is an even number of entries equal to
two, or there is an odd number of entries equal to two and at least one entry equal
to one.

Proof. The items (i) and (ii) are equivalent, see [7].

By the definition of Segre pairing, assertion (ii) implies assertion (iii).

For the proof that (iii) implies (ii), we pair all the entries in the Segre characteristic
equal to two. If there is an odd number of entries equal to two, pair one 2 in the Segre
characteristic with a 1. Pair the rest of the entries equal to one with other entries equal
to one or with a zero. This forms a Segre pairing. O]

In the following theorem we describe all square roots of a nilpotent H-nonnegative
matrix related to a pair in S, which can be made explicit. As a by-product we also obtain
the Jordan normal form.

Theorem 3.3.3. Let By be a nilpotent H-nonnegative matriz in Jordan normal form
which has a Segre pairing S. Any pair of S is of the form

(2,2), (2,1), (1,1) or (1,0). (3.5)
These pairs correspond to Jordan blocks of the form Jo(0)®J2(0), Jo(0)®J1(0), J1(0)®J;1(0)

and J1(0), respectively, in the matriz By. The square roots of each possible pair in S are
as follows:

(i) The square root of J1(0) = [0], which is associated with the pair (1,0), is equal to [0].

Its Jordan normal form is J1(0) again.

(ii) The square roots of J1(0) @ J1(0), which is associated with the pair (1,1), are either
of the form

{ﬁ K } , for any complex numbers o, 8 with B # 0, (3.6)
—a

or [8 (())é} , for any complex number c. (3.7)

The Jordan normal form of all matrices in (3.6) and (3.7) is Jo(0), except in the
case in (3.7) where o = 0. In this case, the Jordan normal form is J1(0) & J1(0).

(iii) The square roots of Jo(0) & J1(0), which is associated with the pair (2,1), are of the

form
0 a p
0 0 0f, for complex numbers a and 3 # 0. (3.8)
0 % 0
B

The Jordan normal form of all matrices in (3.8) is J5(0).
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(iv) The square roots of Jo(0) & J2(0), which is associated with the pair (2,2), are either
of the form

_732’
V3 TVa T 4

)
0 - 0 ¢ (3.9)
a! 2 V3 V4
0 é! 0 3

L

for complex numbers v;, a nonzero 1, and where ay = 5 (1 + V3y2 — 2717374), O

7
0 1 72 73
00 0 =
0 % 0 —y | (3.10)
0O 0 0 0

for complex numbers ~y;, and nonzero 5. The Jordan normal form of all matrices

in (3.9) and (3.10) is J4(0).

Proof. The first statement follows from the form of By according to Theorem 3.2.2. It
can easily be checked that each of the matrices described in items (i) to (iv) is indeed a
square root of the given matrix. The necessity of the forms follows now per item.
Part (i) is trivial since the square root of a 1 x 1 zero matrix is the 1 X 1 zero matrix.
Part (ii): Consider a nilpotent matrix in Jordan normal form with Segre characteristic
(1,1), i.e. the 2 x 2 zero matrix. Let A be a square root, that is, A% =[99]. Then for the
two unit vectors ey, e; in C? we have A%e; = 0 and A%e, = 0. Let

Aey = aje; + Prea,

3.11
A62 = (€1 + 6262, ( )

where the coefficients o; and 3; are complex numbers. Multiply these equations by A and
use them again. Then we obtain the equations:

af + axf =0,
B3 + axf =0,
Bi(on + B2) =0,
ag(ay + f2) = 0.

Assume that ) is nonzero, then a; = —f and ap = —33/3;. This gives the form of any
square root, with left-lower entry nonzero, of the zero matrix of size 2 x 2:

which shows (3.6). Moreover, (3.11) implies Ae; # 0. As A%e; = 0 we see that the Jordan
normal form of the matrix in (3.6) is J5(0). Note that if 5 = 0, then a; = 55 = 0, and

the square root is
0 (6D)
0 0}’
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for any complex number as.

Part (iii): Consider a nilpotent matrix in Jordan normal form with Segre characteristic
(2,1):

unit vectors in C3. We have
A%e; =0: A’ey=e¢;; A3 =0. (3.12)
Let
A@j = Qj € + Bjez -+ V€3, (313)

for j =1,2,3, where o, ;, 7, are complex numbers. Multiply every equation in (3.12) by
the matrix A and compare with the equations in (3.13) multiplied by A2, then

prer =0; [seg =0;  [ae; = Aey. (3-14)

From the first two equations it follows that 5, = 0, 83 = 0, and from the last equation in
(3.14) using (3.13) with j = 1 we get

faer = areq + Y1e3,

which gives 73 = 0 and 3 = a;. Also, we multiply the last equation in (3.14) by A and
use (3.12) to get S = 0 and consequently ay = 0. Hence Ae; = 0. Next, we take the
expressions for Aey and Aes in (3.13), multiply both sides by A, and use the equations in
(3.13), (3.12) and Ae; = 0 to obtain

0= A263 = y3desz = yzaze; + 73?63,
e = A262 = 1 Aesz = yaze; + Y2y3€3.

From the first equation we conclude that v3 = 0 and then it follows from the second
equation that o3 = 1. Thus any square root of the matrix J2(0) & J1(0) is given by:

0 Qo Q3
00 0], (3.15)
0 Y2 0

where as, ag, 72 are any complex numbers such that v,a3 = 1. Then
Aeg = agey +yae3,  A(azer + nae3) = ypaze; = e, Aep =0,

and from yea3 = 1, it follows that (3.15) has Jordan normal form J5(0).
Part (iv): Consider a nilpotent matrix in Jordan normal form with Segre characteristic
(2,2):

J2(0) @ J»(0) =

o O O O
o O O O
o= O O

o O O
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and let A be a square root such that A? = J5(0) & J(0). Let ey, ..., eq be the four unit
vectors in C*. Then we have

A’ey =0; A’ey=e1; A%e3=0; Aey=es. (3.16)
Now, let
Aej = ajey + Bjes + yje3 + 0jey, (3.17)
for j = 1,2, 3,4, and where all coefficients are complex numbers. Now we multiply each
equation in (3.17) by A% and using (3.16) we obtain
A3€j :ﬁjel +6j€3, j = 1,...,4. (318)

By taking j = 1 and j = 3 in (3.18) and using (3.16) we obtain §; = 0; = f3 = d3 = 0.
Using (3.16) again, the equations in (3.18) for j = 2 and j = 4 become

A61 = 5261 + 5263 and A63 = 5461 + 5463. (319)
From (3.17) we also have
A@l = a1ey + Y1€3, A€3 = aze; + Y3€s3, (320)

and when we compare the coefficients of the unit vectors in (3.19) and (3.20) we obtain
the following:

Ba = a1, 02 =71, b1 = a3, 04 = 3.
Then the equations in (3.17) with j = 2 and j = 4 become

Aey = aser + ajeg + Yae3 + Y€y, (3.21)
A€4 = aye1 + azeq + Y4€3 -+ Y3€4. ’

Finally, we multiply the expressions for Ae; and Aes in (3.20) by A and use the equations
in (3.16), then:

j=1: 0=a1Ae; +nAes = (o +maz)er + (a1 + 7173)es,
J=3: 0= agde; +y3des = (azar + y3a3)er + (azn + 7??)63‘ (3.22)

From this we obtain equalities which gives

2
_ T3

ap = —73, Q3= —,
71

where we assume that 7, # 0. Using these expressions together with (3.16), and doing
the same with Aes from (3.21), we have

e1 = A(ager + arey + y2e3 + 1e4)
= ao(are; + 71e3) — y3(eer — y3ea + Yae3 + Y1€4) + Y2(azer + Y3e3)
+ 71(aaer + azes + yaes + Y3e4)
= (7104 + 7203 — Y3000) €1 + (2 + Y4) V163,
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which gives

1
az = —74, and ay= 2 (M + 7372 — 2vam) -
i
Then we obtain the matrix in (3.9). Now, note that the following hold:

Aey = ane; — Y32 + Y2e3 + V164,

Alaser — 3e2 + 12e3 + Yies) = Aey = ey,
Aey = ajer + €3,

A(are; + yie3) = A%e; =0,

and from v, # 0 it follows that (3.9) has Jordan normal form J,(0).
If v = 0 and a3 # 0, then from (3.22) we obtain that o; = 3 = 0. Once again we use
(3.20) and (3.21) in A%ey = e; and then we have v, = ais Hence, the square root is

0 Qg (3 Qy
0 0 0 a3
0 aLg 0 —Q9
0 0 0 0

Note that the following hold:

Aey = ayey + azes + V4€3,

2
Alaser + ages + yae3) = A’eyq = e,
Aes = aszey,

A(Ctgel) = 0,

and from ag # 0 it follows that (3.10) has Jordan normal form J,(0).
If 71 = a3 = 0, then it follows that Ae; = Aez = 0 which contradicts the equations in
(3.21) multiplied by A. O

We remark that the canonical forms found for the square roots in all cases correspond
with those given for the H-selfadjoint square roots found in [16, Theorem 3.1].

Agreement. Note that the Jordan normal forms of square roots of all types of pairs
in any Segre pairing are uniquely determined, except in the case for (1,1) (the second
item of Theorem 3.3.3), where it can be J»(0) or J1(0) @ J1(0). But a pair (1,1) in any
Segre pairing could just as well be replaced by two pairs (1,0), (1,0), which will also have
a square root with Jordan normal form J;(0) & J;(0) (the first item of Theorem 3.3.3).
Therefore, we agree not to allow [ 3] as a square root for a pair (1, 1), i.e., we exclude
a=01n (3.7) of Theorem 3.3.3. Thus, under this agreement, we have that the Jordan

normal forms corresponding to all pairs in a Segre pairing are uniquely determined.

We say that a square root is associated with a Segre pairing if it is a direct sum of
square roots associated with each pair of the Segre pairing (see Theorem 3.3.3). All square
roots of nilpotent matrices associated with a Segre pairing have the same Jordan normal
form.

Then the following result is obtained from Theorem 3.3.3:
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Corollary 3.3.4. Let By be a nilpotent H-nonnegative matriz. Then there is a one-to-one
correspondence between the Jordan normal forms of the square roots Ay of By and the
Segre pairings of By.

Thus two different Segre pairings of a matrix B, give two different Jordan normal
forms of square roots of By.

Example 3.3.5. Let BO = JQ(O) @D JQ(O) D Jl (0) D Jl (0) and H = QQ D QQ @D 51@1 @D 62@1,
where €1, = £1. Then By is H-nonnegative, see Theorem 3.2.2. The Segre characteristic
of By is (2,2,1,1). There exist three different Segre pairings. Any square root of By which
is associated with the Segre pairing (2,2), (1, 1), will have Jordan normal form J;(0)® J5(0).
Any square root which is associated with the Segre pairing (2, 2), (1,0), (1,0), will have
Jordan normal form J,(0) & J1(0) & J1(0), and finally any square root which is associated
with the Segre pairing (2, 1), (2, 1), will have Jordan normal form J5(0) & J3(0). That is,
a Segre pairing identifies the Jordan normal form of a square root, but not the square

root itself. There are many square roots related to a Segre pairing, as it is described in
Theorem 3.3.3.

Combining the singular and nonsingular cases, we can formulate the following result
which presents the Jordan normal form of all square roots. Let § be any Segre pairing of
an H-nonnegative matrix B. Furthermore, let ¢; denote the number of pairs (1,0) in S,
{5 the number of (1, 1) pairs in S, ¢35 the number of (2, 1) pairs in S, and ¢4 the number
of (2,2) pairsin S.

Theorem 3.3.6. Any square root of the H-nonnegative matriz B has the Jordan normal
form A=A_&® Ay ® A, with

q r—q
Av =B Nn6VN), A= (@447~ Ags)
=1 =1

where A\,..., g > 0 and A\g41,..., A < 0, counting multiplicities, ; = £1, and Ay 1is

given by
Zl 62 f3 £4
Ay =P 71(0) & @D 12(0) & €D J5(0) & €D J4(0).
i=1 i=1 i=1 i=1

The proof is trivial from Theorem 3.3.3 and Corollary 3.3.4.
Note that B_ and B, have a lot of square roots as can be seen in the following
example.

Example 3.3.7. Let the matrix B be given as
-3 0
B = Jl(_?’) S Jl(_3> - |: 0 _31 :
Then the following matrices are some of the square roots of B:

RV A B S o B (e
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3.4 H-selfadjoint square roots

Taking Section 3.3 further, we now investigate H-selfadjoint square roots of H-nonnegative
matrices B. We assume that the pair (B, H) is in canonical form. Hence by Theorem 3.2.2:

B= é Ti() @ E]S Ti(Agii) © EB J1(0) & @ J2(0),

H=Pe@P-)e@P=0e P,
i=1 i=1 i=1 =1

where Aj, ..., A, > 0, Ag41,..., A < 0, and ¢; = £1. For the following we denote by
sy (respectively, s_) the number of positive (respectively, negative) entries in the vector
(¢1,...,€s), hence we have

sS=S_+S;4.

Theorem 3.4.1. Let B be an H-nonnegative matriz in C**"™. Then B has an H -selfadjoint
square root if and only if B satisfies the following:

(i) B has no negative eigenvalues, that is, o(B) C [0, 00);

(ii) At the eigenvalue zero of B, the number of Jordan blocks of size one with positive
sign characteristic is not less than the number of Jordan blocks of size two, i.e.,

S+Zt.

Proof. Let B be an H-nonnegative matrix. Note that B is also H-selfadjoint by Theo-
rem 3.2.2. If conditions (i) and (ii) hold, then it follows from Theorem 3.2.3 that B has
an H-selfadjoint square root.

Conversely, assume that the H-nonnegative matrix B has an H-selfadjoint square
root A. Because of the structure of B as given in Theorem 3.2.2, it follows directly from
Theorem 3.2.3 that B cannot have negative eigenvalues. Regarding the second assertion,
Theorem 3.2.3 also implies that the blocks corresponding to the pairs (2,1) in the Segre
pairing have the same sign characteristic. In fact, from Theorem 3.2.2, they all have
positive sign characteristic. Consider a pair (2,2) in a Segre pairing of B which comes
from J5(0) & J2(0). By Theorem 3.2.2 each block has positive sign characteristic, but
Theorem 3.2.3 states that for J5(0) & J5(0) to have an H-selfadjoint square root, the two
blocks must have opposite sign characteristic. This means that a pair (2,2) can never be
a member of any Segre pairing for an H-nonnegative matrix. Consequently, all pairs in a
Segre pairing containing a 2 are of the form (2, 1), so there must be in B at least as many
Jordan blocks of size one with positive sign characteristic as the number of Jordan blocks
of size two. O

Remark 3.4.2. We mention that the “only if” part of Theorem 3.4.1 can also be obtained
by using known results on H-plus matrices and H-polar decompositions. Let B be an
H-nonnegative matrix. Assume that B has an H-selfadjoint square root A. Then we can
write B = AP A. Since [Bz,z] > 0 for all 2 € C" we have from [5] that A is an H-plus
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matrix since p(A) = infp, g-1[A" Au,u] > 0. The matrix A admits a trivial H-polar
decomposition: A = I - A. Finally, by part (c¢) of Theorem 3.4 in [5], see errata in [6], it
follows that B has no negative eigenvalues and by part (a) in the same theorem, it follows
that s, > t.

We now obtain an explicit description of all H-selfadjoint square roots of a nilpotent
H-nonnegative matrix Bj.

Theorem 3.4.3. Let By be a nilpotent H-nonnegative matrix in Jordan normal form
satisfying the second condition in Theorem 3.4.1 and having a Segre pairing S. Any pair
of § is of the form

(2,1), (1,1) or (1,0). (3.23)
This corresponds to Jordan blocks of the form Jo(0) & J1(0), J1(0) & J1(0) and J;(0),
respectively, in the matriz By. Then the H-selfadjoint square roots associated with each
possible pair in' S are as follows:

(i) The H-selfadjoint square root of J1(0) = [0], which is associated with the pair (1,0),
is equal to [0]. Its Jordan normal form is J;(0) again.

(ii) The H-selfadjoint square roots of J1(0) & J1(0), which is associated with the pair
(1,1), and where the two blocks have opposite sign characteristic, are of the form

{g :ﬂ , for any real o and complex B, || = |af.

The Jordan normal form of all matrices of this form is J5(0).

(iii) The H-selfadjoint square roots of J2(0) & J1(0), which is associated with the pair
(2,1), and where the two blocks have both positive sign characteristic, are of the form

0 a
0 0 0}, forreal o and complex 3, |B| = 1.
0 % 0

The Jordan normal form of all matrices of this form is J3(0).

Proof. Relation (3.23) follows from (3.5) and the fact that a pair (2,2) can never be a
member of any Segre pairing for an H-nonnegative matrix, with an H-selfadjoint square
root, which was shown in the proof of Theorem 3.4.1.

Assertion (i) is trivial. For (ii) we note that equations (3.6) and (3.7) give the possible
forms of square roots in this case. Firstly, for the matrix A as in (3.6), since J;(0) & J1(0)
is H-selfadjoint where H = £,Q)1 @ €201, for some ¢; = £1, we see that

0] [ =2 ca e,
HA — €1 5 | — |51 173
RS A R e

is equal to A*H = (HA)* if and only if o € R, &1 # &5 and |]> = o?. This gives the
H-selfadjoint square root associated with a pair (1, 1), as

{Oﬁé :g], where a € R, |5] = |af.
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As for (3.7), the matrix [§ §] is H-selfadjoint if and only if o = 0, but we agreed to exclude
this case for a pair (1,1), since it is covered by two pairs (1,0),(1,0).

For (iii) we note that J5(0) @ J;(0) is H-selfadjoint where H = Q5 @ £Q)1, but from
the proof of Theorem 3.4.1 we know that ¢ = 1. Let A be the matrix in (3.8), which is
associated with a pair (2,1). Then we have

010][0ap 00 0
HA=11 0 0l |0 0 0| =0 a B
00 1 0%0 0%0

This matrix is equal to A*H = (HA)* if and only if & € R and |3|° = 1. Therefore the
H-selfadjoint square root associated with a pair (2, 1) is

0 a fp
0 0 0], areal, |f]=1. O
0 % 0

The fact in (ii) of Theorem 3.4.3, that the two blocks in J;(0) & J;(0) should have
opposite sign characteristic for the existence of an H-selfadjoint square root, also follows
from Theorem 3.2.3. Of course, when the blocks J;(0) in B do not have the correct sign
characteristic to be paired as (1,1), they can be paired as two pairs (1,0), (1,0).

For the following result where the canonical form of the H-selfadjoint square roots
are given, let § be any Segre pairing of an H-nonnegative matrix B. Also, let ¢; denote
the number of pairs (1,0) in S, f5 the number of (1,1) pairs in S, and ¢3 the number of
(2,1) pairs in §. Although not necessary, we may (and do) assume here without loss of
generality that (B, H) is in canonical form where B is H-nonnegative.

Theorem 3.4.4. Let B be an H-nonnegative matriz satisfying the conditions in Theo-
rem 3.4.1. Assume that (B, H) is in canonical form. Then the canonical form of the pair
(A, H), where A is an H-selfadjoint square root of B, is given by:

q1 q2 4y Lo 43
S1AS = EB L) @ EB J(=VX) @ @ 1,(0) @ EB 1(0) & EB J5(0),

Q q2 5 Lo l3
SHS=PaePoes@ e e@ne.e@P s
i=1 i=1 i=1 i=1 i=1

for some invertible matriz S, where 1 + g2 = q, M1, ..., A\g > 0, the number ¢; is equal to
the sign characteristic of the corresponding block J,(0) in B, and n; = +1.

Proof. As o(B) C [0,00), see Theorem 3.4.1, the spectrum of A is real. This and
Theorem 3.4.3 show the form of S7'AS. The sign characteristics related to the blocks
Ji(v/Ai) and Ji(—+/);) follow from part (c) in [16, Theorem 3.1]. The sign characteristics
related to the blocks J;(0), J2(0) and J3(0) follow from part (d), (f), and (e), respectively,
in [16, Theorem 3.1]. O
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3.5 H-nonnegative square roots

In this section we study H-nonnegative square roots of H-nonnegative matrices.

Theorem 3.5.1. Let B be an H-nonnegative matriz in C**™. Then B has an H-
nonnegative square root if and only if the following properties hold:

(i) B has no negative eigenvalues, that is, o(B) C [0, 00);

(ii) B has no Jordan blocks of size two at the eigenvalue zero, that is, t = 0 in the
canonical form of (B, H) as given in Theorem 3.2.2.

Proof. Suppose that (i) and (ii) hold. Then by Theorem 3.4.1 (also, Theorem 3.2.3) B has
an H-selfadjoint square root, say A. The canonical form of (A, H) is given in Theorem 3.4.4
and with go =0, /3 =0and n; =1 forall:=1,...,¢;, Ais an H-nonnegative square root
of B.

Conversely, suppose B has an H-nonnegative square root A. By Theorem 3.4.1
o(B) C [0,00) and s, > t. But by Theorem 3.2.2 the Jordan normal form of A contains
no blocks J3(0) and J4(0), which by Theorem 3.3.3 would originate from pairs (2,1) and
(2,2) in a Segre pairing of B. Therefore, B can have no Jordan blocks of size two at the
eigenvalue zero. O

Remark 3.5.2. The “only if” direction in Theorem 3.5.1 may also be deduced from [3].
Indeed, suppose B is H-nonnegative, and has an H-nonnegative square root A. Then
B = A% = AFA. Moreover, A admits a trivial semidefinite H-polar decomposition:
A =1T-Ain terms of Section 5 in [3]. Hence it follows from Theorem 5.3 in [3] that B
has all its eigenvalues in [0, 00) and is diagonalizable, which implies in particular that the
Jordan blocks at zero are all of size one. In fact, from Theorem 5.3 in [3] one extra point
may be concluded, namely that dim KerA > max(sy,s_).

By Theorem 3.5.1 there exists an H-nonnegative square root for an H-nonnegative
matrix B if and only if the canonical form of the pair (B, H) is given by

S™'BS = é Ji(\) @ @ J1(0), (3.24)

q s
S*HS = @Ql D @52‘@17 (3.25)
i=1 i=1
for some invertible matrix S, where \; > 0 for all + = 1,...,q and ¢, = +1 for all

i=1,...,s. Note that the Segre characteristic of B is equal to (1,...,1). This implies
the following theorem.

Theorem 3.5.3. Let By be a nilpotent H-nonnegative matriz in Jordan normal form
satisfying the conditions in Theorem 3.5.1 and having a Segre pairing S. Any pair of S is
of the form

(1,1) or (1,0).

This corresponds to Jordan blocks of the form Jy(0) & J1(0) and J1(0), respectively, in the
matriz By. Then the H-nonnegative square roots associated with each possible pair in S
are given by the first two items in Theorem 3.4.5.
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We now also give the canonical form of the H-nonnegative square roots. Let S be any
Segre pairing of an H-nonnegative matrix B. Once again, let ¢; denote the number of
pairs (1,0) in S and ¢, the number of pairs (1,1) in S.

Theorem 3.5.4. Let B be an H-nonnegative matriz satisfying the conditions in The-
orem 3.5.1. Assume that (B, H) is in canonical form, i.e. S =1 in (3.24) and (3.25).
Then the canonical form of the pair (A, H), where A is an H-nonnegative square root of
B, is given by:

PlAP = é Jl(\/)\_i) S 619 J1(0) ® é J2(0),

q 01 lo
PPHP =P o P o P Qe
=1 =1 =1

for some invertible matrix P, where (; is equal to the sign characteristic of the corresponding
block J1(0) in B.

Proof. As H-nonnegative square roots of B are also H-selfadjoint, the form of P~1AP fol-
lows from Theorem 3.4.4 together with Theorem 3.5.1 and the fact that the H-nonnegative
matrix A cannot contain Jordan blocks related with negative eigenvalues of positive sign
characteristic, see Theorem 3.2.2. Moreover, Theorem 3.4.4 shows also the sign character-
istic related to the blocks J;(v/A;) and J;(0). The sign characteristic related to J5(0) was
shown in the proof of Theorem 3.5.1. O

3.6 Stability of H-nonnegative square roots

We give a definition for unconditional stability. Later, we relax this definition and consider
conditional stability.

Definition 3.6.1. An H-nonnegative square root A of an H-nonnegative matrix B is
called unconditionally stable if for all € > 0 there exists a 6 > 0 such that for all H-
nonnegative matrices B satisfying || B — B|| < 6, B has an H-nonnegative square root A
for which ||A — A|| < «.

Let B be an H-nonnegative matrix which satisfies the conditions in Theorem 3.5.1.
Assume that (B, H) is in canonical form. Let S be a Segre pairing of the matrix B. Let
{1 be the number of (1,0) pairs in S and ¢, the number of (1, 1) pairs. Then we can write:

12 Lo q
B =DB1® B, ® By = P J1(0) & P (11(0) © 11(0)) & ) (M),
=1 = = (3.26)

4y Lo q
H=H & Hy,® H; :@5iQ1@@(Q1@_Q1)@@Q17
i=1 i=1 i=1

where \; > 0, ; = +1. Note that by Theorem 3.5.3 the sign characteristics of the different
blocks in B are as in Theorem 3.4.3, but this can also be seen from [16, Theorem 3.1].

We follow the proof of [16, Theorem 3.3| for H-selfadjoint square roots with a few
adjustments to obtain the following result.
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Theorem 3.6.2. Let B be an H-nonnegative matriz. Then there exists an unconditionally
stable H-nonnegative square root of B if and only if in (3.26):

Proof. The blocks (By, H1), (Bs, Hy) and (Bs, H3) can be considered separately. Without
loss of generality we can also assume that the matrices By, H;, B, and H, are of the
simplest form, that is, only a single block for By and H; and only a single pair of blocks
for By and H,. Consider the matrices B; = J;(0) = [0] (associated with the pair (1,0))
and H; = —(Q); = [—1]. Then By is Hi-nonnegative. Let Bj(a) = [—a] be a continuous
family of matrices with a € [0,1]. Then Bj(a) is Hi-nonnegative and By(0) = B;. But
Bj(a) does not satisfy the conditions in Theorem 3.5.1 and therefore no H;-nonnegative
square root of Bj(a) exists for a > 0. This means that no Hj-nonnegative square root of
B is unconditionally stable.

Now consider the matrices By = J1(0) @ J1(0) = [§ 9] (associated with the pair (1,1))
and

=1 ® -0 = [(1) _OJ
Let
=y %] econ

be a continuous family of matrices. Then By(a) is Hy-nonnegative and By(0) = Bs.
Once again, though, By(a) does not satisfy the conditions in Theorem 3.5.1. Therefore
Bs(a) does not have an Hy-nonnegative square root for @ > 0 and this means that no
Hj-nonnegative square root of By is unconditionally stable. This implies (3.27).

Conversely, let B be an Hz-nonnegative matrix with only positive eigenvalues, thus
Hj is the identity and Bs is positive definite (see (3.26)). Let I' be a closed contour which
encloses all eigenvalues of B3 and which lies in the open right half plane. Let 6 > 0 be a
constant such that all of the eigenvalues of any matrix B for which ||Bs — Bs|| < & holds,
are enclosed by I'. Let Bs be an Hs-nonnegative matrix which satisfies || Bs — Bs|| < .
Then Bs is also positive definite. Thus, Bz and Bj each has a unique positive definite
square root A and Aj, respectively. Let v/ have a branch cut along the negative real
line. Then

=5 /\/—ZI Bs)™'dz and Ay = /\/_z] Bg) Ydz.
e 2ri

Consider

~ 1 ~
Ag — Ag = % \/E[(Z] — Bg)il — (ZI — Bg)il]dz,
r

and note that (21 — Bs)™' — (21 — Bs)™' = (21 — B3)~*(Bs — Bs)(zI — Bs)~!, then

40—l < o= [ [|VAGT= B (Ba— Ba)(eT — By

IN

~ 1 _ L
||B3—Bg||2—/|\/2| H(z[—Bg) (ol — By)™!
™ Jr

|dz| .
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Since T' is compact and (21 — Bs)~! is continuous in the entries of Bs, there exists a § > 0
for all € > 0 such that ||Bs — Bs|| < § implies

N2 = Bo) Ml = (=1 = Ba) | < e

Then, using the fact that /z is continuous on I" (thus, bounded),

~ -1
40— Aall < 1Ba— Ball o= [ VAL |67 = By

M| Bs — B,

where M is a constant that only depends on B3. Therefore we have that the H3-nonnegative
square root Aj is unconditionally stable.

For the case where H; = (); = [1], the matrix B is also H;-nonnegative and the
only square root of By is A; = [0]. Consider a sequence converging to zero entailing only
nonnegative numbers. Now form a sequence by taking the positive square root of each
number in that sequence. Then this sequence also converges to zero. This is enough to
prove that for every Bj converging to B; there exists an Hi-nonnegative square root Ay
that converges to Ap, i.e. Ay is unconditionally stable. m

We now define conditional stability to ensure that the matrix close to B admits an
H-nonnegative square root.

Definition 3.6.3. An H-nonnegative square root A of an H-nonnegative matrix B
is called conditionally stable if for all € > 0 there exists a 6 > 0 such that for all H-
nonnegative matrices B having at least one H-nonnegative square root, and satisfying
|B — B|| < 6, B has an H-nonnegative square root A for which ||A — A|| < e.

In the following theorem we find conditions for conditional stability of H-nonnegative
square roots of H-nonnegative matrices. Again, we closely follow the proof for H-selfadjoint
square roots in [16].

Theorem 3.6.4. Let B be an H-nonnegative matrixz. Then there exists a conditionally
stable H-nonnegative square root A of B if and only if in (3.26):

ly = 0.

Proof. Let By = J;(0) = [0] and H, = 0Q; = [0], with § = £1. The only square root of
By is Ay = [0]. If § = 1, by Theorem 3.6.2, A; is unconditionally stable and, hence also
conditionally stable. If § = —1, the only Hi-nonnegative matrix having an H;-nonnegative
square root, is the zero matrix. Therefore, consider the constant sequence 0,0,.... Then
it follows that the H;-nonnegative square root A; is conditionally stable.

Next, let By = J;1(0) @ J1(0) and Hy = Q1 & —Q1. We know from Theorem 3.5.3 that
any Hy-nonnegative square root of By is of the form

Ay = {g :(ﬂ for any a € R, g € C with || = +a.
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Note that, according to the Agreement in Section 3.3, we always consider o # 0. Consider
a continuous family of Hs-nonnegative matrices:

B(a) = [g 8} a0 1]

The only Hy-nonnegative square root of B(a) is [\65 8} but this matrix converges to the
zero matrix (and not As) as a converges to 0. Therefore, no He-nonnegative square root
of Bs is conditionally stable.

Lastly, let B3 be an Hz-nonnegative matrix with only positive eigenvalues. By Theo-
rem 3.6.2 there exists an unconditionally stable Hz-nonnegative square root As which is
then also conditionally stable. O]
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Chapter 4

Quaternion H-selfadjoint mth roots

Abstract. The complex matrix representation for a quaternion matrix is used in this chapter
to find necessary and sufficient conditions for the existence of an H-selfadjoint mth root of a
given H-selfadjoint quaternion matrix. In the process, when such an H-selfadjoint mth root
exists, its construction is also given.

Keywords. Quaternion matrices, Roots of matrices, Indefinite inner product, H-selfadjoint

matrices, Canonical forms.
AMS subject classifications. 15B33, 15A16, 47B50.

4.1 Introduction

Denote the skew field of real quaternions by H. The basic theory of quaternion linear
algebra can be found in various books and papers, see for example the book by Leiba
Rodman [10], and [13, 14]. Let m be any positive integer and let H be a square quaternion
matrix which is invertible and Hermitian. We focus on the class of selfadjoint matrices
relative to the indefinite inner product generated by H. In the general sense of the
definition, a square quaternion matrix A is said to be H-selfadjoint if HA = A*H.

If B is a square H-selfadjoint matrix with quaternion entries, we seek to find necessary
and sufficient conditions for the existence of an H-selfadjoint matrix A such that A™ = B.
This matrix A is referred to as an H-selfadjoint mth root of the matrix B.

It is well known that there exists a complex matrix representation for a matrix with
quaternion entries, that is, there exists an isomorphism w,, between the real algebra of all
n X n quaternion matrices and a subalgebra ()5, of the algebra of all 2n x 2n complex
matrices. The isomorphism w, maps an n X n quaternion matrix A = A; + jA,, where
A1, Ay € C™" to a 2n X 2n matrix:

A A
]

This fact simplifies our problem. Therefore, we find necessary and sufficient conditions for
the existence of an H-selfadjoint mth root in €2, of an H-selfadjoint matrix in §2,.

1'Up to some minor modifications this chapter has been published as follows: D.B. Janse van Rensburg,
A.C.M. Ran, F. Theron, M. van Straaten. mth roots of H-selfadjoint matrices over the quaternions,
FElectronic Journal of Linear Algebra, 37, (2021), 492-503.

o7
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Quaternion matrices in indefinite inner product spaces, and specifically different
canonical forms, were studied in [1, 4, 9, 11]. Not much research has been done on
roots of quaternion matrices, although [7] does give a formula for obtaining mth roots
of quaternion matrices of a particular form. On the other hand, in the complex case,
H-selfadjoint mth roots of H-selfadjoint matrices have been studied extensively. Necessary
and sufficient conditions for the existence of such roots can be found in [5]°. For the case
of H-selfadjoint square roots and applications to polar decompositions of H-selfadjoint
matrices, see [2], and for the case of square roots of H-nonnegative matrices, see [8]*. We
refer to the introduction of a previous paper [5]%, for an overview of mth roots of matrices
in general.

Note that in the process of finding an H-selfadjoint mth root A € Qs, of B € )y, the
functional analytic approach via the Cauchy integral:

1
A: / VA — B)~Ld),
r

" 2mi

which can be found for example in [6], would be sufficient in the case where there are no
eigenvalues of B in (—oo,0]. However, in this chapter, we prefer to take a more direct
approach also in the case where the eigenvalues do not lie on the negative real line.

4.2 Preliminaries

We recap the basic theory for quaternions and matrices with quaternion entries as found
in the book by Leiba Rodman [10]. Every element in H is of the form:
T =T + 211 + T2j + w3k,
where xg, x1, 22, x3 € R and the elements i, j, k satisfy the following formulas:
P=2=k=—-1, ij=—ji=k, jk=—-kj=1i, ki=—ik=]j.

It is important to keep in mind the fact that multiplication in H is not commutative, that
is, in general xy # yx for x,y € H. Let T = x¢ — z1i — x2j — x3k denote the conjugate
quaternion of z. For a quaternion matrix A, let A denote the matrix in which each entry
is the conjugate of the corresponding entry in A.

Let A be an n x n quaternion matrix, that is, A € H"*", and write A as A = A; +jA,
where A;, Ay € C™", The map w, : H"" — C?**2" is defined by:

Ar Ay
wn(A) = [—Ag AJ :

Then w, is an isomorphism of the real algebra H"*™ onto the real unital subalgebra

A A nxn
Oy 1= {[_Ag Aﬂ | A, Ay € C }

of C**2" The following properties can be found in [10, Section 3.4] and [13]. Let
X, Y € H"" and s,t € R be arbitrary, then

2Included in this thesis as Chapter 2.
3Included in this thesis as Chapter 3.
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(1 Wnp In) I2n;

) wn(
) wn(XY) = wn(X)wn(Y);
(ill) wp(sX +1tY) = sw,(X) + tw,(Y);
) wn(X7) = (wa(X))7;

)

X is invertible if and only if w, (X) is invertible; if so, then w, (X ™) = (w, (X))

Wn

(v

Note that the matrix X* € H"*™ is obtained from X € H™*" by replacing each entry
with its conjugate quaternion and then taking the transpose. This isomorphism between
H"™*™ and €y, ensures that results for matrices in H"*" that are purely algebraic are also
true for matrices in the subalgebra €25, since we can apply w,, and vice versa as long as
we stay within the subalgebra €25,,. All definitions that follow could also be made with
respect to matrices in {29,.

An n x n quaternion matrix A has left eigenvalues and right eigenvalues but since
we only work with right eigenvalues and right eigenvectors, we will refer to them as
eigenvalues and eigenvectors.

Definition 4.2.1. A nonzero vector v € H" is called an eigenvector of a matrix A € H™*"
corresponding to the eigenvalue \ € H if the equality Av = v holds.

The spectrum of A, denoted by o(A), is the set of all eigenvalues of A. Note that o(A)
is closed under similarity of quaternions, that is, if v is an eigenvector of A corresponding
to the eigenvalue A, then va is an eigenvector of A corresponding to the eigenvalue o=\,
for all nonzero av € H. From [13] we see that A has exactly n eigenvalues which are
complex numbers with nonnegative imaginary parts, multiplicity taken into account.
All eigenvalues of A are obtained from these n complex eigenvalues with nonnegative
imaginary parts by quaternion conjugation, and the Jordan normal form of A has exactly
these numbers on the diagonal. Let Cy = {a +ib|a € R, b > 0}.

Let a single Jordan block of size n x n at the eigenvalue A be denoted by J,(\). The
n X n matrix with ones on the main anti-diagonal and zeros elsewhere, called a standard
involutory permutation (sip) matrix, is denoted by @,,.

Recall the following definition from [12].

Definition 4.2.2. Let A be a square quaternion matrix with Jordan blocks @@;_, J,,,(\) at
the eigenvalue A in its Jordan normal form and assume that ny > ny >ng > ... > n, > 0.
The Segre characteristic of A corresponding to the eigenvalue \ is defined as the sequence:

Ny, N9, N3, ...,Nm 0,0, .. ..

We will use this definition mostly in the case where A is equal to zero unless indicated
otherwise and therefore sometimes will simply use Segre characteristic to refer to the
Segre characteristic of A corresponding to the eigenvalue 0. Note that the Jordan normal
form of matrices in the subalgebra {2, can be found from the Jordan normal form of
matrices in H™™ since w,(J,(A)) = J,(A) @ J,(A), for A € C. Then it is easy to see the
following result.
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Corollary 4.2.3. If a nilpotent matriz A is in Cs,, then each number in the Segre
characteristic of A occurs twice.

This actually holds for the Segre characteristic corresponding to any real eigenvalue in
the case where A € )y, has real numbers in its spectrum. However, only the nilpotent
case will be used later.

A matrix X € H"*" is said to be Hermitian if X* = X. Let H € H"*" be an invertible
Hermitian matrix. We consider the indefinite inner product [-, -] generated by H:

[z,y] = (Hz,y) =y Hr, z,ycH",

where (-, -) denotes the standard inner product. A matrix A € H"*" is called H -selfadjoint
if HA = A*H. Two pairs of matrices (A, Hy) and (As, Hs) are said to be unitarily similar
if there exists an invertible quaternion matrix S such that S=1A4,S = A, and S*H,S = H,
hold.

As in the complex case, there exists a canonical form for the pair (A, H) where
A € H™" is an H-selfadjoint matrix. This is given in, for example [1, Theorem 4.1], [9]
and [10, Theorem 10.1.1].

Theorem 4.2.4. Let H € H™"™ be an invertible Hermitian matriz and A € H™" an
H -selfadjoint matrixz. Then there exists an invertible matriz S € H™ " such that

STIAS = J,(M) @@ Ji,(\a)

Tioos Cast) 0 Ji(hs) 0
o |* 0 * ka(xam} DD [ i 0 g Jkﬁ@g)] . (41)

where \; € c(A)NR foralli=1,...,a, \; € 60(A)NCy foralli=a+1,...,5, and

S*HS =mQr, @+ DNaQry D Qokoyy @ -+ ® Qapy, (4.2)

where n; = +1. The form (S~'AS, S*HS) in (4.1) and (4.2) is uniquely determined by
the pair (A, H), up to a permutation of diagonal blocks.

We refer to the pair (S™'AS, S*HS) in (4.1) and (4.2) as the canonical form of the
pair (A, H) of quaternion matrices.

The following result from [5]* holds for quaternion matrices as well, but by applying
w, it also holds for matrices in the subalgebra €25,. We use it in the proofs throughout
this chapter.

Lemma 4.2.5. Let X and Y be n X n quaternion matrices such that the pair (X, Hy)
is unitarily similar to the pair (Y, Hy) where Hx € H"™"™ and Hy € H"™"™ are invertible
Hermatian matrices, that is, there exists an invertible matriz P € H™ " such that

P'XP=Y and P*HxP = Hy.

Let the matriz J € H™™™ be an Hx-selfadjoint mth root of X, that is, J™ = X. Then the
matriz A := P~YJP is an Hy-selfadjoint mth root of Y.

4Included in this thesis as Chapter 2. The specific reference is to Lemma 2.2.1.
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From the properties of the map w,, we see that a matrix A is invertible if and only if
wy(A) is invertible. Also, from Proposition 3.4.1 in [10], A is Hermitian if only if w,(A) is
Hermitian.

To find a canonical form for a pair ([1, H ) where A € Qy, is H-selfadjoint, and H € Qy,
is invertible and Hermitian, we apply w, to the equations (4.1) and (4.2). Denote the
right-hand side of (4.1) by J and the right-hand side of (4.2) by @ and then we have

(Wn(S))_lwn<A)wn(S) = wn(J),  wWn(S) wn(H)wn(S) = wn(Q).

The uniqueness follows from the fact that the canonical form of (A, H) is unique (The-
orem 4.2.4) and that w, is an isomorphism. Therefore, the canonical form of a pair of
matrices in (29, is as follows.

Theorem 4.2.6. Let H € o, be an tnvertible Hermitian matriz and Ae Qo an H-
selfadjoint matriz. Then there exists an invertible matriz S € Qs, such that ST'AS is
equal to

Jka+z‘(>‘a+i) 0 Jkg()\ ) 0
L e A W) EE e A I
T ) @ @ o (Aa) @ leWéAaH) ka(()Am)} S leB(()Ag) Jkﬁ(()Aa)] ,(4.3)

where \; € o(A)NR foralli=1,...,a, \; € 0(A)NC, foralli=a+1,...,5; and

S*HS =mQu & B 1aQro ® Qotry ® -+ & Qi
O MQry -+ D NaQky © Qorory © - ® Qogy, (4.4)

where 1; = +1. The form (S~YAS,S*HS) in (4.3) and (4.4) is uniquely determined by
the pair (A, H) up to a permutation of diagonal blocks.

We note at this stage that the canonical form of the nonreal part of an H-selfadjoint
matrix A must be of dimension a multiple of 4 due to the direct sums of Ji,(\;) and
Ji,(\i) occurring twice. It is crucial to ensure that all matrices throughout the proofs
are in ()9, and for this reason we give the following result to explain why we can study
different Jordan blocks separately.

Lemma 4.2.7. Let H1 = R1 @Rl, Bl = Jl D jl € an and H2 = RQ@RQ, B2 = JQ@ jg €
g, where By is Hy-selfadjoint and By is Ho-selfadjoint. Let Ay € (g, be an Hy-selfadjoint
mth root of By and Ay € Qg an Hs-selfadjoint mth root of Bs, and let their entries be as
follows:

1 71 2 72
o, o, o
—Ap A —Ajy A
Let B=J1 @ Jo®J1 @ Jo € sy and H = Ry & Ry ® Ry © Ry € Qapnypy. Then B is
H- selfadjoint and the following matrix Aisan H- selfadjoint mth root of the matrix B:
AV 0 A o
2 72
0, AT 0 A
— Al 0(2) Axy _(22)

A = and Ay =

A=
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Proof. Let P be the following permutation matrix:

I,
pP—

oo o
o oo
LN o o o

0
0
0

This P produces a map from Qy, & Qo) t0 Qo(n4p) which satisfies P(A; @ Ay) P~ = A.
We also then have P(By ® B,)P~' = B and P(H, ® H,)P~' = H. Therefore,

A™ = (P(A1 @ A)P™)" = P(A1 @ A)"P~' = P(B, @ By)P~' = B.

Now, by noting that P* = P~! and using the facts that By and A, are Hi-selfadjoint and
Bs an(j Ag are Hs-selfadjoint, it follqws that HB = B*H Emd HA = A*H. Therefore, A
is an H-selfadjoint mth root of the H-selfadjoint matrix B. O]

The matrix J; in Lemma 4.2.7 can be the Jordan normal form Ji.()) in the case where
A is real or the Jordan normal form Ji(A) @ Jix(A) in the case where A is nonreal.
In general, let the permutation matrix P be a 2¢ x 2¢ block matrix where the block in

the ith row and jth column is defined by:

Ly, ifj=2—1,i<t
Py={ Iy, , ifj=23G-1t),i>t (4.5)

0 otherwise.

Then we have, for example, that

t t

PED (Qr, ® —Qr, ®Qr, ® —Qi,) P =D (Qr, ® —Q,) @ P (Qk, @ Q) -
j=1

J=1 J=1

4.3 Existence of mth roots

We first present a very handy tool for working with quaternion matrices.

Lemma 4.3.1. Let H be an n x n quaternion matriz which is invertible and Hermitian,
and let B be an n X n H-selfadjoint quaternion matrix. There exists an H-selfadjoint
quaternion matriz A such that A™ = B if and only if there exists an H = wn(H)-selfadjoint
matriz A = w,(A) such that A™ = B, where B = w,(B) is an H-selfadjoint matriz in the
subalgebra g, .

Proof. From the properties of the map w, and the fact that it is an isomorphism from
H"™ " to Q,, we see that A™ = B if and only if (w,(A))™ = w,(B), and A is H-selfadjoint
if and only if w,(A) is w,(H )-selfadjoint. O

Because of this lemma, necessary and sufficient conditions for the existence of an
H-selfadjoint mth root of an H-selfadjoint matrix B are the same as the necessary and
sufficient conditions for the existence of an H-selfadjoint mth root of an H-selfadjoint
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matrix B where B, H € Q,. If we could work in C2**2" we would now be done by simply
referring to [5]°. However, since w, is an isomorphism between H"*" and the subalgebra
Oy, of C?*2" e have to be more careful.

We now first present in Theorem 4.3.2 our main theorem for the existence of H-
selfadjoint mth roots of H-selfadjoint matrices in €25,. The proof of this theorem may
be split into the following separate parts due to Lemma 4.2.7, viz. the case where B has
only positive eigenvalues, the case where B has only nonreal eigenvalues, the case where
B has only negative eigenvalues (separated into two cases for m even and for m odd),

and lastly, the case where B has only zero as an eigenvalue. These we state and prove in
Theorems 4.3.3, 4.3.4, 4.3.6, 4.3.7 and 4.3.9.

Theorem 4.3.2. Let B and H be matrices in the subalgebra an such that H is invertible
and Hermitian, and B is H-selfadjoint. Then there exists an H- selfadjoint matriz in Qay,
say A, such that A™ = B if and only if the canonical form of (B,H) has the following
properties:

L. When m s even, the part of the canonical form corresponding to the negative
eigenvalues, say (B_, H_), is given by

t

B_ = @ (ka ()\J> D Jk @ @ Jk EB ch (>\ ))

J=1

t

- @(Qk@ —Qx, @@ Qr, @ Qk)

j=1

where A\;j < 0.

2. The part of the canonical form corresponding to the zero eigenvalue, say (BU, I:[O), 18

given by
~ ¢ ) m t T m
Bi=@ P @ 4,0 | oD | PJn® e @ 4,0
J=b =1 i=rj+1 j=1 \ i=1 i=rj+1
and

:@ @€])Qa]+1@ @ g, Qaj @@ @5 Qa;+1 D @ ej)Qa] ,
j=1

= i=r;+1 = 1=r;+1

for some aj,r; € Z with 0 < r; < m. The signs are as follows, given in terms of n;,
where n; could be either 1 or —1: If r; (respectively m — ;) is even, half of egj) for
i=1,...,7; (respectively for i =r;+1,...,m) are equal to n; and the other half
are equal to —n;. If rj (respectively m — ;) is odd, there is one more of the 5§j) for
i=1,...,1; (respectively for i =r;+1,...,m) equal to n; than to —n;.

5Included in this thesis as Chapter 2.
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Note that it follows from Lemma 4.2.5 (which also holds for matrices in 2,) that it is
sufficient to assume that the pair (B, H) is in canonical form.

For the positive eigenvalue case, we now prove the following:

Theorem 4.3.3. Let B, H € Q. where H is invertible and Hermitian, and B is H-
selfadjoint with a spectrum consisting of only positive real numbers. Then there exists an
H -selfadjoint matrix in Qs,, say A, such that A™ = B.

Proof. Let B € Q,, be H-selfadjoint with only positive real eigenvalues, where H € Qy,
is invertible and Hermitian. We can assume that B = .J,(\) @ J,()\), where X is a positive
real number, and that H = £Q,, ® €Q,,, € = 1. To construct an mth root of B which is
H-selfadjoint and also in Qy,, we let J = J, (1) @ J,(u) where p is the positive real mth
root of A\. Then both J and J™ = (J,, ()™ @ (J, ()™ are H-selfadjoint, and the Jordan
normal form of J™ is equal to B. We now wish to find an invertible matrix P € s, such
that equations

PlJ"P=B and P*HP=H (4.6)
hold. To ensure that the first equation holds, let P = P; ¢ P, with
Py = [((Ja(u)™ =AD" (Jal))™ =MDy ],
Py = [(Ju(m))™ =AD"z oo (Ju())™ = A 2 2],

where y,z € Ker ((J,(u))™ — M)* = C" but y, z ¢ Ker ((J,(1))™ — XI)""". From the
choices of y and z, it is clear that P; and P, are invertible n x n matrices and hence
the 2n x 2n matrix P is invertible. Let z = ¢, so that P, = P;; then P is in {s,. Note
that P*HP = H if and only if PyQ),P1 = @, and since PyQ, P is a lower anti-triangular
Hankel matrix, P*HP = H holds if and only if

, 1 ifj=
DY) = [Py Pa) = 4" Qu (Ju())™ =AD"y = {0 H=t
ifj=2...,n

where ¢; ;(y) denotes the entries in the matrix P;@, P and p; denotes the columns in the
matrix P;. As illustrated in [5]°, one can easily find one solution to these equations by
assuming that y is real. Therefore, there exists a matrix P € {1y, satisfying the equations
(4.6). Then by using Lemma 4.2.5, the matrix A= P'JP is an H-selfadjoint mth root
of B, and A is also in (9, since P is. O

Now, for the nonreal eigenvalue case.

Theorem 4.3.4. Let B, H € Q,, where H is invertible and Hermitian, and B is H-
selfadjoint with a spectrum consisting of only nonreal numbers. Then there exists an
H -selfadjoint matrix in Qyy,, say A, such that A™ = B.

Proof. Let B € U, be H-selfadjoint with only nonreal eigenvalues, where H e Qu
is invertible and Hermitian. We can assume that B = J,(A) @ J,(A) @ Jo(A) © Ju(N),
where A is a nonreal number, and that H = )5, @ (2,. To construct an mth root of

Included in this thesis as Chapter 2.
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B, let J = Ju(u) ® Jo(fi) ® Jo(1) @ Ju(pr) where pu is any mth root of A. Then the
Jordan normal form of J™ is equal to B, and both J and J™ are H-selfadjoint. Let
P Pl@Pl@Pl@P1€Q4nwhere

Pr=[((a(u)™ =AD"y o ((Julw)™ = AD)y y],

with y € Ker ((J,(1))™ — MXI)" = C" but y ¢ Ker ((J,(1))™ — XI)"~". Then P*HP = H
if and only if PTQ,P = Q,, and according to the proof of Theorem 2.4 in [5], there
exists a solution to the latter equation. Hence, there exists an invertible matrix P € {y,,
such that the equations

Pl'J"P =B and P*HP=H

hold. Once again, by Lemma 4.2.5, the matrix A:= P~1JP is an H-selfadjoint mth root
of B and is in y,. O

Before stating the results for the negative case, we give the following result which was
obtained by applying w, to all matrices in Lemma 2.12 of [5]°.

Lemma 4.3.5. Let T € Qy,, be a diagonal block matriz consisting of an upper triangular
Toeplitz matrixz with diagonal entries ty, ..., t,, and its complex conjugate. Let the diagonal
entries \ = t1 be real, ty nonzero and B =T ©T. Then B is (Qan ® Qay)-selfadjoint, and
the pair (B, Qan © Q2,) is unitarily similar to

(Jn(A) & Jn(A) B Jn(A) B Jn(N), Qn B —Qn B Qr B —Qn)-

Turning to the case of the negative eigenvalue for a matrix B, we first point out that
if m is even, any mth root A will necessarily have only nonreal eigenvalues, so in order
for A to be H-selfadjoint, by Theorem 4.2.6, it (and so also B) would have to be in €y,.
We first prove a result for m even.

Theorem 4.3.6. Let H € Q4 be an invertible Hermitian matriz and let Be Oy, be an
H-selfadjoint matriz with a spectrum consisting of only negative real numbers. Then, for
an even posztwe integer m, there exists an H- selfadjoint matriz in Sy, say A, such that
A™ = B if and only if the canonical form of (B H) s given by

STIBS = @ (Ji;(\) @ Ji; () @ QB (Ji;(\) @ T, (N)) (4.7)
and . t
S*HS = @ (Qr, ® —Qx,) ® @ (Qr, ® —Qx;) , (4.8)
j=1 j=1

where A\; < 0 and S is some invertible matriz in (y,,.

"Included in this thesis as Chapter 2. The specific reference is to Theorem 2.2.4.
8Included in this thesis as Chapter 2. The specific reference is to Lemma 2.2.12.
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Proof. Let B be an H-selfadjoint matrix where both B and H are in Q4, and B has only
negative eigenvalues. Assume that there exists an H-selfadjoint mth root A € Qy, of B,
that is, A™ = B. Denote the eigenvalues of B by Aj, and let p; be any mth root of A;.

Since m is even, p; is nonreal. Thus from Theorem 4.2.6, we know that the Canonlcal
form of (A, H) is (J, Q) where

T =D (I, (1) @ Ji, (1)) & P (i, (1) & T, (115))

Jj=1 J=1

and . .
Q= @szj b @ngj,
j=1 Jj=1

for some ¢. Hence, there exists an invertible matrix P € {1y, such that the equations
P71AP = J and P*HP = @ hold. Consider

t

P7'BP = (PT'AP)" = @ ((J, ()™ @ (i, (1)) @EB (Jie, ()™ & (T, (1))™)

j=1
and note that this matrix is P*H P-selfadjoint. Next, by taking

Ty = (i (13))™ © (i (15))™

for j = 1,...,t, and applying Lemma 4.3.5 we have that (T; ® T}, Qak; ® Qax,) is unitarily
similar to

(i, (A5) @ Ji; (A) @ T, (A) @ Ty (Ng), Qi ® —Qu, & Qi & —Qsy)

for all j =1,...,¢. Therefore, by using the permutation matrix defined in (4.5), we see
that the canonical form of (B, H) is given by (4.7) and (4.8).

Conversely, let B be H-selfadjoint and such that the canonical form of (B JH ) is given
by (4.7) and (4.8), and let m be even. Assume that

B=J,N)&J,(\)@®J(N) & J,(A) and H=Q,®-Q,®Q, & —Qn,

where A < 0. Then let J = J, (1) ® Jo (1) & Jo(t) & J, (1) where p is any mth root of .
The number y is nonreal and therefore J is @Q-selfadjoint where Q) = @2, & Q2,,. Note
that the matrix J™ has A on its main diagonal and satisfies the conditions of T @& T
as in Lemma 4.3.5. Thus, it follows that the pair (J™, Q2, ® (2,) is unitarily similar
to the pair (B, H), that is, there exists an invertible matrix P € €, such that the
equations P~ 1JnP = B and P*QP = H hold. Finally, from Lemma 4.2.5, the matrix
A:=P1JP ey, is an H- selfadjoint mth root of B. O

Next, we give the negative eigenvalue case where m is odd. This case is similar to the
positive eigenvalue case.

Theorem 4.3.7. Let H € Oy, be an invertible Hermitian matriz and B € Oy, an H-
selfadjoint matriz with a spectrum consisting of only negative real numbers. Then, for m
odd, there exists an H-selfadjoint matriz in Qap, say A, such that A™ = B.
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Proof. Let B € Q,, be H-selfadjoint with only negative real eigenvalues, where H € Qy,
is invertible and Hermitian, and let m be odd. Assume that B = .J,(A\) @ J,(\) and
T =eQ, ®eQ,, where A < 0 and € = 1. Since m is odd, we can take it to be the real
mth root of A and let J = J,(p1) © Jn(p2). Then the Jordan normal form of J™ is equal to
B, and both J and J™ are H-selfadjoint. Similarly to Theorem 4.3.3, we can construct
an invertible matrix P € (), such that the equations

P'J"P =B and P*HP=H

hold. Therefore, from Lemma 4.2.5, the matrix A:=P1JP €y, is an H-selfadjoint
mth root of B. O

In the case where the matrix B has only the number zero as an eigenvalue, we instantly
notice a necessary condition for the existence of an mth root A of B. Note that A
is not necessarily H-selfadjoint. Since each number in the Segre characteristic of A
corresponding to the zero eigenvalue occurs twice (see Corollary 4.2.3) and from the way
mth roots are formed for nilpotent matrices, see for example [3] and [5]?, the m-tuples in
the Segre characteristic (or some reordering thereof) corresponding to the zero eigenvalue
of B have to exist in pairs, that is, there are two of each m-tuple. For example, with
m = 4, if the nonzero part of the Segre characteristic of a nilpotent matrix B € Qs is
(3,3,2,2),(3,3,2,2), then the nonzero part of the Segre characteristic of any mth root
A € Qy is (10,10).

Here we need another result from [5]° which was obtained by applying w, to all
matrices:

Lemma 4.3.8. Let A be equal to J,(0) ® J,(0). Then A™ has Jordan normal form

@ Jat1(0) ® @ Ja(0) @ EB Jar1(0) @ Q_B Ja(0),

i=1
where n =am +r, fora,r € Z, 0 <r <m.
We now give the result for this last case.

Theorem 4.3.9. Let H € s, be an invertible Hermitian matriz and B € Qy, an H-
selfadjoint matriz with a spectrum consisting of only the number zero. Then there exists
an H-selfadjoint matriz in Qo say A, such that A™ = B if and only if the following
properties hold:

1. There exists a reordering of the Segre characteristic of B such that each m-tuple
occurs twice and the difference between any two numbers in each m-tuple is at most
one.

2. By using a reordering satisfying the first property, the canonical form of (B, f[) 1
given by (Jp ® Jg, Hg ® Hp) where

JB - @ @ JajJrl @ Jaj (0) ’
7j=1 =1 1=r;+1

9Included in this thesis as Chapter 2.
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and

t 7 m

Hp = @ @51(‘j)@aj+1 D @ 51@69% ; (4.9)
j=1 \ i=1 i=rj+1

for some aj,r; € Z with 0 < r; < m. The signs are as follows, given in terms of n;,

where n; could be either 1 or —1: If r; (respectively m — ;) is even, half of the 55”

fori=1,...,r; (respectively for i =1r; +1,...,m) are equal to n; and the other

half are equal to —n;. If rj (respectively m —r;) is odd, there is one more of the sgj)

fori=1,...,r; (respectively fori=r;+1,...,m) equal to n; than to —n;.

Proof. Let B € Q,, be H-selfadjoint with only zero in its spectrum, where H € Qs is
invertible and Hermitian. Assume there exists an H -selfadjoint mth root Ae Qs,, that
is, A" = B. From Theorem 4.2.6 there exists an invertible matrix S € s, such that the
canonical form of (4, H) is given by

t t t t
STAS =P J,(0) @ @ I, (0) and S*HS = P n;Qu, & D0,
j=1 j=1 j=1 j=1

for some ¢, k; and signs n; = £1. Consider

t

STIBS = (ST'AS)™ = (P (i, (0))" & @(kam))m.

J=1

Therefore by using Lemma 4.3.8 and the permutation matrix defined in (4.5), the matrix
B has Jordan normal form:

@ <@ Jo;41(0) ® @ Ja; (0)> @ @ (@ Ja;+1(0) ® @ Jaj<0)) , (4.10)

where k; = a;m +1;, a;,r; € Z and 0 < r; < m. Hence, from (4.10), we see that there
exists a reordering of the Segre characteristic of B in which each m-tuple occurs twice
and where the difference between any two numbers in each m-tuple is at most one.

Since the Jordan normal form of B is given in (4.10), by Theorem 4.2.6 the corre-
sponding matrix in the canonical form is given by Hp & Hp where

t L] m
Hz =P Eéfﬁj)QajH@ P ., |.

j=1 \ i=1 i=rj+1

for 5§j) =+1,i=1,...,m, j=1,...,t. From the assumption that an H-selfadjoint mth
root exists, we know that the two properties given in [5, Theorem 2.5]'° hold. The second
property is used to find the signs of Hp. Thus, it follows: if r; (respectively m — r;) is

even, half of the 51@ for i =1,...,r; (respectively for i =r; +1,...,m) are equal to 7,

0Tncluded in this thesis as Chapter 2. The specific reference is to Theorem 2.2.5.
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and the other half are equal to —n;. If r; (respectively m — r;) is odd, there is one more
of the 6§j) fori =1,...,r; (respectively for i =r; +1,...,m) equal to n; than to —n;.

Conversely, let Bbe an H -selfadjoint matrix and suppose that the two properties in
the theorem hold. Assume from the first property that B = B; @ By € s, where

&:Q}&B%H@@Qa%mo,

and assume that H = H, @ H, where H, = Hpg is as in (4.9). Let

J = @th(()) ® @th(O),

where t; is the sum of the sizes of the blocks in B which correspond to one m-tuple,
that is, t; = rj(a; + 1) + (m — r;)(a;) = ajm + r;. Thus, by using Lemma 4.3.8 and the
permutation matrix defined by (4.5), the Jordan normal form of J™ is equal to B. Also,
let Q = @3:1 £;Qy, © @2:1 £;Q; where €; = n; is obtained from the signs of Hg, then
J is Q-selfadjoint. According to [5, Theorem 2.5]'!, there exists an invertible matrix P
such that

t t
PP (D) P=B1 and P (@De@, )P = Hi.
j=1 j=1
Let P = P, @ P,, then P is an invertible matrix in s, and the equations
P'J"P=B and P*QP=H

hold. From Lemma 4.2.5, the matrix A:= P 1JP € Qy, is an H-selfadjoint mth root of
the matrix B. O

HTncluded in this thesis as Chapter 2. The specific reference is to Theorem 2.2.5.



70

CHAPTER 4. QUATERNION H-SELFADJOINT MTH ROOTS



Bibliography

[1] D. Alpay, A.C.M. Ran and L. Rodman. Basic classes of matrices with respect to
quaternionic indefinite inner product spaces, Linear Algebra Appl., 416, (2006),
242-269.

[2] Y. Bolshakov, C.V.M. van der Mee, A.C.M. Ran, B. Reichstein and L. Rodman. Polar
decompositions in finite dimensional indefinite scalar product spaces: General theory,
Linear Algebra Appl., 216, (1997), 91-141.

[3] J.M. Borwein and B. Richmond. How many matrices have roots? Canad. J. Math.,
36(2), (1984), 286-299.

[4] D.Z. Djokovic, J. Patera, P. Winternitz and H. Zassenhaus. Normal forms of elements
of classical real and complex Lie and Jordan algebras, J. Math. Phys., 24, (1983),
1363-1374.

[5] G.J. Groenewald, D.B. Janse van Rensburg, A.C.M. Ran, F. Theron and M. van
Straaten. mth roots of H-selfadjoint matrices, Linear Algebra Appl., 610, (2021),
804-826.

[6] N.J. Higham. Functions of Matrices: Theory and Computation, SIAM, Philadelphia,
2008.

[7] M. Jafari, H. Mortazaasl and Y. Yayli. De-Moivre’s formula for matrices of quaternions,
JP J. Algebra Number Theory Appl., 21, (2011), 57-67.

[8] D.B. Janse van Rensburg, M. van Straaten, F. Theron and C. Trunk. Square roots of
H-nonnegative matrices, Linear Algebra Appl., 621, (2021), 29-49.

[9] M. Karow. Self-adjoint operators and pairs of Hermitian forms over the quaternions,
Linear Algebra Appl., 299, (1999), 101-117.

[10] L. Rodman. Topics in Quaternion Linear Algebra, Princeton University Press,
Princeton, 2014.

[11] V.V. Sergeichuk. Classification of sesquilinear forms, pairs of Hermitian forms, self-
conjugate and isometric operators over the division ring of quaternions, Math. Notes,
49, (1991), 404-414 (Translation from Russian).

[12] H. Shapiro. The Weyr characteristic, Amer. Math. Monthly, 106, (1999), 919-929.

71



72 BIBLIOGRAPHY

[13] F. Zhang. Quaternions and Matrices of Quaternions, Linear Algebra Appl., 251,
(1997), 21-57.

[14] F. Zhang and Y. Wei. Jordan canonical form of a partitioned complex matrix and its
application to real quaternion matrices, Comm. Algebra, 29, (2001), 2363-2375.



Chapter 5

Quaternion H-polar decompositions

Abstract. Polar decompositions of quaternion matrices with respect to a given indefinite
inner product are studied. Necessary and sufficient conditions for the existence of an H-
polar decomposition are found. In the process an equivalent to Witt’s theorem on extending
H-isometries to H-unitary matrices is given for quaternion matrices.

Keywords. Quaternion matrices, H-polar decompositions, Indefinite inner product, Witt’s
theorem, Extending isometries, Square roots of matrices.
AMS subject classifications. 15B33, 47B50, 15A23.

5.1 Introduction

Polar decompositions of real and complex matrices with respect to a given indefinite inner
product have been studied extensively. Necessary and sufficient conditions for the existence
of an H-polar decomposition in the real and complex case are given in [6], whereas in
[2] a description of the matrices admitting this decomposition can be found. See also
the literature referenced in [2]. Special cases of H-polar decompositions are studied, for
example, in [3, 4, 5], and in [10] stability of H-polar decompositions is studied. The study
of polar decompositions of quaternion matrices (in the standard inner product space) goes
back to 1955, see the paper by Wiegmann [12], and see also Proposition 3.2.5(d) in [11]
and [13].

Perusal of these studies suggests the need of results on the extension of isometries via
Witt’s theorem in the quaternion case, see [5] for the complex case. We also need results
on the existence of H-selfadjoint square roots and in [8]* the general case was studied
for quaternion matrices, that is, H-selfadjoint mth roots where m is any positive integer,
building on results for the complex case as found in [7]* and [10].

Let H be an invertible Hermitian matrix with quaternion entries which defines the
indefinite inner product [-,-]. It will be clear from the context which invertible Hermitian
matrix (or indefinite inner product) is meant, when we have more than one inner product

'Up to some minor modifications this chapter has been published as follows: G.J. Groenewald,
D.B. Janse van Rensburg, A.C.M. Ran, F. Theron, M. van Straaten. Polar decompositions of quaternion
matrices in indefinite inner product spaces, Electronic Journal of Linear Algebra, 37, (2021), 659-670.

2Included in this thesis as Chapter 4.

3Included in this thesis as Chapter 2.
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under consideration. For a given square quaternion matrix X, we wish to find necessary
and sufficient conditions for the existence of an H-polar decomposition, that is, such that
X = UA where U is an H-unitary matrix (unitary with respect to [-,-]) and A is an
H-selfadjoint matrix (selfadjoint with respect to |-, -]).

We work mostly with matrices in an indefinite inner product space and which have
quaternion entries. Basic theory of quaternion linear algebra can be found in various
books and papers, see, for example, the book by Leiba Rodman [11] and [13, 14].

In Section 5.2, we present some preliminary results, definitions and notation which are
necessary to follow this chapter. The conditions for the existence of H-selfadjoint square
roots of H-selfadjoint quaternion matrices are described in Section 5.3. In Section 5.4, we
pave the way for the rest of the chapter with an important result, which is crucial in our
proof for polar decompositions. Section 5.5 focuses on the theory of Witt extensions. We
give the conditions which prescribe the existence of a Witt extension in the quaternion
case as well as the form of such a Witt extension. These will be essential for the main
results. We obtain necessary and sufficient conditions for the existence of an H-polar
decomposition for a given quaternion matrix in Section 5.6.

5.2 Preliminaries

Denote the skew field of real quaternions by H. Every quaternion x € H has the form
T = xo+ 11+ x9)+ 3k, where z; € R and the elements i, j, k satisfy the following formulas:

=P =k>=—-1, ij=—ji=k, jk=—-kj=i, ki=—ik=].

Let £ = xg — x11 — x9j — x3k denote the conjugate quaternion of x. Denote the set of all
vectors with n quaternion entries by H"™. This set H" is considered as a right vector space;
therefore, scalar multiplication is from the right: va, where v € H", o € H. Remember
that multiplication in H is not commutative.

Let H™*™ denote the set of all m xn matrices in H and consider it as a left vector space.
A matrix A € H™*" can be interpreted as a linear transformation from H" to H™. We
will use the linear transformation and the matrix representing the linear transformation
interchangeably. Let A be an m x n quaternion matrix. Then we denote the m x n matrix
in which each entry is the conjugate of the corresponding entry in A by A. The transpose
of A is the n x m matrix denoted by A*. Note that every n x n quaternion matrix A can
be written as A = A; + jAy, where A; and A, are n X n complex matrices.

Definition 5.2.1. A nonzero vector v € H" is called a (right) eigenvector of a matrix
A € H"" corresponding to the (right) eigenvalue \ € H if the equality Av = v holds.

An n x n quaternion matrix A has left eigenvalues and right eigenvalues, but we only
need right eigenvalues and right eigenvectors and therefore omit the word “right”.

The spectrum of A, denoted by o(A), is the set of all eigenvalues of A and is closed under
similarity of quaternions. From [13], we see that an nxn matrix A has exactly n eigenvalues
which are complex numbers with nonnegative imaginary parts and the Jordan normal
form of A has precisely these numbers on the diagonal. Let C;. = {a+ib|a € R, b > 0}
denote the open upper complex half-plane. The Jordan normal form of a quaternion
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matrix is a direct sum of Jordan blocks, Ji()), corresponding to eigenvalue A € C, or
A € R and of size k x k. We also need the standard involutory permutation (sip) matrix
(a k x k matrix with ones on the main anti-diagonal and zeros elsewhere), and denote it
by Q-
The null space (or kernel) and the range (or image) of the matrix A € H™*" are as
follows:
KerA={zx e H"| Az =0}; Im A= {Az |z e H"}.

An n x n quaternion matrix H is said to be Hermitian if H* = H and skew-Hermitian if
H* = —H. The eigenvalues of a Hermitian matrix are real, see Theorem 5.3.6(c) in [11].
Let 7(H) denote the number of positive eigenvalues of the Hermitian matrix H.

We consider the indefinite inner product [-,-] defined by an invertible Hermitian
matrix H € H"" as follows [z, y] = (Hz,y) = y*Hz, for x,y € H", where (-,-) denotes
the standard inner product. It is important to note that the following is true for all
u,v € H" and o € H:

[z, y]" = [y, 2], [va,y] = [2,y]a;  [2,ya] = [z, y].

A subspace W of H" is said to be H-nondegenerate if x € W and [z,y] = 0 for all
y € W imply that x = 0. Otherwise W is H-degenerate.
Let WH! denote the H-orthogonal companion of the subspace W of H", that is,

WH = {z c H" | [z,y] = 0 for all y € W}.

In terms of the H-orthogonal companion, we have the following result for quaternion
subspaces. See Proposition 3.6.4 in [11].

Proposition 5.2.2. Let W be a subspace of H". Then the following are equivalent:
(i) W is H-nondegenerate.
(ii) W is H-nondegenerate.

(iii) W is a direct complement to W in H".

Definition 5.2.3. Let H; and Hs be the matrices associated with the indefinite inner
products [-,-]; on H" and [-,-]2 on H™, respectively. Let X : H* — H™ be a linear
transformation. Then X : H™ — H" defined by

[X[*]ya I]l = [y7 Xx]%
for all z € H", y € H™, is called the Hi-Hs-adjoint of X.

Note that we can also write X} = H'X*H,. In the case where n = m and
H = H, = H,, we call X = H-'X*H the H-adjoint of X. A matrix A is said to be
H -selfadjoint if A coincides with its H-adjoint. An n x n matrix U is said to be H-unitary
if [Uz,Uy| = [z,y] for all z,y € H", or equivalently, if U*HU = H. In terms of the
H-adjoint, we can also say U is H-unitary if UMU = I.
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With V' and W subspaces of H", a linear transformation (or its matrix representation)
U:V — W is called an H-isometry if [Uxz,Uy| = [z,y] for all z,y € V', or equivalently, if
U*HUx = Hx for all x € V.

Every pair (A, H) of quaternion matrices, where A is H-selfadjoint, has a unique
canonical form and it is interesting to note that it is identical to the canonical form
of complex matrices. This is also given in, for example [1, Theorem 4.1], [9] and [11,
Theorem 10.1.1].

Theorem 5.2.4. Let H € H™™™ be an invertible Hermitian matriz and A € H™™™ an
H-selfadjoint matriz. Then there exists an invertible matriz S € H™™™ such that

STTAS = J,(M) @@ Ji, (M)

T (hasr) 0 ] {Jk (As)
o a1 - DD 8 _ , 5.1
0 T (ast) 0 a0 U

where \; € o(A)NR foralli=1,...,a, \; € 6(A)NCy foralli=a+1,...,5, and
STHS =mQr, &+ D NaQry © Qorgyy B+ D Qapy, (5.2)

where n; = 1. The form (S7'AS, S*HS) in (5.1) and (5.2) is uniquely determined by
the pair (A, H), up to a permutation of diagonal blocks.

5.3 H-selfadjoint square roots

Necessary and sufficient conditions for the existence of a quaternion H-selfadjoint mth
root of a quaternion H-selfadjoint matrix were found in [8]*. The conditions are stated
for matrices in the subalgebra

L Al A2 nxn
e ([, 21 m e

of C**2n and H™" is isomorphic to s, by means of the isomorphism w, defined by

Ay z‘:12

wn (A1 +jAg) = |:_A2 A,

] ,  where A;, Ay € C™". (5.3)

Then for any n x n quaternion matrix B we have the following: The canonical form of
(wn(B),w,(H)) is given by (J @& J,Q @ Q) if and only if the canonical form of (B, H)
is given by (J, Q). To see this, apply w, to both sides of (5.1) and (5.2), and use the
properties w,(A*) = (wp(A))* and w,(A™!) = (w,(A))~!, where in the latter case, A is
invertible.

Now, for a given H-selfadjoint matrix B in H"*" we present necessary and sufficient
conditions for the existence of an H-selfadjoint square root of B (i.e., m = 2 in Theorem 3.2
stated in [8]°).

“4Included in this thesis as Chapter 4.
5Included in this thesis as Chapter 4. The specific reference is to Theorem 4.3.2.
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Theorem 5.3.1. Let B and H be n X n quaternion matrices. Let H be invertible and
Hermitian, and let B be H-selfadjoint. Then there exists an H-selfadjoint quaternion
matriz, say A, such that A*> = B if and only if the canonical form of (B, H) has the
following properties:

(i) The part of the canonical form corresponding to the negative eigenvalues \;, say
(B_,H_), is given by

t— t_

B =P (I e dy(N), H =P (Qre—Qx),

j=1 j=1
for some t_.

(ii) The part of the canonical form corresponding to the zero eigenvalue, say (By, Hyp), is

given by
to to
By = @B(j)’ Hy = @H(j)’
=1 j=1

for some ty and where each corresponding pair of matrices (BY, HU)) is given by
either

B(]) - Jaj+1(0) S Jaj (0)7 H(]) = anaJ‘-‘rl ¥ ana]‘7

or

BY =7, (0)® J,,(0), HY =Q, & —Qu,,

where 1; = £1 and in the former case a; is allowed to be zero.

5.4 First steps toward H-polar decompositions

Here we present a result for quaternion matrices which is a modification of Lemma 4.1
stated in [6] for complex matrices. We will need this later in the proof of the conditions
for an H-polar decomposition and it explains why we need a result on extensions of
H-isometries to H-unitary matrices. To this end, a quaternion version of Witt’s theorem
is proved later.

Lemma 5.4.1. Let Hy € H"" and Hy € H™™ be the invertible Hermitian matrices
which define indefinite inner products [+, -] on H" and |-, -]o on H™, respectively. Let X
and Y be linear transformations from H" to H™. Then Y can be written in the form

Y =UX,
where U s an injective Ho-isometry from Im X to ImY', if and only if both
yiHy = xMx (5.4)

and
Ker X = KerY (5.5)

are satisfied.
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Before we give the proof, here is an example as an illustration of why injectivity of U
is necessary in the lemma.

Example 5.4.2. Let n = m = 2 and let X and Y be given as

b By

Let Hy = Hy = {(1) (1) be the matrix defining the indefinite inner product on H2. Then
Im X = span { B} } and ImY = { {8} } Now suppose U : Im X — ImY is a linear

transformation such that Y = UX. For any «, 8 € H, we have

vlo) v o)), = e o=0
9610 )

Therefore, U is an Hs-isometry, but note that Ux = Uy = 0 for all x,y € Im X and it
does not imply that = = y, so U is not injective. Now,

0 1171 olfo 111 0 0 0
(%] _ —1 yv* o o
ATX = H, XH?X_L 0} {0 0} {1 0} {0 o}_[o 0}’
0 0
and YHY = 00 = XFX. However, we have

KerY =H? and Ker X = span { [(1)] } ,

thus the null spaces do not coincide. O

Now for the proof of Lemma 5.4.1. The proof is essentially the same as in [6], but a
change to right scalar multiplication was needed.

Proof. Suppose that Y = UX, where U is an injective Hy-isometry from Im X to ImY'.
Then
vHy = xHuHux = xHx.

Since U is injective, we have Ker Y = Ker UX = Ker X. Therefore, both (5.4) and (5.5)
hold.

Conversely, assume that both (5.4) and (5.5) hold. We want to find an injective
Hy-isometry between Im X and Im Y. Let the dimension of Im X be p and let {fi,..., f,}
be a basis of Im X C H™. Now let {ey,...,e,} be vectors in H" such that

Xei:fi, i:1,2,...,p, (56)
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and let g; be the image of e; under Y, that is,
g =Ye;, i=1,2,...,p. (5.7)

We prove that the set {g1,...,g,} is a basis of ImY". If for some quaternion scalars ; we

have
p
Zgi%’ =0,
i=1

then it follows from (5.7) and (5.5) that > 7  €;7, € KerY = Ker X. This implies that

p p
Jivi = Xzei%‘ =0,
i=1 i=1
but since { fi, ..., f,} isabasis, 1 =72 = - - - = 7, = 0. Therefore, the vectors {g1,...,g,}

are linearly independent. From (5.5) and the Rank Theorem (see Proposition 3.2.5(e) in
[11]), we have that dimImY = p and hence the p vectors in (5.7) form a basis of ImY".
Finally, define the linear map U’ : Im X — Im Y by

U/fi:gi7 221,2,,]?

Let a =", fiac; and b= >""_| fi8; be arbitrary vectors in Im X, o, 5; € H. Then using
(5.4), (5.6), and (5.7), it can be shown that [U’a, U'bls = [a, b]a:

[U'a,Ubly = [U(fion+-+ o), U (fiBr + -+ folBp)l2
gra1 + -+ Gpp, 181+ -+ GpBylo

Yejoy + -+ Yeyop, YeiSi 4 - + Ve Bl
st epy), Y(erfr 4o+ epf)lo
Y[*}Y(eloq + - Fepap), (e + -+ epfp)h
X[*]X(€1Oé1 + ot epay), (1B + -+ epfp)
Xejar + -+ Xepap, Xei i + -+ + Xepfy)o

Il
~
—~
®
—
e
—
_|_

and thus U’ is an Hs-isometry. Assume U'a = 0, then ) 7 | g;a; = 0 but the vectors
{91, ..., 9,} are linearly independent and therefore ¢ = 0. This implies that U’ is injective
and we conclude the proof. O]

5.5 Witt’s theorem

Witt’s theorem is known for vector spaces over the real and complex numbers, and gives
conditions for the extension of isometries between subspaces of F" (where F is the field of
real or complex numbers) to the whole of F". Witt’s theorem is an indispensable tool in
the study of H-polar decompositions. We extend Witt’s theorem to the quaternion case
by supplying a proof that is essentially the same as the proof of Theorem 2.1 in [5].
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Theorem 5.5.1. Let Hy, Hy € H"™" be invertible Hermitian matrices which define two
inner products [-,-]1 and [-,-]2 on H™, respectively. Assume that n(Hy) = n(Hs). Let
Uy : Vi — Vi be a nonsingular linear transformation, where Vi and Vy are subspaces in
H", such that

[Uoz, Uyl = [z,y|1  for every xz,y € V. (5.8)

Then there exists a linear transformation U : H" — H" such that
[Uz,Uyls = [x,y)y  for every z,y € H" (5.9)

and
Uxr =Upx for every x € V. (5.10)

Any linear transformation U with the property (5.9) is called H;-Hs-unitary and any
H,-Hs-unitary linear transformation that also satisfies (5.10) is called a Witt extension of
Up.

Proof. Let m be the dimension of V] and let {ey, ..., e, } be a basis of V; C H" such that

1 if i=57=mog+1,mg+2,...,mg+my,
lei,eji =<2 -1 if i=j=mog+my+1,mog+my+2...,m,

0 otherwise,

where mg +my +m_ = m. Thus, the Hermitian matrix describing the restriction of the
inner product [-,-]; to Vi has m, positive eigenvalues and m_ negative eigenvalues and
the multiplicity of zero is my.

The strategy that we follow is to construct a basis for H" using the basis for V; and
we start by forming Hi-nondegenerate subspaces where each contains one of the first my

basis vectors. Define a functional «; : H® — H for every ¢ = 1,2,...,m as follows:
a(x) =[x, e]1, 1=1,2,...,m.
Since o, . . ., oy, are linearly independent, there exist vectors €; € H" such that o (€;) = d;,

where 61’]’ =1ifq :j and (52']' =0if1 §£ j, that iS, [éj,ei]l = 51']' for all i = 1,2,...,771.
Then let
Wy =span{eg, ér}, k=1,2,...,my

and since [eg, ex]1 = 0 and [éx, ex]1 = 1, each Wy is Hj-nondegenerate. Note that for
ﬁk = _%[élmék]l; we have

[Er + exBr, ek +exBrli = [Er, Erl1 + [erBr, exBili + [Er, erBilr + [exBr, Exr

= [€k, €)1 + Bilew, ex)1 Bk + Bilér, ex)r + [ex, €)1 Bk
. 1 1

= [ekaek]l - E[émék]l - §[ék7ék]1 =0,

and
ek, €x + exfBili = [ex, €kl + Bylex, exlr = e, €xl1.
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Therefore, we can always replace the vector €, by €, + eg (—%[ék, ék]l) and thus without
loss of generality we can assume that [éy, éx]; =0 for k =1,2,... mg. Now, let

, 1 1

e, = (e — ép)—=, er = (ey + é)—=.
Simple calculations analogous to those above give the following:
e el = =1, el ef]i =1 and [e}, el =0.
It follows that the subspace W = Wiy + --- + W, + span {e;}icmo+1,...m 18 Hi-
nondegenerate and thus by Proposition 5.2.2 the H;-orthogonal companion W of W

is Hi-nondegenerate and WH! is a direct complement to W in H". Therefore, we can
append the vectors e, for s = 2mg+my +m_ +1,2mog+my +m_ +2,...,n to the set

/ / " "
{617 w5 Cimgr €15 - -5 Gy Emo+1y Emog 425 - - 'aem}

of 2mg 4+ m, + m_ vectors such that the resulting ordered set {g, ..., g,} will be a basis
in H" with the property

[9i, 9|1 = €i0i5, fori,j=1,2,...,n, whereeg; ==+1.

As a last step before we can define the extension, we look at the subspace V5. Let
fi = Uge; for i =1,2,...,m. We introduce vectors f, and f (for k =1,2,...,m) and

vectors fs (for s = 2mgo +my +m_ 4+ 1,2mg+my +m_ +2,...,n) in the same way we
introduced the vectors e}, e/, and e; but using |-, - ]2 instead of [-,-];. Then this will
result in a basis {hy,...,h,} of H". The hypotheses 7(H;) = m(Hs) and (5.8) in the
theorem statement ensure that [h;, hjlo = [gi, g;]1 forall 4,5 =1,... n.

Finally, we define the n x n matrix U by the equalities:

Ue,= fi, for k=1...,myg,
ey =fy, for k=1,...,myp,
Ue; = fj, for j=mog+1,...,m,

Ues = fs, for s=2mo+my+m_+1,...,n.

From the construction above, it is easy to see that the matrix U satisfies both (5.9) and
(5.10) and is therefore a Witt extension of Up. O

We next include an extended Witt’s theorem which gives a description of any Witt
extension of a given Uy. The proof in the quaternion case is once again essentially the
same as the proof of Theorem 2.3 in [5].

Firstly, we mention the following: using the same notation (and vectors) as in the
proof of Theorem 5.5.1, let

&= {615 <5 €mgy Cmo+1s - - Emy €15 - -5 mgs E2mgbmgdmo 415 - - - en}a (511)

F = {Uel, e Uem, Uél, e Uém07U€2m0+m++m,+17 o .,Uen}. (512)
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Note that the subspaces Vi and V, are spanned by the first m vectors of the bases of £
and F, respectively. The Gramian matrix of the basis £ with respect to [-,-]; (and of
the basis F with respect to [-,-]2) is equal to

0 0 In O
0 Ji 0 0
L. 0 o ol (5.13)
0 0 0 .J

where J; and Jy are both diagonal matrices with +1 and —1 on its diagonal. The first m,
diagonal entries of J; are +1 and the remaining m_ diagonal entries are —1. The matrix
Jo is the Gramian matrix of the last n —m — my vectors in (5.11) and we assume without
loss of generality that it has said form.

Theorem 5.5.2. Let U be a Witt extension of the n x n matriz Uy as in Theorem 5.5.1.
Then there exists a Jy-unitary matriz Py (of size n —m —mg), an (n —m —mg) X my
matriz Py, and a skew-Hermitian mqg X mqg matriz P3, such that the matriz of U has the
form

Ling 0 —%P; JoPy + Ps —P5JoPy
=~ | 0 Lym, 0 0
U=1, L 0 (5.14)
0 0 Py P

Here m = dim Vy and my s the algebraic multiplicity of the zero eigenvalue of the Gramian
matriz of any basis in Vy with respect to [-,-];.

Conversely, if Py is an arbitrary Jy-unitary matriz, Py is an arbitrary (n—m—mg) X mg
matriz, and P3 is an arbitrary skew-Hermitian mg X mqy matriz, then the matrix U defined
by (5.14) is a Witt extension of Uy.

Proof. To ensure that Uz = Upz for all z € Vi, any extension U of U in the bases (5.11)
and (5.12) has the form

A Ay
Az Ay
As Ag|’
Az As

h
Il

(5.15)

O O O~
O O ~N O

for some matrices A; with sizes the same as the corresponding blocks in (5.13). The
key to proving the theorem lies in the following: the matrix (5.15) is H;-Hs-unitary if
and only if H;'U*H,U = I. Using (5.13) and (5.15), a simple computation shows that
H;{'U*H,U = I holds if and only if

A; A;Jl U1z Ui4 I 0 0 O
0 I Ay Al |0 T 00
0 0 As Ag| [0 0O T 0Of (5.16)
JQAZ; JQAZ:]l Ug3  Ugq 00 0 I
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where

uis = AfA + A5 As + ATAs + AT Jp Az,
Wy = AIAg AT AL+ AT Ag + ATy As,
wgy = JoALAL+ BATT Ag + Ty ASAs + Jy AL Ty As,
was = T A Ay + BATT Ay + B AL A + T AL T As,

=

By equating the corresponding blocks in (5.16), we obtain the following:

As =1, A=A, =As=0, Ay = —AZJrAs, AgJoAs = Jo and A) + AT = —AZJ A7
(5.17)
When we write A; = $(A; + A7) + 1(A; — A7), where the first term is Hermitian and the
second is skew-Hermitian, we can use the last equality in (5.17) to find an expression for
A;. Then by taking Py = As, P, = A7 and Py = 3(A; — A7), the matrix (5.14) in the
theorem statement is derived and the proof is complete. O

5.6 H-polar decompositions

Finally, we are ready to give necessary and sufficient conditions for the existence of an
H-polar decomposition of a given quaternion matrix.

Theorem 5.6.1. Let H be an invertible Hermitian matriz in H™ ™. Then a given matrixz

X € H™" admits an H-polar decomposition, say X = UA for an H-selfadjoint A and
an H-unitary U, if and only if there exists an H-selfadjoint square root A of XX with
Ker X = Ker A.

Proof. Assume that there exists an n x n H-unitary matrix U and an n x n H-selfadjoint
matrix A such that X = UA. Then

XHX = (UAPUA = AMUMUTA = AA = A2,

that is, A is an H-selfadjoint square root of X X. Also note that U is invertible and
therefore,
Ker X = KerUA = Ker A.

Conversely, suppose that there exists an H-selfadjoint square root A of X*/ X that
is, XX = A% such that Ker X = Ker A. Since A is H-selfadjoint, we can write
XX = AMA. Then, by Lemma 5.4.1, there exists an injective H-isometry Uy from Im A
to Im X such that X = UyA. Note that the conditions in Theorem 5.5.1 are satisfied
where Vi = Im A and V, = Im X, and therefore we can form a Witt extension of the
H-isometry to the whole space H". That is, there exists a matrix U € H"*" such that
Uz, Uy] = [z,y] for all x,y € H" and Uz = Upx for all x € Im A. Hence, U is H-unitary
and X = UyA = U A which means that X admits an H-polar decomposition. n

Using Theorem 5.3.1, we can rewrite the criterion for the existence of an H-polar
decomposition as follows (similarly to Theorem 4.4 in [2]).
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Theorem 5.6.2. Let H € H™" be an invertible Hermitian matriz. Then a given
X € H™™™ admits an H-polar decomposition if and only if all of the following conditions
are satisfied.

(i) Each block in the canonical form of (XY X, H) that corresponds to a negative
eigenvalue \; of XM X is of the form

(ii) Each block in the canonical form of (X" X, H) that corresponds to the zero eigenvalue
of XWX is either of the form

(Bi, Hi) = (Ji,;41(0) @ J1, (0), 7:Qri1 ® 0iQk,)

or of the form
(Bi7 HZ) = (sz(o) > sz(o): ka D _ka) )
where n; = 1 and where k; is allowed to be zero in the former case. We use By

for the ko X ko zero matriz, that is, for all the single blocks J1(0), and Hy for the
corresponding ko X ko diagonal matrix with +1 and —1 on the diagonal.

(iii) Let ¢; denote the size of a block B;. There is a choice of basis {ei,j}?;0§;1 wn H"
which produces the canonical form in the second assertion and

Ker X =span{e;1 +€ip+1 | li =2k, i=1,...,m} (5.18)
@span{e;1 | (; =2k, —1,i=1,... m}® span{eovj};?ozl.

Proof. Let X € H"™" be given and suppose that assertions (i) to (iii) in the theorem
statement hold. We want to prove that there exists an H-selfadjoint square root A of
XMX for which Ker X = Ker A holds. Then by Theorem 5.6.1, the matrix X admits
an H-polar decomposition and the proof is complete. Since (i) and (ii) are satisfied,
Theorem 5.3.1 implies that X* X has an H-selfadjoint square root. The strategy that
we now follow is to construct for each block B; as in (ii) of the theorem statement, an
H;-selfadjoint matrix A; such that A? = B; and Ker A; = Ker X N span{e; J} . Firstly,
let B; be of even size, say ¢; = 2k;, k; > 1. As in the proof of Theorem 4.4 in [ ], let S; be
the matrix with columns

(67,1 +62k+1)

o

27 (ezl _ezk-l—l)\/ia (622_"67,161—&—2)% (612 _ezk+2)

(ei7ki + ei,%i)\%v (ei7ki — €i2k; )

o
%|~

Then A; = S;Jo,(0)S; ! is an H;-selfadjoint square root of B; and

Ker A; = span{e;; + €, 5,11} = Ker X N span{ei7j}§":1.

Secondly, let B; be of odd size, say ¢; = 2k; — 1, k; > 1. Again, as in [2], let S; be the
matrix with columns

€i1y Ciki+15 €02y Ciki+25- -y Ciki—1y €i2k;—1, Cik;-
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Then A; = S;Jor,—1(0)S; ! is an Hj-selfadjoint square root of B; and

Ker A; = span{e; 1} = Ker X N span{ei,j}fi:l.

Hence, if A is the H-selfadjoint square root of B consisting of a direct sum of all the A;’s,
then we have that Ker X = Ker A.

Conversely, suppose that X € H"*" admits an H-polar decomposition, say X = UA,
where U € H"*" is H-unitary and A € H"*" is H-selfadjoint. By Theorem 5.6.1, the H-
selfadjoint A is a square root of the H-selfadjoint matrix XX for which Ker X = Ker A
holds. Since XX has an H-selfadjoint square root, the canonical form of the pair
(XM X, H) satisfies the conditions in Theorem 5.3.1. Thus, assertions (i) and (ii) hold
and there exists a choice of basis {ei,j};‘z0§;1 in H" which provides the canonical form
as given in (ii). Using this basis and a construction for A, as was done above, one can
easily see that Ker A is equal to the right-hand side of (5.18) and since Ker X = Ker A,
we conclude the proof. O

Remark 5.6.3. Since there exists an isomorphism between H"*" and ()5,, all of the
results and specifically the conditions for the existence of an H-polar decomposition are
also true in y,. In a previous paper, [8]°, proofs were given for matrices in €, as well
as an explanation that they are also true for matrices in H"*" via the isomorphism w,,
as defined in (5.3). Here, however, we took a direct approach and proved the results for
quaternion matrices.

Included in this thesis as Chapter 4.
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