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COMPARISON OF CONGRUENCES AND STRICT EQUIVALENCES
FOR REAL, COMPLEX, AND QUATERNIONIC MATRIX PENCILS
WITH SYMMETRIES*

LEIBA RODMANT

Abstract. The equivalence relations of strict equivalence and congruence of real and complex
matrix pencils with symmetries are compared, depending on whether the congruence matrices are
real, complex, or quaternionic. The obtained results are applied to comparison of congruences of
matrices, over the reals, the complexes, and the quaternions.
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1. Introduction. Let [F be the real field R, the complex field C, or the skew field
of real quaternions H. Fix an involutory antiautomorphism ¢ of F, in other words, a
bijective map ¢ : F — T having the properties that

d(zy) = ¢(y)p(x) and Pz +y) =d(x) +é(y) V z,y€F

and

o(dp(x)) =2 V xePl.

We assume furthermore that ¢ is continuous. (Note that in contrast to the complex
case F = C, every antiautomorphism of R and of H is automatically continuous.) In
particular, ¢ is the identity map if F = R, and ¢ is either the identity map or the
complex conjugation if F = C. Denote by F™*"™ the set of all m x n matrices with
entries in IF, and let S € F**™ stand for the matrix obtained from S € F™*" by
applying entrywise the antiautomorphism ¢ to the transposed matrix ST € Fn*™,

We consider ordered pairs of matrices (A, B), where A, B € F™*™ or equivalently,
matriz pencils A+ tB; here, t is assumed to be a real valued independent variable, in
particular, ¢ commutes with A and B. The equivalence relation of strict equivalence
is defined on the set of matrix pencils of fixed size m x n: Matrix pencils A 4+ tB and
A’ +tB’, where A, B, A’, B’ € F™*™ are said to be strictly equivalent, or F-strictly
equivalent if F is to be emphasized, if there exist invertible matrices S € F™*™,
T € F™*™ such that the equality

(1.1) S(A+tB)T = A +tB, V teR,
holds. Equality (1.1) clearly amounts to
SAT = A/, SBT =DB.
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For matrix pencils of square size (m = n), also the equivalence relation of congru-
ence (which depends on ¢) is defined: Matrix pencils A + ¢B and A’ 4+ ¢B’, where
A, B, A", B" € F**™ are said to be congruent, or more precisely ¢-congruent, if there
exists an invertible matrix S € F™*™ such that the equality

(1.2) S?(A+tB)S=A +tB', V teR,

holds. Of particular interest in this respect are the cases when A and B have certain
symmetry properties with respect to ¢, namely A = +A?® and B = £B? (the signs
need not be the same for A and B). It is easy to see that such symmetry properties
are preserved under ¢-congruence.

Canonical forms of matrix pencils under strict equivalence, and canonical forms
of matrix pencils with a symmetry property under congruence play a central role in
many applications of matrix analysis. In the real and complex cases, these canonical
forms are classical and can be found in numerous sources (see, e.g., [21] where many
bibliographical references are provided, or more recent expositions [11], [12]). In
the quaternionic case the literature on canonical forms is not nearly as extensive;
we mention here the books [1], [2] (the latter contains a detailed treatment of the
subject), and a list (far from compete) of relatively recent papers [4], [10], [16], [17],
(18], [19], [20].

In the present paper we study comparisons between the equivalence relations
of strict equivalence and congruence of matrix pencils with symmetry defined over
different F’s. To formulate the problems precisely, let F’ be the real or complex field,
with its own continuous involutory antiautomorphism ¢’ (thus, ¢’ is either the identity
or (in the complex case) complex conjugation), and assume that F’ is a proper subfield
of F and that ¢ when restricted to F’ coincides with ¢’. The following are the main
problems addressed in the present paper.

PROBLEM 1.1. Assume that A+ tB and A’ +tB’, where A, B, A’ B’ € F'"X",
are matriz pencils with a symmetry property with respect to ¢'.

(a) If A+ tB and A’ + tB’ are ¢-congruent, in other words,

SP(A+tB)S = A +tB’

for some invertible matriz S € F"*" what can we say about the ¢’ -congruence between
A+tB and A’ +tB'?

(b) If A+ tB and A’ +tB’ are F-strictly equivalent, what can we say about the
' -strict equivalence of A +tB and A’ +tB'?

PROBLEM 1.2. Under the hypotheses of Problem 1.1, identify those pencils A+tB
for which:

(a) A pencil A'+tB’ is ¢-congruent to A+tB if and only if A’+tB’ is ¢'-congruent
to A+tB.

(b) As in (a), but with respect to F-strict equivalence and F’-strict equivalence.

Note that without the hypothesis on A + ¢tB and A’ + tB’ having the symmetry
property, the answers to parts 2 of Problems 1.1 and 1.2 are well known, and are
given in terms of the Kronecker forms of the matrix pencils.
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As a corollary of a solution of Problem 1.2 we obtain necessary and sufficient
conditions for a matrix Y € F™*™ to have the following property: For any matrix
X € F'm*"_if there exists an invertible S € F"*" such that S?XS = Y, then there
exists also an invertible R € F'"*" such that R* XR =Y. See Theorems 3.2, 4.6, 7.6
for more details.

It will be convenient to introduce the classification of symmetries to be used in the
present paper into 5 cases, as follows. Let ¢ is a fixed involutory antiautomorphism,
in short iaa, of F which is assumed to be continuous. The 5 cases are:

(I) F=R, o=id; (II) F=C, o=id; (III) F=C, o = complex conjugation;
(IV) F =H, o = quaternionic conjugation;

(V) F=H, o =iaa different from quaternionic conjugation.

In the sequel the iaa’s of H different from the quaternionic conjugation will be termed
nonstandard. We note that all nonstandard iaa’s of H are similar to each other (and
are not similar to the quaternionic conjugation): If 7y, 7o are two such iaa’s, then
there exists an automorphism o of H such that

(1.3) mi(a) = o (m(o(a))), ¥V acH.

This property, as well as and many other properties of iaa’s to be used later on in the
present paper, follows easily from the following known description of iaa’s (see [15],
[16], for example):

PropPOSITION 1.3. A map ¢ : H — H is an iaa if and only if ¢ is real linear,
and representing ¢ as a 4 x 4 real matriz with respect to the basis {1,i,]j,k}, we have:

1 0
o=l 2]
where either T = —I5 (in which case ¢ is the quaternionic conjugation) or T is a
3 x 3 real orthogonal symmetric matriz with eigenvalues 1, 1, —1.
In view of (1.3), indeed all nonstandard iaa’s can be treated in one category (V).
We also note that if o is a nonstandard iaa of H, then there is a unique (up to
multiplication by —1) quaternion 3 such that 3% = —1 (this equaity holds if and only

if § has norm 1 and zero real part) and o(8) = —3. Conversely, for every § € H with
3% = —1 there exists a unique nonstandard iaa ¢ of H such that

(1.4) o(B) = —p.

We will often use the notation (V) instead of (V) to indicate that the iaa o in
question is such that (1.4) holds.
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Let A,B,A’, B’ € H"™"™ (in particular, the case when A, B, A’ B’ are real or
complex matrices is not excluded). We say that the matrix pencils A + ¢B and
A" +tB" are ()-, (1), (III)-, (IV)-, or (V) -congruent, respectively, if the equality

ST(A+1B)S =A' +1B'

holds for some invertible S € F"*" where F and o are determined by (1), (II), (IIT),
(IV), or (V) 4, as the case may be, and where in addition in the case (V),; we assume
that (1.4) holds. Clearly, each of these congruences is an equivalence relation.

We now review briefly the contents of the paper section by section. Section 2
is preliminary, and contains well known background information (to be used in the
present paper) on quaternionic linear algebra. In Section 3 we study Problems 1.1 and
1.2 in the case when [’ is the real field. It turns out in particular, that for real matrix
pencils with a symmetry, congruence (using the complex or quaternionic conjugation)
with a complex or quaternionic congruence matrix is equivalent to that with a real
congruence matrix, whereas (V)-congruence is the same as R-strict equivalence. The
main results there are Theorems 3.1 and 3.3. In Section 4 we study Problems 1.1 and
1.2 in the case when F/ = C, F = H, ¢’ is the identity map, and ¢ is a nonstandard
iaa. In this case, it turns out that H-strict equivalence is the same as (IV)-congruence
(Theorem 4.2). The comparison of congruences over the complex field and of con-
gruences over the skew field of quaternions is given in terms of canonical forms of
complex matrix pencils with symmetries (Theorem 4.4).

Next is the case when F/ = C, F = H, ¢’ is the complex conjugation, and ¢ is the
quaternionic conjugation, which is considered in Sections 5 and 6. Here, it turns out
that it is convenient to consider canonical forms for complex hermitian matrix pencils
under congruence, depending on the particular symmetry of the given matrix pencil
A+1tB, where A, B € C"*": If A= A*, B= —B*, then we use the canonical form of
the hermitian matrix pencil A+t¢iB (i is the complex imaginary unit), and if A = —A*,
B = —B*, then we use the canonical form of the hermitian matrix pencil iA + tiB.
In the latter case, we obtain in particular the fact that H-strict equivalence is the
same as C-strict equivalence (Theorem 5.3). The more difficult case when A = A*,
B = —B* is treated separately in Section 6. Here the main results are Theorems 6.1
and 6.3.

Finally, the situation when F' = C, F = H, ¢’ is the complex conjugation, and ¢
is a nonstandard iaa, is dealt with in Section 7. For skewhermitian complex matrix
pencils, it turns out that C-strict equivalence coincides with H-strict equivalence, and
an analogous statement holds for congruence (Theorem 7.3). The main result here
is Theorem 7.4 which gives a complete characterization of congruences of hermitian
matrix pencils A + tiB vs quaternionic congruences of pencils of the form A + ¢B.

We conclude the introduction with notation to be used throughout the paper.
The standard imaginary units in H (the skew field of quaternions) will be denoted
i,j,k; thus, i2 = j2 = k» = -1 and jk = —kj =i, ij = —ji = k, ki = —ik = .
For a quaternion & = ag + a1i + asj + ask, ap, a1, a2,a3 € R, we let R(z) := ap and
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U (x) := ajitazj+ask be the real and the vector parts of x, respectively. The conjugate
quaternion ag — a1i — azj — ask is denoted by T, and |z| = \/aZ + a? + a3 + a2 stands
for the norm of . We denote by diag (X1, Xo,...,Xp), or by X1 & Xo®--- © X, the
block diagonal matrix with diagonal blocks X1, ..., X, (in that order). For short, for
a given p X ¢ matrix X, we often use the notation

XOm = diag (X, X,..., X) =X X® -0 X,

where X appears m times; thus, X®™ is a mp x mq matrix. The notation A7, resp.,
A*, stands for the transpose, resp., conjugate transpose, of the matrix A. We denote
by Spang {«a, 8} the real subspace of H spanned by «, 3 € H.

The following matrices in standard forms and fixed notation that will be used.
The subscript in notation for a square size matrix will always denote the size of the
matrix.

I and 0 (possibly with subscripts indicating the size) stand for the identity and
the zero matrix, respectively.

The Jordan blocks:

A1 0 0
0 X 1 0
Tm(N) = 0 | eH™ ™, XeH.
A1
0 0 0 A |
The real Jordan blocks:
[a b 1 0 0 0]
b a 1 0 O
0 0 a b 0 O
0o 0 -b a --- =
Jom(a £ib)=| . . . . e RT™2m g e R, beR\{0}.
oo 1 0
: : : : 0 1
0 0 0 0 --- a
. 0 0 0 0 -+ =b a |
Real symmetric matrices:
[0 : 0 17
: 1 0
(1.5) Fo=: L | =F,'=F",
0 1
|1 0 . 0 |
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[0 . 1 01
0 0
Fn.1 0
(1.6) G = = { A ] =GP,
1 0
L0 0 . 0 |

Pencils of real € x (e + 1) matrices:

t 1 0 0
0 ¢t 1 0
LEX(EJrl) = L6><(6+1) (t) = : :
o0 --- ¢t 1

2. Preliminaries: Quaternionic linear algebra. In this section we recall
basic facts about the quaternionic linear algebra, almost all without proofs. For more
information and proofs, we refer the reader to [22], [23], [16], [5], [15], among many
other sources. Recent interest in quaternionic linear algebra is motivated in part by
applications in system and control [13], [14].

We start with similarity and congruence of quaternions. Quaternions x,y € H are
said to be similar, resp., congruent if = a~lya, resp., x = aya for some o € H\ {0}.

PROPOSITION 2.1. (1) Two quaternions x and y are similar if and only if R(x) =
R(y) and |B(z)| = [V(y)|.

(2) Two quaternions x and y are congruent if and only if there exists ¢ > 0 such
that R(z) = AR(y) and |B(z)| = |B(y)|. In particular, any two nonzero quaternions
with zero real parts are congruent.

Part (1) here is well known, and part (2) follows easily from part (1) (see [18] for
details.)

Next, consider the well known useful embeddings of H™*" into R*™*4" and into
C?mx2n a5 follows. Write o € H as a linear combination
r=ag+ a1+ azj+ask, ag,a1,a2,a3 €R.

Then we define

ap —a1 as —ag
ai ag —az —as 4x4
UR(J?) = eR ,
—as a2 ap —ai
a2 asz a1 ago
ap + aii as + asi
Uc(z) = € C?*2

—as +agi  ag — ayi
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and for
X = [xa75]2£75=1 e Hm™xm
define
Or(X) = [Or(a,8)]am) =y € R, Ue(X) = [Oc(Ta,p)lasy gog € C2"

The algebraic properties of the maps Ur and U¢ are well known:
PROPOSITION 2.2. The maps UOr and O¢ are one-to-one *-homomorphisms of
real algebras, i.e., denoting by F' either R or C, we have:

UF(CLX+bY) ZaUF(X)+bUF(Y), vV X, Y cH™"™, a,bcR;
Up(XY)=0Up(X)UOp(Y), V XeH™ " Y eH"*P;

(2.1) Or(X*) = Or(X), ¥V X €H™,
Note that the equality in (2.1) takes the form Up(X*) = (Up(X))T if F = R.

Next, consider pencils of quaternionic matrices A+tB, where A and B are m xn
matrices with entries in H, and ¢ is an independent real variable; in particular, ¢
commutes with the quaternionic matrices. Canonical form of the pencil A+ ¢B under
strict equivalence:

A+tB  —  P(A+tB)Q,

where P € H'™*™ and @ € H"*" are invertible matrices, is known as the Kronecker
form, or H-Kronecker form (if the skew field of quaternions is to be emphasized).
Equivalently, it is the canonical form of ordered pairs of matrices (A, B) under the
group action (A, B) — (PAQ, PBQ), with invertible quaternionic matrices P and
Q.

We describe the Kronecker form of quaternionic matrix pencils next.

THEOREM 2.3. FEwvery pencil A+ tB, where A, B € H™*"™ is strictly equivalent
to a matrix pencil in the block-diagonal form:

Ouxv 57 Lelx(el-i-l) b D LE;.X(Ep‘i‘l) D LZ1X(U1+1) & LZqX(WqJFl) @
(I, +tJi, (0)) ® - -+ ® (Ig, + tJy, (0)) &
(2.2) (tLe, + Jo, (1)) @ -+~ @ (tle, + Jo, (),

where e1 < ... <ep;m <. < g k1 <<k 4y < ... < {5 are positive integers,
and ay,...,as € H.
Moreover, the integers u, v, and €;, n;, ky are uniquely determined by the pair

A, B, and the part

(tly, + Jo, (1)) D -+ @ (tLe, + Jo. (as))
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1s uniquely determined by A and B up to a permutation of the diagonal blocks and up
to replacing each o with any quaternion similar to o;.

The result of Theorem 2.3 is known, see [19] and [3], where it is stated in a less
explicit form. A detailed proof of Theorem 2.3, following the standard approach for
matrix pencils over fields as in [6] or [8], is given in [16].

We use the following terminology in connection with the Kronecker form (2.2) of
the matrix pencil A 4+ ¢B. The integers ¢; < ... < ¢, and m; < ... < 1, are called
the left indices and the right indices, respectively, of A+tB. The blocks Iy, +tJy,(0)
are said to correspond to the eigenvalue at infinity, and the integers k1 < ... < k,
are called the indices at infinity of A + tB. The quaternions aq,...,a, are called
the eigenvalues of A + tB; they are uniquely determined up to permutation and
similarity. Note that if B is invertible, then the eigenvalues of A+ ¢tB are exactly the
eigenvalues of B~ A (or the eigenvalues of AB™1). For a fixed eigenvalue o of A+tB,
let i1 < ... < iy be all the subscripts in (2.2) such that o, ,...,q;, are similar to
a; then the integers ¢;,, ..., {;,,, with £;, repeated as many times as there are blocks
Je, (c;;) with g, similar to a in (2.2), are called the indices of the eigenvalue o of
A+1B.

Let « and o/ be eigenvalues of quaternionic matrix pencils A +¢B and A’ +tB’,
respectively, with corresponding indices £;, <--- < {; and f; <--- < Z;wl, which are
assumed (without loss of generality) to be arranged in the nondecreasing order. Then
we say that the indices of a coincide with the indices of o’ (as the eigenvalues of A+tB
and A" + tB', respectively) if w' = w and {; = £} for j = 1,2,...,w. Similarly, the
notion of coinciding indices at infinity of two quaternionic matrix pencils is introduced.

The connections between the Kronecker form of quaternionic pencils and the
Kronecker form of their images under the maps Or and U¢ will be useful. By the
real or complex Kronecker form, in short R-Kronecker form or C-Kronecker form, of
a real or complex matrix pencil X +tY we mean the canonical form of X + ¢tY under
transformations

X +tY +—  Si(X +1tY)Ss,

where S and Sy are invertible real or complex matrices, as the case may be (see [6]
or [7, Chapter 2], for example).
THEOREM 2.4. Let (2.2) be the Kronecker form of a quaternionic pencil A+tB,
and assume without loss of generality that ay, ...,y are real whereas
Qi1 = Qui1 +ibutt, ..., = as +ibs, aj,b; €R, b; #0,

are nonreal complex numbers, for j =u+1,...,s. Then:
(a) The R-Kronecker form of the real pencil Ur(A) 4+ tOr(B) is given by

p q
O4uxav ® @((L€7 ><(sj+1))@4) D @((Lz];x(nfrl))@‘l)
j=1 j=1

T u

e@P [+, (0)*] & € [(H + Jm, (2;))**] P

Jj=1 Jj=1
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® é [(t] + Jom, (a; £ ib;))F?].

Jj=u+1

(b) The C-Kronecker form of the complex pencil Uc(A) + tOc(B) is given by
P
O2ux2v @ @( ;% (e, )% e @ «(1;41)) )?)
j=1

T u

o@D [T +tJk, (0)*?] & P [(H + Jm, (2;))**]

J=1 Jj=1

@ @ |:tI+Jm Clj—l-ibj) 0

j=u+1 tl 4 Jm, (a; — ibs) } '

This result can be easily obtained from [16, Theorem 3.8], which gives the Jordan
forms of Ugr(X) and U¢(X) in terms of the Jordan form of the quaternionic matrix
X.

2.1. Comparison of strict equivalence. Let F be one of R, C, or H. Two
matrix pencils A + tB and A’ + tB’, where A, B, A’, B’ € F™*"  are said to be F-
strictly equivalent if A+tB = S(A’ 4+ tB’)T for some invertible matrices S € F™*™,
T € Fnxm,

PROPOSITION 2.5. Two real matriz pencils are R-strictly equivalent if and only if
they are H-strictly equivalent, and hence if and only if they are C-strictly equivalent.

Proof. Let A, B, A’, B’ € R™*" and assume that

(2.3) T(A+tB)S=A" +tB’

for some invertible quaternionic matrices T' and S. Applying the map Or to both
sides of (2.3), and using Proposition 2.2, we see that Ugr(A) + tUr(B) is R-strictly
equivalent to Ur(A’) + tUr(B’). It is easy to see that Ur(A) + tUgr(B) is R-strictly
equivalent to (A +tB)®4, in fact, the R-strict equivalence matrices can be chosen to
be suitable permutation matrices. Similarly, Or(A’) +tOr(B’) is R-strictly equivalent
to (A’ +tB’)®4, and it remains to use a cancellation property (see [18]) to conclude
that A + tB is R-strictly equivalent to A’ +tB’. O

Note that an analogue of Proposition 2.5 for the complex field does not hold:
Two complex matrix pencils that are H-strictly equivalent need not be C-strictly
equivalent, as scalar examples t1+ «, t1 + @, where a € C\ R, show. Complex matrix
pencils with this property can be easily identified, as shown in particular in the next
proposition:

PROPOSITION 2.6. Let there be given a complex matrixz pencil A+ tB, and let

Ouxv @ lex(el—i-l) DD Lst(€p+1) & LmX(m+1) ® L (ficﬂrl)69
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Ly + 15, (0) @ -+ @ (I, + 15, (0)) @ (U, + oy (1)) D -+~ © (U, + o, (),

(2.4) a; €C,

be the complex Kronecker form for A+tB. Then, a complex matriz pencil A’ +tB’ is
H-strictly equivalent to A+ tB if and only if the complex Kronecker form of A’ +tB’
is obtained from (2.4) by replacing some (possibly none) of the blocks Jy,(cv;) with
non-real a; by the blocks Jy, (a5).

In particular, every complex matrix pencil which is H-strictly equivalent to A+tB
is also C-strictly equivalent to A+tB if and only if all eigenvalues of A+tB different
from the infinity are real.

Proof. Without loss of generality we may assume that A + ¢B is given by (2.4).
The uniqueness part of Theorem 2.3 proves the “if” part of Proposition 2.6. For the
part “only if”, assume that

(2.5) A'+tB"'=S(A+tB)T

for some invertible quaternionic matrices S and T'. Then apply the map U¢ to (2.5)
and use Theorem 2.4(b) to obtain the required property of the Kronecker form of
A" +1tB over C. O

3. Congruences of real symmetric or skewsymmetric matrix pairs. The
main result on comparison of a congruence in the sense of one of (I), (II), (III), (IV),
(V) versus another such congruence, of real matrix pairs with symmetries is given by
the following theorem:

THEOREM 3.1. Fizn==+1, 7 =+1. Let A, B, A’, B’ € R™*™ be such that

(3.1) AT _ ,'7147 (A/)T _ 77Alv BT _ TB, (B/)T —_ TB/.

Then, the statements (i), (i), and (iii) below are equivalent. Also, the statements (iv),
(v), (vi), and (vil) are equivalent.
(i) The matriz pencils A+ tB and A’ +tB’ are (I)-congruent.
) The matriz pencils A+ tB and A"+ tB’ are (II1)-congruent.
) The matriz pencils A+ tB and A’ +tB' are (IV)-congruent.
v) The matriz pencils A+ tB and A’ +tB' are R-strictly equivalent.
) The matriz pencils A+ tB and A’ +tB’ are H-strictly equivalent.
) The matriz pencils A+ tB and A’ +tB’ are (II)-congruent.
) The matriz pencils A+tB and A’ +tB’ are (V)ﬁ-congruent for some 8 € H,
equivalently every 8 € H, such that R(G) =0, |B(B)| = 1.
Moreover, if T =n = —1, then all statements (i) - (vii) are equivalent.
Proof. The implications (i) = (ii) = (iii) are obvious. We prove (iii) = (i).
Let an invertible matrix S € H™*™ be such that equality

(3.2) S*(A+tB)S =A"+tB’

holds, and write S = Sy 4157 +jS2 + kS3, where Sy, S1, S2, S3 are real matrices. Then
(3.2) takes the form

UT((A+tB)*HU = (A +tB")®4,
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where

So S1 S2 S
51 —So 53 —52
Sy —=S3 =5, S
S3 Sy =51 =5

Note that the matrix U is invertible. Indeed, the equality
Ur=0, z=I[xox vz 23]’ €RY,

is equivalent to S(xg—ix1 — jae —kxs) = 0, and therefore in view of the invertibility of
S, x must be the zero vector. Now apply a cancellation property [18] (which follows
easily from the canonical form of real symmetric-skewsymmetric matrix pencils under
(I)-congruence) to conclude that A +¢B and A’ + tB’ are (I)-congruent.

Next, the implications (iv) = (v), (vii) = (v), and (vi) = (vii) are obvious
(to see that (vi) = (vii), identify C with Spang {1, ¢} C H, where ¢ € H is such that
¢®> = —1 and o(q) = ¢; existence of such ¢ is guaranteed for every nonstandard iaa
o). Proposition 2.5 shows that in fact (iv) and (v) are equivalent. Thus, it remains to
prove that (iv) = (vi). So, assume (iv) holds. As it follows from the canonical forms
of pairs of real symmetric or skewsymmetric matrices under the (I)-congruence and
R-strict equivalence (see [11], [12], for example), there exist real invertible matrices S
and T and pairs of matrices

Aj,B; e R"*"M | njy+4---+n, =m,
such that
ST(A+1tB)S = &"_,0;(A; +tB;), T"(A'+tB )T =a&l_&(A; +1B;),
where for each j, the pair (A4;, B;) satisfies

AT =nA;, B =71B;,
and d1,...,0p,&1,...,&p are signs £1. It suffices to show that @5-):153‘ (Aj +tBj) and
@©f_1&;(A;j + tB;) are (IT)-congruent. This is easy:

BY_10;(A; +1By) = (&, W) (8_1& (A5 +tBy)) (8] Wj) ,

where Wj = Inj if (Sj = Ej and Wj = IIn7 if 5j 7& Ej'

Finally, the last statement follows from the fact (see, for example, [12, Theorem
5.1]) that if 7 = n = —1 then the real matrix pencils A+ tB and A’ + ¢tB’ satisfying
(3.1) are R-strictly equivalent if and only if they are (I)-congruent. O

As an application of Theorem 3.1, we obtain a comparison result for congruence
of real matrices over the reals vs congruence of real matrices over the quaternions:

THEOREM 3.2. If X and Y are real matrices such that X = R*Y R for some
invertible R € H™ ", then also X = STY S for some invertible S € R™"*™.
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For the proof apply the equivalence (i) <= (iii) of Theorem 3.1 to the matrix
pencils (X + X7)/2 + (X — XT)/2 and (Y + Y1) /2 + (Y —YT)/2.

Next, leaving aside the case 7 = nn = —1 which has been taken care of in Theorem
3.1, we give necessary and sufficient conditions on the pencil A+tB for all statements
(i) - (vii) of Theorem 3.1 to be equivalent:

THEOREM 3.3. (a) Let there be given symmelric matrices A, B € R™*™. Then,
the following statements are equivalent:

(i) for every pair A',B" € R™*™ of symmetric matrices, the statements (i) -
(vii) of Theorem 3.1 are equivalent;

(ii) the H-Kronecker form of A+ tB has no real eigenvalues and has no eigen-

values at infinity.

(iii) the R-Kronecker form of A4+tB has no real eigenvalues and has no eigenvalues

at infinity.

(b) Let there be given matrices A, B € R™*™  where A is symmetric and B is
skewsymmetric. Then, the following statements are equivalent:

(iv) for every pair A’ = AT B’ = —B'T € R™*™ the statements (i) - (vii) of

Theorem 3.1 are equivalent;

(v) the H-Kronecker form of A + tB has no nonzero eigenvalues with zero real
parts, has no odd indices at infinity, and has no even indices corresponding
to the eigenvalue zero (if zero is an eigenvalue);

(vi) the R-Kronecker form of A+tB has no nonzero pure imaginary eigenvalues,
has no odd indices at infinity, and has no even indices corresponding to the
eigenvalue zero (if zero is an eigenvalue).

Proof. By Proposition 2.5, (ii) and (iii) are equivalent, and (v) and (vi) are
equivalent. The equivalence of (i) and (iii) follows from Theorem 3.1 and from the
well known canonical forms of pairs of real symmetric matrices under (I)-congruence
and R-strict equivalence (see, e.g., [11, Theorem 9.1]). Indeed, the latter imply that
(iii) holds precisely when for every pair A’ = AT, B’ = BT € R™*™ the matrix
pencil A’ + tB’ is R-strictly equivalent to A + ¢B if and only if A" + ¢tB’ is (I)-
congruent to A + ¢B. Finally, the equivalence of (iv) and (vi) follows from Theorem
3.1 and [12, Corollary 12.3]. O

The result of Theorem 3.1 may be re-cast in terms of the canonical forms of matrix
pencils under various strict equivalences and congruences. We will state explicitly only
the result pertaining to the equivalence of (i) and (ii) in Theorem 3.1 (Corollary 3.5
below). First, for convenience of reference, we recall the well known canonical form
for pairs of complex hermitian matrices under (III)-congruence (see, for example, [11],
21]).

PROPOSITION 3.4.

(a) Fvery matriz pencil A+ tB, where

A=A"eC™™  B=B eC"™,
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is (II1)-congruent to a complex hermitian matriz pencil of the form

0 0 F 0 O FEp
Ouxu® | t 0 0 0 +G251+1 G---d|tT 0 0 0 +G25p+1
F., 0 0 FEP 0 0

® 01 (Fi, +tGry) @ - @ 6y (Fi, +1Gy,)
om ((t+oa1)Fy +Go) @ @n ((t+ aq) Fr, +G,)

(lushn, 8 1L 5 )

(3:3) @...@q i (4 50) . ]*[G?ns G, D

Here, 61 < -+ <¢ep and ky < --- <k, are positive integers, a; are real numbers, (;
are complex nonreal numbers with positive imaginary parts, d1,...,07,171,...,1g are
signs, each equal to +1 or —1.

The form (3.3) is uniquely determined by A+tB up to a permutation of constituent
blocks.

(b) Fvery matriz pencil A+ tB, where A = A* € C"*", B = B* € C"*", is
C-strictly equivalent to a unique (up to a permutation of constituent blocks) complex
hermitian matriz pencil of the form (3.3), with all signs taken to be +1.

The signs 61,...,67,M1,...,n form the sign characteristic of the complex hermi-
tian pencil A 4+ tB. Thus, the sign characteristic associates a sign +1 to every index
of a real eigenvalue and of the eigenvalue at infinity of A + tB.

For complex matrix pencils A+tB, where B = —B* and A = +A*, we will use in
the sequel the canonical form as set forth in Proposition 3.4 for the hermitian matrix
pencil A+ t(iB) (if A= A*) or iA+t(iB) (if A = —A*). Note that complex matrix
pencils A+ tB and A’ +tB’, where B = —B*, B' = —B"™*, A = A*, A’ = A’™*, are
(IIT)-congruent if and only if the complex hermitian pencils A +¢(iB) and A’ +t(iB)’
are (III)-congruent, i.e., have the same canonical form under Proposition 3.4. In the
same vein, complex matrix pencils A+tB and A’ +tB’, where B = —B*, B’ = —B'*,
A=—A* A" = —A" are (IIl)-congruent if and only if the complex hermitian pencils
(i4) + t(iB) and (iA’) + ¢(iB)’ have the same canonical form under Proposition 3.4.
Thus, we obtain from the equivalence of (i) and (ii) of Theorem 3.1:

COROLLARY 3.5. Let A,B,A’, B’ € R™*™ be such that

(34) AT = 77147 (A,)T = 7714/7 BT = TB7 (B/)T = TB,) n= ila T==xl1.

Then the matriz pencils A + tB and A" + tB' are (I)-congruent if and only if the
complex hermitian matriz pencils k(n)A + t(k(7)B) and k(n)A’ + t(k(1)B’), where
k(=1) =i, k(1) = 1, have the same canonical form under (III)-congruence.

4. Congruences of pairs of complex symmetric or skewsymmetric ma-
trices. In this section we compare strict equivalences, (II)-congruences and (V)g-
congruences of pencils of symmetric or skewsymmetric complex matrices. Throughout
this section we identify C with Spanp {1,i} C H, and we assume that 8 € Spany {j, k}.
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4.1. Main result: Comparison with quaternionic strict equivalence and
congruence. From the assumptions set forth at the beginning of this section, we
obviously have:

PROPOSITION 4.1. If two complex matriz pencils A+ tB and A’ +tB’ are (II)-
congruent, then they are also (V)ﬁ-congruent.

We will be concerned in this section with the problem to what extent the converse
statement holds, for pencils of complex symmetric or skewsymmetric matrices.

The key result of this section states that for complex pencils of symmetric or
skewsymmetric matrices, H-strict equivalence is the same as (V)g-congruence:

THEOREM 4.2. Fixn = +1, 7 = +1. Let A,B,A’, B’ € C™ ™ be such that
AT = nA, (AT =nA’, BT = 7B, (B')Y = 7B’. Then the matriz pencils A + tB
and A" +tB’ are H-strictly equivalent if and only if they are (V)g-congruent.

The lengthy proof of Theorem 4.2 is relegated to the next subsection.

Comparison of (II)- and (V) s-congruences will be given in terms of the well known
canonical form for complex symmetric matrix pencils. The form is available in many
sources, see [21], [9], for example; we follow here [21]:

PROPOSITION 4.3. Every matriz pencil A+ tB, where A = AT € C"*", B =
BT € C"*", is (I1)-congruent to a complex symmetric matriz pencil of the form

0 0 F., 0 0 F,
Ouxu @ [t 0 0 0 | +Goysr|@-@[t] 0 0 0 |+Gopm
F., 0 0 F.. 0 0

p

© (Fr, +1Gr,) © -+ © (Fi, +1Gy,)
41) ©((t+a)Fy +Gr) @@ ((t+ay) Fr, + Gy,),

where €1 < -+ < g, and k1 < --- < k. are positive integers, and o; are complex
numbers. The form (4.1) is uniquely determined by A+ tB up to a permutation of
constituent blocks.

A complete characterization of canonical forms of complex symmetric matrix
pencils that are (V) g-congruent to a fixed complex symmetric matrix pencil in a
canonical form is given in the next theorem.

THEOREM 4.4. Let A+ tB be a complex symmetric matriz pencil, and let (4.1)
be its canonical form under (II)-congruence. Then a complex symmetric matrixz pencil
A'+tB" is (V) g-congruent to A+tB if and only if the canonical form of A'+tB" under
(IT)-congruence is obtained from (4.1) by replacing some (or none) of the nonreal
numbers o; among o, . . ., aq with their complexr conjugates @;.

For the proof observe that the canonical form of A + ¢B under (V)z-congruence
is (4.1), up to permutation of blocks, and replacement of each a; with its complex
conjugate (see, for example, [16, Theorem 7.1]).

Results analogous to Theorem 4.4, with essentially the same proofs (using canon-
ical forms of symmetric-skewsymmetric complex matrix pencils given in Proposition
4.7 below), hold also for pairs of complex skewsymmetric matrices, and for pairs of
complex matrices, one of them being symmetric and the other skewsymmetric. We
leave statements and proofs of these results to the interested readers.
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The following corollary is immediate from Theorem 4.4 and its analogues for
pairs of complex skewsymmetric matrices and pairs of mixed complex symmetric-
skewsymmetric matrices:
COROLLARY 4.5. Fixn =41, 7 = £1. A complex matriz pencil A + tB, where
A =nAT, B = 7B7, has the property that any complex symmetric pencil A’ + tB’
with A’ = nA'"", B' = 7B'" is (I)-congruent to A + tB precisely when A’ +tB’ is
(V)ﬁ—congment to A+1tB, if and only if A+ tB has no nonreal complez eigenvalues
in its C-Kronecker form.
In contrast to Theorem 3.2, the equivalence relation of congruence (using trans-
position) of complex matrices over C is generally different from the ¢-congruence of
complex matrices over H (here, the iaa ¢ is such that ¢(i) = i). We characterize those
complex matrices for which the two congruence relations turn out to be the same:
THEOREM 4.6. The following properties are equivalent for a complexr matrix
Y 6 (CTLX?’L'.
(1) For some fized nonstandard iaa ¢ such that ¢(i) =i, if there exists an invert-
ible quaternionic matriz R € H™ " such that X := R®Y R is complez, then
X =8TY S = S%Y S for some invertible complex matriz S.

(2) If there exist (a) an invertible quaternionic matric R € H™ ™, and (b) a
nonstandard iaa ¢ with ¢(i) = i such that X := RPY R is complex, then
X =8TYS = S%YS for some invertible complex matriz S.

(3) The matriz pencil (Y +YT)/2+t(Y —Y7T)/2 has no nonreal complex eigen-

values.

(4) The rank of the matriz (Y +Y 1) /2+2(Y =Y T)/2 is the same for all = € C\R.

For the proof, apply Corollary 4.5 to the pencil (Y +Y7)/2+t(Y —YT)/2, taking
n =1, 7 = —1. The equivalence of (3) and (4) is obvious from the C-Kronecker form
of (Y4+YT)/2+t(Y —YT)/2.

4.2. Proof of Theorem 4.2. We start with recalling the well known canonical
forms for complex symmetric or skewsymmetric matrix pencils (for symmetric com-
plex matrix pencils see Proposition 4.3). The expository paper [21] is the source for
the next proposition.

ProOPOSITION 4.7.

(a) Every matriz pencil A + AB, where A and B are complex skew-symmetric
matrices, is (II)-congruent to a pencil of skew-symmetric matrices of the form

p 0 0 F, 0 F, 0
Ouw®@[t] 0 00 0 |+|-F, 0 0
j=1 ~F., 0 0 0 0 0

T 0 F, 0 Gy,
@l -n v e )
j:

J

q

(4.2) @j@((ﬁ%) [ _%Zj Fé ]+ [ _ggv G(fj D

J

where the positive integers €;°s satisfy e1 < --- < gp,, and o; € C. The form (4.2) is
uniquely determined by A+ tB up to permutations of diagonal blocks.
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(b) Every matriz pencil A+ tB, where A = AT, B = —BT € C"*", is (II)-
congruent to a direct sum of blocks of the following seven primitive types; several
blocks of the same primitive type and/or the same size may be present in the direct

sums:
(sss0)
a square size zero matriz.
(sssl)
0 0 F.
Goei1+t] 0 07 0
—F. 0 O
(sss2)
01 0 0
Fp+t| 0 0 Fea |k odd
0 —Fia 0
2
(sss3)
01 0 0
F o0 B k d k/2
R 0 0, 0 ) even and k/2 even.
0 —F¥ 0 0
(sssd)
0 Fu
Gg—l—t[ ~Fy 0 , { even.
(sssh)
0 Gm} [ 0 Fm]
+t , { even and /£/2 odd.
{ Gyz 0 —Fpp 0 v /
(sss6)
|: 0 OéFg/g +Gg/2 :| 1t |: 0 Fg/g :|
aFy +Gea 0 —Fyp 0|7

where £ even, a € C\ {0}.
Moreover, the direct sum is uniquely determined by the pencil A + tB, up to
permutation of the primitive blocks.

(d) Fixn = +£1, 7 = £1. Let A,B,A’,B" € C™™ be such that AT = nA,
(ANT =nA', BT =B, (B")T = 1B’. Then the matriz pencils A+ tB and A’ + tB’'
are C-strictly equivalent if and only if the matriz pencils are (I1I)-congruent.
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Proof of Theorem 4.2. Clearly, we need to prove only the “only if” part. In the
case 7 = 1 = 1 this is clear in view of fact that symmetric quaternionic pencils are
H-strictly equivalent if and only if they are (V)g-congruent ([16, Theorem 7.1]).

Consider the case 7 = n = —1. Assume that A + ¢tB and A’ + tB’ are H-
strictly equivalent. Since by Proposition 4.7 the relation of C-strict equivalence of
complex skew-symmetric pencils is the same as the relation of (II)-congruence, we
may further replace A + tB with its canonical form under (II)-congruence. In other
words, we assume that A +¢B is given by (4.2). Note the following (V)g-congruence
relations (here o is a nonstandard iaa such that o(8) = —f; recall that we assume

3 € Spang(j, k)):

(4.3) = (=(BFk; +tBGk,;)) ® (BF, + 1BGy, );
(oo 3, ], %))
(44) = (= ((t+0)BFy, + BGy,)) @ ((t + a;)BFy, + BGy,), o €R,

where

S _i[ﬁlm _Blm] SU_L|:_ﬁIm Im]
"V In I |0 P T A B In |

Comparing with the canonical form under (V)g-congruence (see [16, Theorem 8.1]),
we see that the canonical form of A + ¢B under (V)g-congruence is given by (4.2),

where each block
0 Fy, 0 G,
m e, T

J

is replaced with the right hand side of (4.3), and each block

0 Fy, 0 Gy,
(t+aj)[_F41 0 ]_‘_{_G&' 0 ]

is replaced with the right hand side of (4.4). In other words, the blocks in the canonical
form of A 4 tB under (V)g-congruence that correspond to the real eigenvalues and
to the eigenvalue at infinity appear in pairs, and in each such pair the two blocks
have opposite signs. Of course, the same property is valid also for the canonical
form of A’ + tB’ under (V)g-congruence. Notice that A 4+ ¢B and A’ + tB’ have
the same canonical form under H-strict equivalence, and that the canonical forms
of quaternionic skewsymmetric (with respect to a nonstandard iaa) matrix pencils
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under (V)g-congruence and under H-strict equivalence can differ only in the signs
associated with blocks corresponding to the real eigenvalues and to the eigenvalue at
infinity (see [16, Theorem 8.1]). We obtain therefore that A + ¢tB and A’ + ¢tB’ have
the same canonical form under (V)g-congruence. In other words, A+¢B and A’ +tB’
are (V)g-congruent, as claimed.

Finally, consider the case n = 1, 7 = —1 (the remaining case n = —1, 7 = 1 can
be easily reduced to the case under consideration by interchanging the roles of A and
B). First of all, we will transform the primitive blocks (sss2) - (sss6) into different
forms using (V)g-congruence, so that the obtained forms are easily comparable to
the canonical form of quaternionic symmetric-skewsymmetric pencils under (V)g-
congruence.

Cram 1. The block (sssb) is (V)g-congruent to
(4.5) (G +tpF) © (= (G +tpF)),

where we let G = Gyja, F' = Fy/5, and recall that £/2 is odd.
For the proof of the claim consider the matrix pencil

(4.6) [g g]ﬂ{ﬁ(} _gF].

The matrix pencil (4.6) may be considered as a pencil of complex hermitian matri-
ces, under the real linear map ¥ of Spang {1,5} onto C via 1 +— 1 and § — .
Transformations of the matrix pencil (4.6) of the form

0 G 0 -—-BF - 0 G 0 -BF
Lo 0 ]elor (e Tl T)s
where S is an invertible matrix with entries in Spang {1, 3}, amount to (III)- congru-

ences under the map ¥. We verify that the canonical form under (III)-congruence of
(4.6), understood as a pencil of complex hermitian matrices, is equal to

(4.7) (G+tF) & (—(G+tF)).

Indeed, since the C-Kronecker form of (4.6) (again, under the map W) is (t1+4.J;/2(0))®
(tI + Jg/2(0)), it follows from Proposition 3.4 that the canonical form of (4.6) under
(III)-congruence is

7}1(G+tF) @772(G+tF),

where 11,79 are signs +1. However, the case n17m2 = 1 is impossible, because if
n112 = 1 holds then for large real values of ¢, the signature (= the difference between
the number of positive eigenvalues, counted with multiplicities, and the number of
negative eigenvalues, counted with multiplicities) of the hermitian matrix 1 (G +
tF) @ n2(G + tF) is not zero (this is where the hypothesis that £/2 is odd is used),
whereas for the hermitian matrix (4.6) the signature is equal to zero for all real ¢, a
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contradiction with the inertia theorem for hermitian matrices. Thus, the canonical
form of (4.6) under (IIT)-congruence must be (4.7). In particular,

,To ¢, [G o s 0o —BFr], [F o0
sle §)s=[0 ] sla 0 s-[0 5]
for some invertible matrix S with entries in Spang {1, 3}. Thus,

;L 0 Fl., [BF 0
o[ 5 5 s [T )

and the claim follows. O

In a completely analogous way, the next claim is verified:

CrAM 2.

(a) The block (sss2) is (V)g-congruent to Fj + tBGy; recall that k is odd.
(b) The block (sss3) is (V)g-congruent to

(4.8) (Frj2 +tBGrj2) © (—(Fry2 +tBGr/2));

recall that k/2 is even.
(¢) The block (sssd) is (V)g-congruent to Gg + t3Fy; recall that £ is even.
Our final claim concerns (sss6) with o € C \ {0} having zero real part:
CLAaM 3. The block

0 aFy + Gy iy 0 F
aF, + G, 0 ~-F, 0 |

where a € C\ {0} has zero real part, is (V)g-congruent to a block of the form
(Ao +1Bo) @ (= (Ao + tBo)),

where Ag = AJ € H?*Y and By = —B§ € H9*. Moreover, the H-Kronecker form of
the quaternionic pencil Ay + tBy consists of only one Jordan block of size q x q with

eigenvalue o (or any similar eigenvalue).
Proof of Claim 3. First of all notice the equality (recall that 5 € Spang {j, k},

a € Spang {i})

(4.9) af = —Pa.

Define the matrix

(4.10) Z = diag (1, —1,...,(=1)771).

We obviously have Z~! = ZT = Z. In what follows, we denote F = F,, G = G, for

short.
Assume first that ¢ is odd. Then

Z(FG)Z = —FG, Z=FZF, ZGZ=—G.



Electronic Journal of Linear Algebra ISSN 1081-3810
A publication of the International Linear Algebra Society
Volume 16, pp. 248-283, September 2007
Comparison of Congruences, Strict Equivalences for Symmetric Pencils 267

One now verifies that

{ﬂIq —52]”({ 0 an+Gq}+t[ 0 Fqb{mq —52]_
zZ I aFy + Gy 0 ~-F, 0 zZ I, |

2BZF + ZGB — (BZF)t) ® 2(—aBZF + ZGB + (BZF)t),
and
Z(—afZF + ZGB + (BZFW)Z = —(afZF + ZGB — (BZF)t).
Assume now that ¢ is even. Then
ZFZ =—-F, ZGZ =G,

where Z is defined by (4.10). Since o is a nonstandard iaa, it is easy to see that there
exists v € H such that 72 = —1, ay = —va, and o(y) = 7. Now a straightforward
verification shows that

1, ~Z 7 0 oFy + Gy e 0 F Iy ~Z | _
~Z I, oFy, + G,y 0 —-F;, 0 vZ 1,
2(yaZF +~vZG —ytZF)) ® (2(yvaZF +vZG +~tZF)),
and furthermore (note that (y2)” = v2)

VZ2)yaZF +vZG +~tZF)(vZ) = —(yaZF +vZG — ytZF).

This completes verification of Claim 3.

Assume now that the complex pencils A + ¢tB and A’ + tB’, where A = AT,
B=-BT A = AT B = —B'T, are H-strictly equivalent. Since by Proposition 4.7
the relation of C-strict equivalence of complex symmetric-skewsymmetric pencils is
the same as the relation of (II)-congruence, we may replace A+ tB with its canonical
form under (II)-congruence, in other words, we may assume that A 4+ tB is a direct
sum of primitive blocks of types (sssO) - (sss6). In view of Claims 1 - 3, under
the (V) s-congruence, the blocks with eigenvalue zero having odd sizes, the blocks
with eigenvalue at infinity having even sizes, and the blocks with nonzero complex
eigenvalues having zero real parts, appear in pairs with opposite signs for each of the
two blocks in every such pair. The same statement holds for A’ + tB’ as well.

Now observe that the canonical form under (V) g-congruence and the canonical
form under H-strict equivalence of a quaternionic matrix pencil

(411) X +tY, X=X7ecH™™ Y =-Y? € H™™, o nonstandard iaa

may differ, apart from a permutation of blocks, only in signs £1 that attached pre-
cisely to the blocks with eigenvalue zero having odd sizes, the blocks with eigenvalue
at infinity having even sizes, and the blocks with nonzero eigenvalues having zero real
parts. (See, for example, [4] or [17, Theorem 3.1] for canonical forms under (V)g-
congruence vs canonical forms under H-strict equivalence for quaternionic matrix
pencils with the symmetry property 4.11.) In view of the statement in the preceding
paragraph, we are done.
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5. Congruences of pairs of complex hermitian or skewhermitian ma-
trices I. In this and the next section we deal with comparison of (III)-congruence
and congruences over the quaternions for matrix pencils A + tB, where A = +A*
and B = +B* are complex matrices. In all cases, we use the canonical form for
(I1T)-congruence of complex hermitian matrix pencils; if A = A* and B = —B*, the
canonical from for A+#(iB) will be used, and if A = —A* and B = —B*, the canonical
form for iA + ¢(iB) will be used. (We will not consider separately the case A = —A*
and B = B™* as it can be reduced to the case A = A* and B = —B™* by interchanging
the roles of A and B.) For congruences over quaternions in this and the next section
we use (IV)-congruence; in Section 7 the (V).-congruence will be used.

An analogue of Theorem 3.1 (for 7 = 7 = 1) holds in the complex case, with the
transposes replaced by conjugate transposes:

THEOREM 5.1. Let A, B, A’, B’ € C™*™ be hermitian matrices. Then:

(a) The complex matriz pencils A+ tB and A" +tB’ are (IV)-congruent if and

only if they are (III)-congruent.

(b) A+tB and A'+tB’ are H-strictly equivalent if and only if A+tB and A’ +tB’

are C-strictly equivalent.

It will be convenient to prove a lemma first.

LEMMA 5.2. Fvery complex hermitian matriz pencil Ag + tBy is (III)-congruent
to its conjugate Ag + tBy.

Proof. Tt is easy to see that we need to consider only the case when Ag+tBy is in
the canonical form of complex hermitian matrix pencils under (III)-congruence, and
then we may assume that Ag + tBy coincides with a primitive block. The primitive
blocks for this canonical form are given in Proposition 3.4; they are either real, in

X
which case the statement of the lemma is trivial, or they have the form [ % 0 ] ,

where X is a square size complex matrix, in which case the congruence
0 I 0 X oIl o X
I 0 X 0 I 0| | X 0O
completes the proof. O
Proof of Theorem 5.1. Part (a). Again, we only prove the “only if” part; thus,
suppose that A+tB and A’ +¢B’ are (IV)-congruent. Using the map U¢ and Propo-

sition 2.2, we see (applying the congruence with a suitable permutation matrix) that
the complex hermitian 2m x 2m matrix pencils

(A+tB)® (A+tB) and (A +tB)® (A +tB)

are (III)-congruent. Using Lemma 5.2, it follows that (A + tB)®? is (III)-congruent
to (A’ +tB")®2. Now apply a cancellation property (see [18]).

Part (b). Assume that A+t¢B and A’ +tB’ are H-strictly equivalent. By Propo-
sition 2.6, the C-Kronecker form of A + tB is obtained from the C-Kronecker form
of A’ + tB’ by replacing some of Jordan blocks J,,(a) corresponding to non-real
eigenvalues a with J,,(@).

On the other hand, it follows from Proposition 3.4 that for a complex matrix
pencil of hermitian matrices, the C-Kronecker form of the pencil is symmetric with
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respect to complex conjugation: If o is an eigenvalue, then so is also @, and the indices
of a coincide with the indices of @. Combining this fact with the observation in the
preceding paragraph, we conclude that C-Kronecker forms of A + tB and A" + tB’
must be the same. 0O

If at least one of  and 7 is equal to —1, then the situation with the complex
analogues of Theorem 3.1 is more involved. We present here the case when n =7 =
—1, and relegate the remaining case when 7 = —1 to a later section 6.

THEOREM 5.3. (a) Let A, A', B, B’ € C"*™ be complex skew-hermitian matrices.
Then, if the complex matriz pencils A+tB and A’ +tB’ are H-strictly equivalent, and
if (3.3) is the canonical form of the hermitian pencil iA+t(iB) under (III)-congruence,
then the canonical form of the hermitian pencil iA’ 4+ t(iB’) under (II1)-congruence is

0 0 F., 0 0 F,
Ouxu @ | t 0 0 0 +G2€1+1 ®---B|t 0 0 0 +G25,,+1
F, 0 0 F. 0 0

@ & (Fi, +tGr,) @ -~ @ 0. (Fi, + tGr,)
em (t+o)Fo, +Ge) @ @n, ((t+og) Fr, + Gy,)

oo, 0™ |+l a, %)

(5.1) @...@({(Hﬁz)% (t+%)Fms}+[GS% GS%D

for some choice of the signs

5/17"'752,7717-'-777;6 {17_1}'

(b) The complex skew-hermitian pencils obtained from (5.1) by multiplying with
—i are (IV)-congruent to each other, for any choice of the signs 6y, -+, 0,11, -7

(c) Let A, A', B, B’ € C™*" be complex skew-hermitian matrices. Then the com-
plex matriz pencils A+ tB and A" +tB' are H-strictly equivalent if and only if they
are C-strictly equivalent if and only if they are (IV)-congruent.

Proof. Part (a). The complex hermitian pencils iA + ¢(iB) and i4’ 4+ ¢(iB’) are
clearly H-strictly equivalent, therefore by Proposition 2.6 the C-Kronecker forms of
iA +t(iB) and iA’ 4+ t(iB’) are obtained from each other by replacing some Jordan
blocks Jg, (aj) with J, (@), for complex nonreal o;. On the other hand, as follows
from Proposition 3.4, the C-Kronecker form of any complex hermitian pencil has the
property that for every complex nonreal eigenvalue 3 and every positive integer m the
number of blocks tI,,, + Jp, () in the C-Kronecker form coincides with the number of
blocks t1,, + Jum(3). Therefore, the C-Kronecker forms of iA + ¢(iB) and iA’ 4 t(iB’)
must be the same. Now the direct part of (a) follows from Proposition 3.4(b).

Part (b). We need only to check that the pencils (—i)(Fy +tGy) and i(Fy, +tGy)
are (IV)-congruent, and that the pencils (—i)((t + ) Fy + Gy) and i((t + o) Fe + Go),
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where « is real, are also (IV)-congruent. Indeed,

(=3 Ie) ((Fr +tGr)) (k) = (=) (Fx + tGy),

(=) (((t + ) Fr + Go))(iIx) = (=) ((t + @) Fy + Gy).

Part (c). Assume that A + tB and A’ + tB’ are H-strictly equivalent. By part
(a), the canonical forms of iA + ¢(iB) and of iA’ + ¢(iB’) under (III)-congruence are
given by (3.3) and (5.1), respectively. Clearly, A + tB and A’ + ¢tB’ are C-strictly
equivalent. Conversely, if A+tB and A’ +tB’ are C-strictly equivalent, then so are the
complex hermitian pencils iA +¢(iB) and of iA’ +¢(iB’). It follows (see [11, Theorem
5.1], for example) that the canonical forms of iA + ¢(iB) and of iA’ 4+ ¢(iB’) under
(I1T)-congruence can possibly differ only in the signs in their sign characteristics. Now
the result of part (b) yields the (IV)-congruence of A +tB and A’ 4+ tB’. O

6. Comparison of congruence: mixed hermitian - skewhermitian com-
plex pairs. In this section we compare strict equivalences, (III)-congruences and
(IV)-congruences of complex matrix pencils A + ¢B, or equivalently, pairs of complex
matrices (4, B), where A is hermitian and B is skewhermitian. We state the main
results in the next subsection. The rather long proofs are relegated to Subsection 6.2.

6.1. Main results. We state our main theorem for comparison of strict equiv-
alences:

THEOREM 6.1. Let A, A’ € C"™*™ be complex hermitian matrices and let B, B’ €
C™*"™ be complex skew-hermitian matrices. Assume that the complex matriz pencils
A+1tB and A’ +tB’ are H-strictly equivalent, and that the hermitian matriz pencil
A+ t(iB) is C-strictly equivalent to the form (3.3), where

ar=ay=-=ay=0, a, €ER\{0}forw=¢+1,¢+2,....q

for some ¢ (the case ¢ = 0 is not excluded), and where we may take all signs d;’s
and n;’s equal to 1.

Then the hermitian pencil A'+t(iB’) is C-strictly equivalent to a hermitian matriz
pencil of the following form.:

0 0 F, 0 0 F,
Ouxu @ [t 0 0 0 | +Goeyq1 |®-D|Et] 0 0 0 |+Go 41
Fsl 0 O ng 0 0
(Fy, +tGg,) ® -~ & (Fy, +tGy,)

@ (thq, + Geq,>

(t + H;/+1()éq/+1) FEQ/‘Fl + qu’+1) O @ ((t + lﬁl;()éq) Féq + GZQ)

(
Lowsm, 0™ e, %))

61) @...@q (t+ﬁ_2)Fms (4B ]%G?n G, ])
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where

(6.2) for each j =1,...,s, either 3 = 3 or §; = —B;, and Kyry1- - kg € {1, =1}

Conversely, suppose that A" +tB’ and A” + tB" are pencils of the form (6.1),
with the parameters

{H;/+1,~o~7lﬂ;;;617"'7ﬂ;}

subject to (6.2) for A’ +tB’, and with the corresponding parameters

{K:ZI/+1’».»7I€:]I; ilj"'7ﬂ.lsl})

again subject to conditions analogous to (6.2), for A” + tB”. Then the complex
hermitian-skewhermitian matriz pencils A’ +t(—i)B’ and A” +t(—i)B" are H-strictly
equivalent.
By inspection of the form (6.1), the following corollary is immediate:
COROLLARY 6.2. Let

A, BeC™™ A=A* B=-B"

Then the following two statements are equivalent:
(1) Every hermitian-skewhermitian complex matriz pencil A’ +tB’', A’ = A™,
B’ = — B’* which is H-strictly equivalent to A+tB is also C-strictly equivalent
to A+tB.
(2) All eigenvalues of A+ tB different from the infinity are real.
Comparing with Proposition 2.6, we see that the additional hypothesis of
hermitian-skewhermitian property of complex matrix pencils does not alter the crite-
rion for the property that H-strict equivalence implies C-strict equivalence.

Next, we state the main result on comparing (IIT)-congruences and (IV)- congru-
ences for hermitian-skewhermitian matrix pairs.

THEOREM 6.3. Let A, A’ € C"*™ be complex hermitian matrices and let B, B’ €
C™ ™ be complex skew-hermitian matrices. Let (3.3) be the canonical form of the
hermitian pencil A+ t(iB) under (III)-congruence, where

ap=ay=-=ay =0, a, ER\{0}forw=¢+1,¢d+2,...,q

for some ¢’ (the case ¢ = 0 is not excluded). Assume that the complex matriz pencils
A+1tB and A’ +tB’ are (IV)-congruent. Then the canonical form of the hermitian
pencil A" +t(iB’) under (1I1)-congruence has the following structure:

0 0 F., 0 0 F,
Ousu @ (t] 0 0 0 | +Goyp|@@|t] 0 0 0 |+GCax
F., 0 0 F, 0 0

© 01 (Fioy +tGr,) ® -+ @ 6, (Fi, +tG,)
Sy (tFy +Ge,) & @y (tFeq, + Geq,)
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&y ((t R 1) ng,+1 + Ggq,_H) @ @n, ((t+ Khoq) Fr, + Ge,)

(lushn, "], %)
o oo [, T ]2[2 5

where for each j = 1,...,s, either B3 = 3; or B = —Bj, and &1,...,0, 0, ... Nys

K

and Ky q, - - ., Ky are signs =1 subject to the following restrictions (1), (2), and (3)

(1) 0% =6; ifkj is odd (j =1,2,...,7),

(2) 77{1} =N if by is even (w=1,2,...,¢),

(3) for every nonzero real eigenvalue o of A+ t(iB) and for every index £ of «,
the following holds: if wy, ..., wy are the distinct integers between ¢' +1 and q
such that oy, = o and £y, = € j=1,2,... k, then there exists a permutation
Aof{1,2,...,k} such that the integers €—|— ((1 F Ky o F Ty ) = Ty ) are
even for j = 1,2,...,k:.

Conversely, suppose that A" + tB’ and A" + tB" are pencils of the form (6.3),
with the parameters

{61, --, r,nl,...,né;/igurl,...,m;;ﬁi,...,ﬁg}

for A" +tB’ (subject to the restrictions (1), (2), and (3)), and with the corresponding
parameters

{00, 0sm) sy hg s R B BY Y, 07, i, Ky € {1, -1},

for A” +tB" subject to the conditions:

(a) 87 =0; if kj is odd (j =1,2,...,7);

(b) 0l = nw if Ly is even (w=1,2,...,¢);

(c) for every nonzero real eigenvalue o of A+ t(iB) and for every index £ of «,
the following holds: if wy, ..., wy are the distinct integers between ¢'+1 and q
such that oy, = o and £y, = € j=1,2,... k, then there exists a permutation
Aof{1,2,...,k} such that the integers €—|— ((1 —l—/@ZJM >)€+77wm) Nw;) are
even for j = 1,2,...,k:.

(d) for each j=1,...,s, either 3] = f; or B = —B;.

Then the complex hermitian-skewhermitian matriz pencils A’ + t(—i)B’ and A" +
t(—i)B" are (IV)-congruent.
The following corollary is noteworthy; its proof is immediate from Theorem 6.3.
COROLLARY 6.4. The following two statements are equivalent for a complex
hermitian pencil A+tB, A= A* B= B* ¢ C"*":

(1) For every complex hermitian pencil A’ +tB’, the pencils A’ +tB’ and A+tB
are (I11)-congruent if and only if the hermitian-skewhermitian pencils A’ +
t(=)B’ and A+ t(—i)B are (IV)-congruent.

(2) All eigenvalues of A + tB different from infinity are real, and in addition,
in the complex Kronecker form of A 4+ tB there are no even multiplicities
corresponding to the eigenvalue at infinity and there are no odd multiplicities
corresponding to the eigenvalue zero.
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It is interesting to compare to Corollary 6.2: In contrast to the strict equivalences
comparison in Corollary 6.2, the congruences comparison in Corollary 6.4 involves
additional hypotheses concerning the eigenvalues at zero and at infinity.

6.2. Proofs of Theorems 6.1 and 6.3. It will be convenient to collect sepa-
rately several facts that will be used in the proof:

LEMMA 6.5. In the statements (C)-(G) below, n,n', k" are signs £1 and o is a
nonzero real number. We have:

(A) Fy, + t(—1)Gy is not (IV)-congruent to —Fy + tiGy, for odd k;

(A7) Fy, + t(=1)Gy is (IV)-congruent to —Fy, + tiGy, for even k;
(B) t(=i)Fy + Gy is not (IV)-congruent to tiF; — Gy for even {;
(B") t(=i)Fe + Gy is (IV)-congruent to tiFy; — Gy for odd ¢;

(C) Forn' #n and ' =1, the pencil

(6.4) n' (=it + k') Fr + Gy)
is not (IV)-congruent to
(6.5) n((—it+ a) Fy + Gy) ;

(D) For k' = —1, £ even, and v/ =1, the pencil (6.4) is (IV)-congruent to (6.5);

(E) For k' = —1, € even, and nf = —n), the pencil (6.4) is not (IV)-congruent to
(6.5);

(F) For k' = —1, £ odd and n' = —n), the pencil (6.4) is (IV)-congruent to (6.5);

(G) For k' = —1, £ odd and ' = n, (6.4) is not (IV)-congruent to (6.5);

(H) If B € C\R, then the matriz pencil

{ 0 (=it + B)Fm + G }
(=it + B)Fm + Gm 0

is (IV)-congruent to

{ 0 (=it = B)Fn + Gom } |
(=it — B)Fpm + G 0

Proof. Statements (A) and (B) are contained in [18, Lemma 5.5(2),(4)]. State-
ments (A’) and (B') follow from the equalities

dlag (J) _ja s 7.]7 _J) (Fk + thk) dlag (_j7ja ) _J7J) = _(Fk + thk)
for even k and
dlag (J) _ja R _Ja.]) (Gé + tlF@) dlag (_j7ja s 7ja _J) = _(GZ + tIFZ)

for odd ¢. Statement (C) is a consequence of [18, Lemma 5.5(5), Theorem 5.3]; indeed,
it follows from these results that any matrix pencil of mixed hermitian-skewhermitian
quaternionic matrices whose H-Kronecker form consists of exactly one Jordan block
and the eigenvalue of this block is nonzero with zero real part, is not (IV)-congruent
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to its negative. For the statement (D) note the equality (taking n’ = n = 1 without
loss of generality)

dlag (_jaj7 sy _jaj) ((_It - Oé)Fg + G[) dlag (J7 _j7 s 7.]7 _J) = ((_It + Oé)Fg + G@) 5

where oo € R\ {0} and ¢ is even.
Consider (E). By the already proved statement (D), the matrix pencils

n' (=it —a)F, +Gy) and 7' (=it + ) Fy + Gy)
are (IV)-congruent; but
n (=it +a) Fy + Gy) = —n ((—it + ) Fr + Gy) ,

which is not (IV)-congruent to (6.5) by statement (C). Statement (F) is proved by
the equality

(dlag (J7 _jvja ceey _JaJ)) ((It + Oé)Fg - G@) (dlag (_j7ja _ja s 7.]7 _J)) = (—it—ﬁ-Oé)Fg—f—Gg,

where £ is odd. For the proof of (G) observe that the real symmetric matrices n'x’aFy+
7'Gy and naF; + nGy (the values of the pencils (6.4) and (6.5) when t = 0) have
different inertia, therefore these two matrices cannot be (IV)-congruent. For the
statement (H), let a and v be nonzero quaternions satisfying the properties

a(=a~t =i, a(-1)"y" =1,
and let
X := (diag (o, —av, ..., (=1)™ ")) @ (diag (v, =7, ..., (1) 1y)) € H>™*2™,

Then a straightforward computation shows that

0 (=it + B)Fm +GCm | wu
X [ (=it 4+ B)Fp + G, 0 ] X7 =
0 (=it — B)Epy + G
(—=it—=B)Fm+ G 0 '

This completes the proof of Lemma 6.5.0

Statements (C) through (G) of Lemma 6.5 can be conveniently summarized as
follows.

COROLLARY 6.6. For signs n,n', k" € {1, —1}, positive integer £, and o € R\ {0},
the matriz pencils (6.4) and (6.5) are (IV)-congruent if and only if the integer

1
0+ 5((1+/<;’)£+n’—77)
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18 even.

Proof of Theorem 6.3. The direct statement: The pencils A + tB and A’ + ¢tB’
clearly have the same H-Kronecker form. Therefore, denoting by Aj + tB( the C-
Kronecker form of A’ + tB’, and denoting by Ag + tBy the C-Kronecker form of
A+tB, we obtain in view of Proposition 2.6 that Af +¢By is obtained from Ay +tBy
by replacing some blocks Jy, (cr;) with Jy, (@5), for nonreal aj. Note that Af +¢(iBj)
is C-strictly equivalent to A’ + ¢(iB’), whereas Ay + t(iByp) is C-strictly equivalent to
A+ t(iB). Note also that

x=y+iz, y,z €R, is an eigenvalue of Ay +¢(iBy) <—
iy — z is an eigenvalue of Ay +tBy <
iy — 2z and/or — iy — z is an eigenvalue of A +tB <=
—y +iz and/or y + iz is an eigenvalue of A{ + t(iBy).

Taking into account Proposition 3.4 we see that the canonical form of the complex
hermitian pencil A’+#(iB’) under (III)-congruence must have the following structure:

0 0 F., 0 0 F,
Ouxu® [t] O 0 0 |[+Goypr|®-—@®[t] 0 0 0 |+Got1
Fe, 00 F., 0 0

@51 (Fkl +tGk1)EB"'EB5;(FkT +tGkT)
@} (tFey +Gr) @ - @y (tFs,, + G, )

D M1 ((t + 77('1',+1aqz+1) Fp, ., + Ggq,+1) ®--- D1, ((t+ ngozq) Fy, + Gy,)

([ eamrn O e G
66) @...@qmﬂ%)% (t+ﬂ(j§)Fms}+[G?ns GSLSD

where for each j = 1,...,s, either 8} = ; or 3} = —Bj, and

/ ! / /-~ "
61;“’767"; 771;“’777(1777(1’-}-1;"'777(1

are signs +1. Denote by A; + tB; the hermitian pencil (3.3), and by A} + tBj] the
hermitian pencil (6.6). Then the pencils Ay + t(—i)B; and A} + t(—i)Bj are (IV)-
congruent. In view of the canonical form for hermitian-skewhermitian quaternionic
pencils under (IV)-congruence (the canonical form describes the primitive blocks for
such pencils, see, for example, [18, Theorem 5.3]), the direct statement of Theorem
6.3 follows from Lemma 6.5 (A), (B), (H), and from Corollary 6.6.
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The converse statement follows by analogous arguments using Lemma 6.5 (A'),
(B’) and Corollary 6.6 again. O

Proof of Theorem 6.1. The direct statement: Arguing as in the proof of the
direct statement of Theorem 6.3, we see that the canonical form of the complex
hermitian pencil A’ 4+ ¢(iB’) under (III)-congruence must have the structure as in
(6.6). Evidently, (6.6) is C-strictly equivalent to (6.1).

The converse statement: The H-strict equivalence of A’+t(—i)B’ and A”+t(—i)B”
follows by observing that every pair of corresponding constituent blocks in A’+t(—i) B’
and A” + t(—i)B” has the same H-Kronecker form. 0O

7. Congruences of pairs of complex hermitian or skewhermitian ma-
trices II. In this section we study comparison of (III)-congruence and congruences
over the quaternions for matrix pencils A + tB, where A = £A* and B = +B*
are complex matrices. As in Section 5, in all cases, we use the canonical form for
(I1I)-congruence of complex hermitian matrix pencils given in Proposition 3.4. To
compare with congruence over the quaternions, in contrast to Sections 5 and 6, the
(V),-congruence will be used in this section, in other words, the congruence defined
by transformations A +tB +— S9(A + tB)S with invertible quaternionic matrix A,
where a nonstandard iaa o is determined by the property that o(i) = —i; in fact, a
nonstandard iaa with this property is unique.

We clearly have A* = A% for every complex matrix A. Thus:

PROPOSITION 7.1. If complex matriz pencils are (III)-congruent, then they are
(V),-congruent. We explore in this section to what extent the converse is true, for
complex matrix pencils with symmetries.

7.1. Hermitian and skewhermitian matrix pencils. We start with complex
hermitian matrix pencils:

THEOREM 7.2. Let A+tB and A'+tB’ be complex matriz pencils, with hermitian
matrices A, A’', B, B'. Then the following statements are equivalent:

(a) A+tB and A’ + tB’ are H-strictly equivalent;

(b) A+1tB and A’ +tB’ are C-strictly equivalent;

(c) A+tB and A" +tB’ are (V);-congruent;

(d) The canonical forms of A+ tB and A’ +tB’ under (II1)-congruence (Propo-
sition 3.4) may differ only in the sum of signs corresponding to any real
eigenvalue (or the eigenvalue at infinity) in their respective sign characteris-
tic.

Proof. The equivalence of (a) and (c) follows from Theorem 7.1 in [16]. By
combining Propositions 3.4(b) and 2.6 we see that (a) and (b) are equivalent. Finally,
(b) and (d) are equivalent in view of Proposition 3.4(b) again. O

Next, consider skewhermitian complex matrix pencils.

THEOREM 7.3. Let A+tB and A’ +tB’ be complex matrix pencils, with skewher-
mitian m X m matrices A, A', B, B'. Then:

(a) The pencils A+ tB and A’ +tB’ are C-strictly equivalent if and only if they
are H-strictly equivalent.
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(b) The pencils A+ tB and A’ + tB’ are (I11)-congruent if and only if they are
(V),-congruent.

Proof. Part (a): Note that in view of Proposition 3.4, the C-Kronecker forms of
A+ tB and of A’ + tB’, which are the same as the C-Kronecker forms of complex
hermitian matrix pencils iA + tiB and iA’ + tiB’, respectively, are symmetric relative
to the real axis: If a € C is a nonreal eigenvalue of A+t¢B, then so is @, and the indices
of a coincide with the indices of @; an analogous statement holds for A’ + ¢B’. In
view of Proposition 2.6 it follows that if the pencils A+tB and A’ +¢B’ are H-strictly
equivalent then they are also C-strictly equivalent.

Part (b): Let A+¢tB and A’+tB’ be (V),-congruent. Then in particular the pencils
are H-strictly equivalent, hence by the part (a) also C-strictly equivalent. Therefore,
the hermitian matrix pencils —iA+¢(—i)B and —iA’+¢(—i) B’ are C-strictly equivalent
as well. Arguing by contradiction, and assuming that —iA+¢(—i)B and —iA’+t(—i)B’
are not (III)-congruent, we obtain (by using the canonical form of Proposition 3.4 for
complex hermitian matrix pencils —iA + t(—i)B and —iA’ +t(—i)B’) that there exist
invertible complex matrices S and T with the following properties:

v 0 0 F,
S*(A+1tB)S = Oyss @ @ il 0 0 0 |+iGa
- F., 0 0

@@ (i, +6Gr,)) & @ (o ((t+ )i, +iG,))

P 0
T*(A' +tB)T = 0uxu ® EP 0

0 F.
0 0 | +iGae;41
j=1 F.. 0 O

J

o @ (iFy, +1iGy,)) @ @(n§ ((t + ) iFy, +iGy;))

- @@({ t+ﬁj (t+68)iFm,~ ]+ { iG(:nj iG(;,Lj D

where in (7.1) and (7.2),e1 < --- <¢p and k; < --- <k, are positive integers, «; are
real numbers, 3; are complex nonreal numbers with positive imaginary parts,

617--'767"5 Ms---5MNgs 5,15"'76;-7 77,17777;
are signs, each equal to +1 or —1, and in addition we have

(7.3) TR Ry, VA R Y |
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or there exists a real number « such that

(7.4) Yoom#E Y,

{jraj=a} {jraj=a}

(Equalities (7.3) and (7.4) express the assumption that the pencils —iA +¢(—i)B and
—iA" + t(—i)B’ are not (III)-congruent.) Now a comparison with the canonical form
of Theorem 8.1 of [16] for o-skewsymmetric quaternionic matrix pencils shows that
the right hand sides of (7.1) and (7.2) are not (V),-congruent, a contradiction with
the (V),-congruence of A+tB and A’ +tB’. 00

7.2. Mixed hermitian-skewhermitian matrix pencils. We consider here
in a separate subsection the more difficult case of mixed hermitian-skewhermitian
complex matrix pencils. Thus, the pencils under consideration will be of the form A+
tB, where A is a complex hermitian matrix, and B is a complex skewhermitian matrix.
As in the preceding subsection, we compare (III)-congruence and (V),-congruence of
such pencils, where the (V).-congruence is determined by the nonstandard iaa o such
that o(i) = —i.

The main result and its corollary are parallel to Theorem 6.3 and Corollary 6.4:

THEOREM 7.4. Let A, A’ € C™"*™ be complex hermitian matrices and let B, B’ €
C™*™ be complex skew-hermitian matrices. Let (3.3) be the canonical form of the
hermitian pencil A+ t(iB) under (III)-congruence, where

ap=az=-=ay =0, a, ER\{0}forw=¢+1,¢d+2,....q

for some ¢’ (the case ¢ =0 is not excluded). Assume that the complex matriz pencils
A+1tB and A" +tB’ are (V),-congruent. Then the canonical form of the hermitian
pencil A" 4+ t(iB’) under (III)-congruence has the following structure:

0 0 F, 0 0 F,
Ouxu® | t 0 0 0 +G251+1 ®---d |t 0 0 0 +G25p+1
F., 0 0 Fep 0 0

© 0 (Fyy, +1tGr,) @ -+ @ 6, (Fy, +tG,)
@1y (tFe, +Gr,) @ -~ @1y (tFy,, + G, )

0 (t + 51)Fm, 0 Gm,
(em, 0™ e, ]

5) @...@q (t+ﬁ_2)Fms (4 B) ]%G?n G, ])

where for each j = 1,...,s, either 3; = 3; or B = —Bj, and &4,...,8L, i, ... s Megs
and /i;,_H, <oy Ky are signs 1 subject to the following restrictions (1), (2), and (3):

(1) 0% =6; if kj is even (7 =1,2,...,71),
(2) M)y = N if bw is 0dd (w0 =1,2,...,q"),
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(3) for every nonzero real eigenvalue o of A + t(iB) and for every index £ of
a, the following holds: if wn,...,wy are the distinct integers between q' + 1
and q such that o, = a and by, = £, j = 1,2,...,k, then there exists a
permutation X of {1,2,...,k} with the property that the integers ¢ + %((1 +
/ﬁﬁvw))(é—i— 1)+ 777/%(;') — 1w, ) are odd for j =1,2,... k.
Conwversely, suppose that hermitian-skewhermitian matriz pencils A’ + tB’ and
A" +tB" are of the form (6.3), with the parameters

/ r.o7 oo 1.l /
TN/ [P/ A /A PR A ¢ NN G

for A" +tB’ (subject to the restrictions (1), (2), and (3)), and with the corresponding
parameters

" " " 1 " " /! /! " 1 "
{61ﬂ"'767";771;"'7nq;"€q’+17"'7"€q; 17"'755}7 6]’7 Ny Ke 6{1,—1},

for A” +tB" subject to the conditions:
(a) 07 =6; if kj is even (7 =1,2,...,7);
(b) nt =N if by is odd (w=1,2,...,q4");
(c) for every monzero real eigenvalue o of A + t(iB) and for every index ¢ of
a, the following holds: if wy,...,wy are the distinct integers between q' + 1
and q such that o, = « and by, = £, j = 1,2,....k, then there exists a
permutation X of {1,2,...,k} with the property that the integers ¢ + %((1 +
IQZ,MJ))(E—F 1)+ nq’l'u(]) — 1w, ) are odd for j =1,2,... k.
(d) for each j=1,...,s, either B} = B; or B = —B;.
Then the complex hermitian-skewhermitian matriz pencils A" + t(—i)B’ and A" +
t(—i)B" are (V);-congruent.

The proof of Theorem 7.4 will be given separately in the next subsection.

Analogously to Corollary 6.4, we indicate a necessary and sufficient condition
for the situation when (III)-congruence of complex hermitian pencils A’ + tB’ and
A+ tB is equivalent to the (V).,-congruence of the hermitian-skewhermitian pencils
A"+ t(—i)B" and A + t(—i)B:

COROLLARY 7.5. The following two statements are equivalent for a complex
hermitian pencil A+tB, A= A*, B= B* ¢ C"*":

(1) For every complex hermitian pencil A’ +tB’, the pencils A’ +tB’' and A+tB
are (III)-congruent precisely when the hermitian-skewhermitian pencils A’ +
t(=i)B’ and A+ t(—i)B are (V);-congruent.

(2) All eigenvalues of A + tB different from infinity are real, and in addition,
in the complex Kronecker form of A + tB there are no odd multiplicities
corresponding to the eigenvalue at infinity and there are no even multiplicities
corresponding to the eigenvalue zero.

The proof of Corollary 7.5 is obvious from Theorem 7.4.

As an application of Corollary 7.5 we present a result concerning comparison
of the congruence over the complexes with the congruence over the quaternions, for
complex matrices.
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THEOREM 7.6. Let Y € C™"*" and write Y = Yy + iY7, where Yy and Y7 are
complex hermitian matrices. The following statements are equivalent, where o is the
nonstandard iaa such that o(i) = —i:

(a) For any X € C™*, if S°XS =Y holds for some invertible quaternionic

matriz S, then R*XR =Y for some invertible complex matriz R;

(b) All complex eigenvalues of the hermitian matriz pencil Yy + tY7 are real,
and in addition, in the complexr Kronecker form of Yo 4+ tY1 there are no odd
multiplicities corresponding to the eigenvalue at infinity and there are no even
multiplicities corresponding to the eigenvalue zero.

Proof. The proof follows by applying Corollary 7.5 to the matrix pencil Y7 + tY53,

i.e., we take A =Y7, B=Y;. Let us provide some details. Assume (b) holds, and let
X € C™*™ be such that S°X.S =Y for some invertible quaternionic matrix S. Write
X = X1+iXs, where X; and X5 are complex hermitian. Note that every quaternionic
matrix admits a unique decomposition as the sum of a o-symmetric matrix and of a
o-skewsymmetric matrix. As a result, it follows from SX S =Y that

S7(X, +t(—=)X2)S =Y; +t(-)Ys, V teR,

in other words, the matrix pencils X +¢(—i) X2 and Y; +t(—i)Y> are (V),-congruent.
By Corollary 7.5, there exists an invertible complex matrix R such that

(7.6) R* (X1 +tXo)R=Y, +tYs, V teR.

But then equality (7.6) holds also for all ¢ € C, in particular, it holds for ¢ = i, and
the statement (a) follows. O

7.3. Proof of Theorem 7.4. The proof will be patterned on that of Theorem
6.3. We start with an analogue of Lemma 6.5.

LEMMA 7.7. In the statements (C)-(G) below, n,n', k" are signs £1 and « is a
nonzero real number. We have:

(A) Fy +t(—=)Gy is (V)i-congruent to —Fy, + tiGy, for odd k;
) Fi + t(=i)Gy is not (V)i-congruent to —F}, + tiGy, for even k;
) t(=i)Fy + Go is (V)i-congruent to tiFy, — Gy for even {;
(B') t(=i)Fy + Gy is not (V);-congruent to tiFy — Gy for odd ¢;
) Forn/ #mn and k' =1, the pencil

(7.7) n' (=it + k') Fr + Gy)

is not (V);-congruent to

(7.8) n((—it+ «a) Fy + Gy) ;
(D) For k' = —1, ¢ even, and ' = —n, the pencil (7.7) is (V)i-congruent to (7.8);
(E) For k' = =1, £ even, and v’ = n, the pencil (7.7) is not (V)i-congruent to
(7.8);

G

For k' = =1, £ odd and /' =1, the pencil (7.7) is (V)i-congruent to (7.8);
For k' = =1, £ odd and v/ = —n, (7.7) is not (V);-congruent to (7.8);

—~
Q
~— —
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(H) If p € C\ R, then the matriz pencil

0 (=it + B)Fm + G,
[ (=it + B)E, + Gy 0 }

is (V),-congruent to

{ 0 (=it — B)Fm + G, }
(=it — B)Fm + Gm 0

Proof. Parts (A), (A"), (B), (B'), (C) follow from [17, Theorem 3.1]; note that
the H-Kronecker form of (7.7), as well as that of (7.8), consists of one Jordan block
with eigenvalue i (up to similarity). For the part (D) observe the equality

diag (=j,j, - =i J) (=it — ) Fo + Go) diag (=, j, - . ., —j,)) = — (=it + @) Fr + Go) .
Consider (E). By the already proved part (D), the matrix pencils
n (—it—a)F,+Gy) and —n' ((—it+ «a) F, + Gy)
are (V)j-congruent; but
=1 (=it + @) Fy + Go) = —n (=it + a) Fr + Ge)

which is not (V);-congruent to (7.8) by the same [17, Theorem 3.1]. Statement (F)
(where we take n =7’ = —1 without loss of generality) is proved by the equality

dlag (Ja _jajv SRR _jaj) ((It + a)FK - GZ) dlag (Ja _jajv R _ij) = _((_lt + Oé)Fg + GZ)7
where ¢ is odd. Next, consider (G), taking n =1, ' = —1. Then
n (=it + K'a) Fo + Gy) = (it + ) Fy — Gy

is (V);-congruent to the negative of (7.8), in view of the already proved part (F). But
(7.8) is not (V),-congruent to its negative by [17, Theorem 3.1], as the block (7.8) is
H-strictly equivalent to a Jordan block with eigenvalue ai (up to similarity).

It remains to prove (H). Let X € H™*™ be an invertible matrix such that

XYiBI +iFG)X = —ipI +iFG,
where we set F' = F,, and G = G, for short, and define Y € H™*™ by the equality
Y7 = —iFX liF
Then the following equation is easily verified:

R IR P e I
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_ 0 (—it—B)F + G }
| (-it—B)F+G 0 :

which proves (H). O

Summarizing the parts (C) - (G) of Lemma 7.7, we obtain:
COROLLARY 7.8. For signs n,n', k" € {1,—1}, positive integer £, and o € R\ {0},

the matriz pencils (7.7) and (7.8) are (V);-congruent if and only if the integer

0+ %((1 +&)E+1)+1 —n)

s odd.

Proof of Theorem 7.4. The direct statement: As in the proof of Theorem 6.3,

we see that the canonical form of the complex hermitian matrix pencil A" + ¢(iB’)
under (IIT)-congruence must have the structure as in (6.6). Now the proof proceeds
analogously to the proof of Theorem 6.3, using Lemma 7.7 and the canonical form
for symmetric-skewsymmetric quaternionic pencils under (V).-congruence (see [17,
Theorem 3.1]) instead of Theorem 5.3 in [18].

The converse statement follows easily from Lemma 7.7 and Corollary 7.8. O
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