oerators
nd
atrices
Volume 7, Number 2 (2013), 357-379 "doi:10.7153/0am-07-21

AN ORTHOGONALITY PROPERTY FOR REAL SYMMETRIC MATRIX
POLYNOMIALS WITH APPLICATION TO THE INVERSE PROBLEM

PETER LANCASTER, UWE PRELLS AND ION ZABALLA

(Communicated by L. Rodman)

Abstract. An orthogonality property common to a broad class of real symmetric matrix polyno-
mials is developed generalizing earlier results concerning polynomials of second degree. This
property is obtained with the help of canonical forms expressed in terms of a triple of real ma-
trices (even though there may be complex spectrum) and it is used in the solution of an inverse
spectral problem. The distribution of eigenvalues on the real line is discussed and earlier re-
sults for quadratic polynomials are generalized, in which the inertias of coefficient matrices are
expressed in terms of the canonical forms.

1. Introduction

We consider real selfadjoint matrix polynomials of any degree. With the exception
of Appendix A, it is assumed for simplicity that all eigenvalues are semisimple. The
main objective is a generalization of an orthogonality property originating in [15], and
developed in [10], for quadratic polynomials having positive definite leading coefficient
and no real eigenvalues. See also [9] for the (hyperbolic) quadratic case of all real
eigenvalues. This orthogonality property has also been studied recently by Al-Ammari
and Tisseur in [1] for general quadratic matrix polynomials.

Here, a general nonsingular leading coefficient is admitted as well as mixed real/
non-real spectrum. We take advantage of the corresponding spectral theory of selfad-
Jjoint matrix polynomials initiated by Gohberg, Lancaster, and Rodman in 1978 in [2],
continued in [4], [5], [7], and revisited more recently in [12]. We study n X n polyno-
mials of the form

LA) =LA 4L A" 4 4 LA +Ly, £>1 1)

with real and symmetric coefficients and det Ly # 0. The spectrum generally consists
of both real and non-real eigenvalues - the latter in conjugate pairs.

The notions of real selfadjoint Jordan triple and sign characteristic will play an
important role in our development. These are reviewed in Section 2, and in Section 3 a
specific real selfadjoint Jordan triple is constructed (see Theorem 1) that is well-suited
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to derivation of the orthogonality property. Theorem 10 of Appendix A also has a role
in this theory.

Section 4 contains the basic orthogonality results. It is shown in Theorem 2 that,
for n x n real symmetric matrix polynomials of even degree ¢ = 2m, “half” of the spec-
tral data (eigenvalues, eigenvectors and sign characteristic) is determined by the other
“half” together with a real orthogonal matrix of size mn x mn. There is an analogous
statement for the case of polynomials of odd degree.

A discussion of our basic hypotheses in the context of more general complex sys-
tems appears in Section 5.

Section 6 provides an investigation of the orthogonal matrix mentioned above, and
characterizes admissible eigenvalue and sign characteristic distributions for symmetric
matrix polynomials of even degree, ¢ = 2m. The main result is Theorem 5 in which a
connection is made between admissible canonical structures and certain mn x mn real
orthogonal matrices. It is known that, for Hermitian matrix polynomials with positive
definite leading coefficients, some restrictions apply to the spectral data (see Example
1.5 of [5]) and this idea is developed further in Theorem 7.

In Section 8 we focus on the important special case of the inverse quadratic eigen-
value problem, ¢ = 2, and show how the general theory developed in Section 6 applies
in this important case. Proposition 8 shows how the inertias of the matrix coefficients
can be expressed in terms of a canonical triple. Corollary 9 demonstrates the role played
by n x n real orthogonal matrices in this construction.

In the case of real symmetric polynomials with L, > 0, a result of Gohberg, Lan-
caster, and Rodman [6] shows how to take advantage of conjugate complex symmetry
in the formulation of Jordan triples. A generalization to admit general nonsingular L,
is the subject of Appendix A

2. Canonical forms

An early comprehensive study of canonical structures for selfadjoint matrix poly-
nomials can be found in [6], but is confined to the case of positive definite leading
coefficient, L,. However, the theory in [7] is more general in that L, is to be invertible,
but may be indefinite. Furthermore, this degree of generality is maintained in the re-
cent survey [12]. This section provides a survey of necessary canonical forms for real
symmetric matrix polynomials of the form (1).

Briefly, this structure includes a complete summary of the eigenvalue/eigenvector
data for L(A) and the so-called “sign characteristic” of the real eigenvalues. Basic
references are [0, 7, 12].

Let F denote the field of either the real numbers or the complex numbers. Two
matrices X € F* and T € F*"" form a “standard pair” if

X
XT
cx.1)=| @)

X7t
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is nonsingular and it is a standard pair for L(A) if, in addition,
L(X,T):=LXT '+ -+ L XT +LoX =0.

Then three matrices X € F™* T € F"< and Y € F"*" are said to form a standard
triple if (X, T) is a standard pair and

b¢ 0
XT :

Y= . aE 3)
: 0
X7t 0

for some nonsingular matrix Q € F**"_ If (X,T) is a standard pair for L(A) and (3)
holds with Q =L, then (X, T,Y) is a standard triple for L(A).

All standard triples for L(A) are similar in the sense that (X;,7;,Y;) and (Xz,72,Y2)
are standard triples for L(4) if and only if

(X2, T3,Y) = (X,8,57 718,57 '1y)

for some invertible matrix S. In particular, if (X,7,Y) is a standard triple for L(A)
then, by applying a similarity transformation, we can obtain a triple (XS,S~'TS,S~'Y)
with S~!T'S in Jordan canonical form. Such a triple is called a Jordan triple for L(1),
the columns of XS are right Jordan chains of L(A) and the rows of S~!Y are left
Jordan chains. Thus, Jordan triples convey complete information about the eigen-
value/eigenvector data of L(1).

Now, if L(1) is real symmetric (LT = L;, i =0,1,...,¢) or complex Hermitian
(L =L;,i=0,1,...,0) then the non-real eigenvalues appear in conjugate pairs and the
relationship between the right and left Jordan chains is stronger than (3). It is related
to the sign characteristic as follows. Since L(A) = L*(A) (* =* or ), both (X,T,Y)
and (Y*,T*,X*) are standard triples of L(A) . So there is an invertible matrix S such
that

Y =Xx8, T*=s"'Ts, x*=s"'v. 4)

It turns out (see [60]) that such a matrix S is unique and that (see [12]) S is symmetric
or Hermitian according as L(A) is real symmetric or complex Hermitian, respectively.
Thus, (4) reduces to

Y*=XH, T*=H 'TH, (H*=H). (5)

Triples (X,T,Y) satisfying (5) are called selfadjoint standard triples when X, T and
Y are matrices with complex entries and * = * (conjugate transposition). And if X, T
and Y are real matrices and * = T (transposition) then they are called real selfadjoint
standard triples. When T is in (real) Jordan form then they are called (real) selfadjoint
Jordan triples.

The general theory asserts (see [3, 12]), that if L(A) is complex Hermitian then
there is a selfadjoint Jordan triple (X,J, P sjX*) for L(A) for which:

J= 6911 o @@{ e (Bs) Jmk(()m]’ (©6)
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and
q s
Py =@Peir, DD Fam, )
j=1 k=1
where
e qy,...,0 are the (not necessarily distinct) real eigenvalues of L(A) with partial
multiplicities I1,...,1I,,
e (B1.B Dseees (Bs, B ;) are the (not necessarily distinct) pairs of non-real conjugate
eigenvalues of L(A) with partial multiplicities my, ... ,m;,
Ao 1
20 kxk 1 kxk
o Ji(do) = . e R = . € Fk*k and
1 Ao 1
e gp,...,& are each equal to either +1 or -1 and, together, they are known as the

sign characteristic of L(A).

Furthermore, if L(A) is real and symmetric then there is a real selfadjoint Jordan
triple for L(4) of the form (X,J,P; ;XT) where P is as in (7) and

r s
J =i, () DD Kom, (Br) (®)
j=1 k=1
is a matrix in real Jordan form with
Uj
L U; .
K;(Bj) = .o e R/, 9

and

Uj= {5; “ﬂ s Bj =y +ivj, vj>0.
In both cases the columns of X and the rows of P jX* (recall * =" or Ty are real
or complex right and left Jordan chains, respectively, of L(A) according as this matrix
is real symmetric or complex Hermitian (see [12] for the notion of real Jordan chain of
non-real eigenvalues). In particular, if L(A) is a real symmetric matrix polynomial with
non-real eigenvalues, then it admits both real and complex Jordan forms and chains.
The relationship between them will be used in the next section and is explored further
in Appendix A.
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3. Convenient real canonical structures

As mentioned in the introduction, we will focus on semisimple real symmetric
matrix polynomials with nonsingular leading coefficents. If L(A) is such a matrix
function, the partial multiplicities of its eigenvalues are all equal to one. If 2s is the total
number of non-real eigenvalues (counting multiplicities) then the remaining nf — 2s
eigenvalues are real. Denote the signature of Ly by 0, i.e. & is the difference between
the number of positive and negative real eigenvalues of Ly, so that —n < 6 < n.

By Proposition 4.2 of [4], if the sign characteristic of L(A) associated with the
real eigenvalue A; (1 <i<nf—2s)is &= +1, it follows that

”SZ"S_ _ [0 if/iseven,
“ 7 6 if £is odd,

Now define y to be 0 or 1 according as /¢ is even or odd, respectively, and if ¢
is the number of real eigenvalues of negative type (negative sign characteristic), then
q+ x 6 is the number of real eigenvalues of positive type (positive sign characteristic).
Thus, g > 0 and ¢+ 6 > 0 but it may happen that g+ ¥6 =0 or ¢ =0.

Let r1,...,r41 5 be the real eigenvalues of positive type, ryy y541;---:72g+45 b€
those of negative type and construct diagonal matrices of size ¢+ ¥ and g:

R =Diag(r1,...,744y5), R =Diag(rgs 45415+ 72g+75)- (10)

Write the 2s conjugate pairs of eigenvalues as follows:

ﬁjZ[.lj+iVj7 ﬁipr]:ﬁj:,uj—iyj (Vj>0), j=13,...,2s—1.

The semisimple case of Theorem 10 of Appendix A implies that there is a (gener-
ally) complex Jordan triple for L(A) of the form (X, J;, P.X) where X, € crxnt . e
anxnf,PC c RnerM and

JC :Diag(RJraR*aEl:ﬁla'“7Bs7ﬁ5‘)7

. 01 01
PC:Dlag<Iq+15,—Iq7[10]7...,[10]>, (11)

Xe=[Xo X_wy—ivi uy+ivy - ug—ivg ug+ivg | (12)

and X, € R™@H20) X e R™4, y;v; e R, j=1,...,5.
We are to transform such a triple to a real selfadjoint Jordan triple by applying a
suitable transformation as follows:

(Xe, Je, PX2) — (X0, 000, O'PX[) = (XU, 0.0, (O"RO)(X0)"),
where U is unitary.
i1
—il

First consider the primitive unitary matrix W = % [ } and observe that, if

x=u-1iv, then
[u—ivu—l—iv]W:\/i[v u]
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Also, if B =u+iv,

B0y, [u-v Lo [—10
W[oﬁw_y,u’andWIOW_OI'
By applying corresponding unitary transformations to the complex Jordan triple,

(Xe, Jey PoX), one for each conjugate pair of non-real eigenvalues, we arrive at a real
Jordan triple defined by:

. Hy — Hs —Vs
Jg = Diag (R, R_, 7
g mg( : [Vl m] [v s D

Pgr = Diag(l 455, — g, —1,+1,...,—1,+1),
Xgr = [X+ X_\2v1 V2uy -+ V2 \/Eus]
Now apply the (unitary) permutation I1 = Diag (I, s, Py) Where
Py=[e1esereq - ex),
and, defining
M = Diag(, U3, ..., Urs—1), N =Diag(vy,vs,...,v25-1) >0, (13)

we obtain the final real canonical forms:

J =TT JRIT = Diag <R+,R, [% ;ﬂ) e R, (14)
P =T1" PRIl = Diag (I y5. — Iy 1. Is) € R"™, (15)
X=Xgll=[X; X_ VU] eR™™, (16)
where X, € R™(@+28) x  c R"™*4 and
V=V2[v v €R™, U=V2[u - u;] €R™ (17)

Note the fundamental symmetry property, (JP)” = JP. This particular canonical
form has the advantage of making the inertia of P explicit.

Bearing in mind the results of Section 2 and, in particular, the definition (5) of a
real selfadjoint Jordan triple we have:

THEOREM 1. A semisimple real matrix polynomial of the form (1) with Ly non-
singular has a real selfadjoint canonical triple (X,J, PXT) where X,J, P have the
real canonical forms (16), (14), (15), respectively. Conversely, such a real canonical
triple uniquely defines a semisimple real selfadjoint matrix polynomial L(A) with Ly
nonsingular.

The last part of the theorem is a straightforward consequence of Theorems 2.4 and
3.50f [12].
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REMARK 1. We note that, for the real selfadjoint Jordan triple (X,J,PXT) of

Theorem 1, we have the following properties:

®

(i)

(iii)

The “moment conditions” hold (see (3)):
xJpx" =0, k=0,1,...,0-2 (18)
and, furthermore, the leading coefficient is given by
xJ X =1, (19)

Indeed, it is generally possible to express all the coefficients of L(A) in terms of
the moments.

More generally, when A is not an eigenvalue of L(1):

. [ XJT(IA—J)IPXT, r=0,1,....0—1,
ML) = {XJ‘(I)LI—J)IPXTJFLI, r=>{,

forall A ¢ o(L), the spectrum of L(A). The case r =0 is known as the “resol-
vent form” (see [3], Corol. to Thm. 1).

When ¢ (the degree of L(4)) is odd (y = 1) there are at least | 5| real eigenvalues
r; (see [4], Thm. 3.1).

REMARK 2. If J and P are matrices as in (14) and (15) and X satisfies (18)

and (19) then (X,J,PXT) is a real selfadjoint Jordan triple. In fact, C(X,J) of (2) is
invertible because

0O --- 0 L€_1
L;l *
c(x,ncxpJnt = ‘
Lzl cee % *

is invertible and (X,J,PXT) clearly satisfies (3) and (5).

EXAMPLE 1. To illustrate, consider the real matrix polynomial

LA = [‘f _11] A2+ [§ _35} At [é —26]

of [9], Example 4. The four eigenvalues are: a real eigenvalue -1 of positive type, a real
eigenvalue -2 of negative type, and a conjugate pair —2 £ i.

There is a complex Jordan triple:

J. =Diag(—1,-2,-2—i,—-2+1),
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1 000 )
e S R
0010 V2o

It is found that, as required, X.P.X = 0 and

-1
XJP X = {(1) _11} :

In terms of the real canonical structures of (14), (15) and (16) we have:

10 0 0 10 00
0 -20 0 0-100
=10 0 221" P=lo0 —10]|
00 1 -2 00 01

10-10
X_[X+XVU]—[01 0 1].

The moment condition (18) can be verified: XPXT =0 and (as in (19))

-1
r_[01
XJPX _[1—1 :

4. An orthogonality property

Using the canonical forms (14) - (17), and for k =0,1,...,£—1, form n x 2s
matrices

k
Vi U] = [V U] m ;ﬂ (20)
and n x (q+ x0+s), n x (g+s) matrices:
A= [XR8 U], Bi:=[X-RL V], (21)
respectively. Then, with the definitions (14), (16) and (20),
XJ* =X RE X_R* V, U] e R, (22)

and if £ = 2m+ x then the moment conditions of (18) can be written collectively as a
matrix product:

X
XJ
[PXT gpxT ... yn=1pxT ] =0, (23)

X_]’“:"'X_l
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the zero matrix of size n(m-+ x) x nm. (Actually, this is the submatrix of B~ on p. 34
of [5] formed by its first m + ) block-rows and m block-columns.)

Notice now that, by definition of a selfadjoint standard triple (see (5)), PJP =JT .
Therefore J*P = P(JT )X and equation (23) takes the symmetric form

X
XJ

P[xT JTXT ... (JT)ym=1XT] =o0. (24)
XJm;rxfl

However, using (22) and the definition of (21) it follows that, for i =0,1,...,m+y —1
and k=0,1,...,m— 1, the (i,k) block-entry of this matrix is:

kyk
o
XIPUTYXT = (XK, —x & v ;] | BX |
k
uf
= X R, (RD)XT +yUul —X_R_(RT)*xK —vy T,

= AAT —BiBI.
Hence (24) is equivalent to

AAT =BB!, for i=0,1,2,....om+x—1 and k=0,1,2,....,m—1. (25)

Define
Ao Xt Uy By X_ Vo
A X.R, U B X RV
Am- XeRY Uy By X R Vo

and let us compute the sizes of A and B. It follows from ¢ = 2m + y that n/ is both
2mn + ny and (counting the eigenvalues) 2s 4+ 2¢g+ 0. Thus

(n+0)x

Y
g+s+8y=nm+-——=% and hence gts—mmt P=OX

2

Then A and B are nm X (nm—i— @) and nm x (nm—|— @) real matrices re-

spectively.
It is convenient, at this point, to separate the cases of even and odd degree polyno-
mials,ie. y =0or y =1.

(i) x =0: L(A) has degree, { =2m, A and B are nm x nm real matrices and (25)
is equivalent to AA” = BB . In turn, this condition is equivalent (see Appendix
B) to the existence of a real orthogonal nm x nm matrix © such that

B = A®. 27)
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(ii)) y =1: L(A) has degree £ =2m+ 1 and (25) is equivalent, simultaneously, to

AAT = BBT and A,,AT =B,,BT. If p:= (";—6) then the sizes of A and B are
nm X (nm+ p) and nm x (nm+ p — §), respectively.

(a) If § > 0 then (see Appendix B), AAT = BBT is equivalent to the existence of
areal (nm+ p) x (nm—+ p— 6) matrix © with orthonormal rows such that

B=A0 (28)

and, under this condition, A,,A” = B,,B” is equivalent to (A,, — B,,07)AT =0;
i.e. the rows of A,, — B,,©T and A are mutually orthogonal.

(b) If § <0 then (see Appendix B), AAT = BB is equivalent to the existence of
areal (mm—+ p—0) x (nm+ p) matrix © with orthonormal rows such that

A=BO 29)

and, under this condition, A,,A” = B,,B” is equivalent to (B,, —A,,07 )BT =0;
i.e. the rows of B,, —A,,©7 and B are mutually orthogonal.

(c) When 6 =0 and n is even O is a real orthogonal matrix.

Observe that the definitions of (26) imply that

Ii5,000
q+6y
(AB] - XJ 0 01,0
- 0 00F|’
XJm71 0 ISOO

so that [A B] is simply a column permutation of the matrix

X

XJ
Q: . c Rmnx2mn'

X]’-"_l
Given that (X,J) is a right Jordan pair, rankQ = nm and, since either A = BO or
B = AO for some full-rank matrix ©, rankA = rank B = nm, and
rank [ Xy Uy | =rank [X_ Vi | =n, k=0,1...,m—1. (30)

We have established the following general orthogonality property for real-symmetric
matrix polynomials:

THEOREM 2. Let L(1) beasin (1) andlet (X,J, PXT) be a real selfadjoint triple
as defined in (14) - (17) where J,P € R">*" ( =2m+ y (x =0 or 1) and the sizes
of the submatrices Ry and R_ of J are q+ 0y and q, respectively . Let p = # and
let full-rank real matrices A, B of sizes nm x (nm+ py) and nm x (nm+ (p — 8)x) be
formed from this triple as in (21) and (26). Then:
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(i) If £ =2m there is a real orthogonal matrix © € R™"™ sych that B = A©.

(it) If ¢ =2m+1 and 6 > 0 there is a real (nm+ p—8) X (nm—+ p) matrix © with
orthonormal rows such that B = A® and (A, — B,OT)AT = 0.
If ¢=2m+1 and & <0 there is a real (nm+ p) X (nm+ p — 8) matrix © with
orthonormal rows such that A = BO and (B, — A,©7)BT = 0.

Conversely, let J and P be canonical matrices of the form (14) and (15), respectively,
and let X € R be such that:

(a) XJ''PXT is nonsingular, and

(b) There is a real orthogonal © € R™*™" gych that matrices A and B, formed as
in (21) and (26), satisfy condition (i) or (ii), as appropriate,

then (X,J, PXT) is a real selfadjoint triple.

The proof of the last part of this Theorem is straightforward: If A and B satisfy
either condition (i) or (ii) then XJ*PXT =0 for k = 1,...,fn—2 and, by Remark 2, if
XJ'PXT is nonsingular then (X, J, PX”) is a real selfadjoint Jordan triple.

Theorem 2 provides a generalization of results in [10] (Section 3) and [9] (Section
9) in two important respects: polynomials of any degree are admitted and, also, poly-
nomials with mixed real/non-real spectra. It also implies that real symmetric matrix
polynomials with any prescribed degree and semi-simple spectrum can be constructed
by appropriate choices of real matrices A and ©, or B and O, as in (27), (28), or (29),
as appropriate. We develop this idea for matrix polynomials of even degree in Section
6.

Notice also that if L(A) has even degree and Ly, > 0 then L(A4) can be factorized
into a product of matrix polynomials of degree m and the real matrices A and B of
(27) are necessarily nonsingular (see Theorems 11.2 of [6] and 12.3.2 of [7]). Here, it
has been shown that the matrices A and B are nonsingular under the weaker condition
detLy,, 7é 0.

5. Remarks on more general polynomial systems

The existence of the real transformation ® with orthogonal rows is, of course, a
direct consequence of equation (23). This, in turn, is part of the lower block-triangular
Hankel structure of the matrix H~! where

LiLy, - Ly
Ly~ L 0
H= . )
L, 0 - 0

(as in [5]). Now these triangular structures are shared with more general systems (with
odd or even degree, complex hermitian coefficients, and with no hypotheses on the
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degrees of elementary divisors). Furthermore, this triangular structure can always be
expressed in the form (24) but with (generally) complex selfadjoint standard triples
(Xe,Je, PXY) where, perhaps, J. is not a Jordan matrix but easily constructed from
it (as in (14)). Matrix P, however, is a diagonal matrix of 1 and —1 exhibiting the
inertia of the original matrix P ;. This, in turn, leads to generalizations of (27) - but a
(generally) complex matrix with orthonormal rows (unitary if ¢ is even) will play the
role of O.

This is the approach taken in [ 1] for the general Hermitian quadratic case, but with
a substantial difference: In [1] selfadjoint standard triples (X,T,PX™) are obtained for
Hermitian quadratic matrix polynomials with P = Diag(I,—1I) but T does not reflect,
in general, the Jordan structure of the matrix polynomial and so, the columns of X are
not, in general, eigenvectors of that matrix polynomial. However, with this matrix P,
XPX* =0 does reveal orthogonality properties of the columns of X .

We anticipate that properties of a real orthogonal © will be more readily visual-
ized (as in [10] and [9]) and this, together with the frequent occurrence of real sym-
metric systems, is the rationale for our focus on analysis of the real selfadjoint Jordan
triples of Theorem 1.

6. The inverse problem

Our goal in this section is investigation of the role of the real orthogonal matrix ©
of Theorem 2 in representations of the coefficients of L(A) — keeping in mind the con-
straint of equation (19) defining the leading coefficient. For simplicity, we will focus on
symmetric matrix polynomials of even degree, so that £ =2m. (A similar study (though
probably more difficult) could be carried out for odd degree matrix polynomials.)

Systems with invertible leading coefficient (as in Theorem 1) are of great impor-
tance and suggest the following definitions of “admissible” structures:

DEFINITION 3.

(a) A real selfadjoint Jordan structure is a pair of matrices (J,P) € R¥™x2mn x
R>mx2mn with the form (14), (15) for some real diagonal matrices R, ,R_ €
R7*7 and M,N € R**® (¢q+s=mnm)and N > 0.

(b) A real selfadjoint Jordan structure (J,P) is said to be admissible if there is an
X e R"™ for which equations (18) and (19) hold (in particular, XJ*~'PX7 is
nonsingular).

(c) An admissible real selfadjoint Jordan structure, (J,P), will be said to be admis-
sible positive if XJ""1PXT > 0.

Recall Remark 2: If J, P and X satisfy condition (18) and XJ1PXT is nonsin-
gular then (X,J,PX T) is a real selfadjoint Jordan triple and (Theorem 1) it defines a
unique real symmetric matrix polynomial. The coefficients of such a matrix polynomial
can then be expressed in terms of the moments. In Section 8 we will be more specific
about this construction in the quadratic case.
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As mentioned in the introduction, there are real selfadjoint Jordan structures which
are not admissible positive. For example, there is no 2 x 2 quadratic matrix polynomial
with positive definite leading coefficient and Jordan structure

J = Diag(1,2,3,4), P=Diag(1,1,—1—1).

This is because, by Example 1.5 of [5], for all matrix polynomials of even degree with
positive definite leading coefficient, the sign characteristic of the largest real eigenvalue
must be positive and that of the smallest real eigenvalue must be negative (see also
Theorem 7 below).

With the help of Theorem 2 and the notions of subspaces which are nondegenerate,
positive, or neutral with respect to a (possibly singular) symmetric matrix, the next
theorem provides a characterization of the admissible real selfadjoint Jordan structures
for matrix polynomials of even degree, { =2m .

More notation will be needed: Given a Jordan matrix as in (14) with diagonal
matrices M and N as in (13), define sequences of 2s x 2s diagonal matrices {M,}
and {N,};2, recursively by setting My = I;, No = O;s and

Mr+1 Nr+l o M —N Mr Nr
|:Nr+1 _MrJrl:l - |:N M :| |:Nr —Mr:|’ rez, €2))

and observe that M| =M, Ny = N. Indeed,

M, N, | _[M-N]"[I 0 cz
N M| |N M| |0-L|" "%

Let ©® € R™*"™ be an orthogonal matrix and define symmetric matrices in R™"*""

R0 0 0
0 My 0 —Ng| [Ium
0 0 R~ 0 [@T
0 —Ny 0 —M,

Hi(©) := [Ln O] ] , kel (32)

and note that Hy(©) = 0.

We recall next the definition of nondegenerate, positive and neutral subspaces with
respect to a symmetric matrix (see [13] and, for the case when H is nonsingular, [7,
Ch. 2]):

Given a symmetric matrix H € RP*P | a subspace . C R? is said to be:
(a) H-nondegenerate if x € .# and x' Hy = 0 for all y € . implies that x =0,
(b) H-positive if xTHx > 0 for all x € .7,
(¢) H-neutral if x" Hx =0 for all x € ..

The following lemma will be useful:

LEMMA 4. Let H € RP*P be a symmetric matrix and S be a subspace of RP of
dimension d. Then:
(i) .7 is H-nondegenerate if and only if XT HX is invertible for any matrix X € RP*¢
such that ImX = ..
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(ii) .7 is H -positive if and only if XT HX is positive definite for any matrix X € RP*¢
such that TmX = ..

(iii) . is H-neutral if and only if XTHX = 0 for any matrix X € RP*? such that
ImX = ..

Proof. (i) Assume that ImX = .7 and XTHX is invertible. We are to show that
x€ .7 and xTHy =0 forall y € .# implies x = 0. We have x = X for some o € R?
so, forany y=Xu e . (u e RY),

0=x"Hy=o"X"HXu.

But this holds for all u € R?, so a”’XTHX = 0 and, because XTHX is invertible, it
follows that v = 0 and, finally, x = Xa = 0, as required.

Conversely, if . =ImX and X THX is not invertible then there is an o # 0 such
that a’ XTHX = 0. Thus o’ XTHXB =0 forall B € R? and so . is degenerate.

(i) If XTHX >0, ImX =.7 and 0 # y € .7 then y = Xz for some 0 # z € RY
and y'Hy =T XTHXz> 0.

Conversely, assume that .# is H-positive and let X € RP*? be a matrix whose
columns span .# . Take any nonzero y € R?. Then 0 # z =Xy €.¥ and y' XTHXy =
zI'Hz > 0. This means that XTHX > 0, as desired.

(iii) This follows at once from the fact that x” Hx = 0 for all x € .7 implies
xTHy =0 forall x,y € .7 (see [7, p. 13]). O

THEOREM 5. Let £ =2m and J, P be canonical matrices of the form (14) and
(15). Then (J,P) is an admissible (admissible positive) real selfadjoint Jordan struc-
ture if and only if there is a real orthogonal matrix © € R"™ " sych that, for k =
0,1,...,2m—2, the real symmetric matrix Hy(©) of (32) is either the zero matrix or
has a neutral subspace of dimension n which is non-degenerate (resp. positive) with
respect to Hypy—1(0).

Proof. Let (X,J,PXT) be areal selfadjoint Jordan triple of some matrix polyno-
mial of even degree ¢ = 2m with positive definite leading coefficient, L;,,. Then (18)
and (19) are satisfied and

r k
. M —N
JY=D k- Rk
lag{&R— | N M} ]
My N, I; 0
— D k  pk k k . s
= Diag [R+R N _Mk]]Dlag [12,1,[0 —Is]}

Hence, for k=0,1,...,2m—2,

—Ni My,

XJ*PXT = X Diag | RX. —R® [_M" _N"] }XT =0, (33)

and

L, = X Diag [R?:"—l —R2m! [:%222—11 ;‘ZZ”‘II] ]XT. (34)
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Now,

1,000
000I
04,00
00LO

X=[X X VU|=[X, UX V]

and, using (27), Theorem 2 implies that [X_ V| = [X, U] ®, for some orthogonal
matrix © € R"*""_ Hence

1,000
0001
01,00
0010

X = [X; U] [Im O]

Bearing in mind the definition (32) of H(©), (33) and (34) give

T
XJ"PXT:[XJr U]Hk(G) ﬁ%] =0, k=0,1,...,2m—2, (35)
and
. xT
L2m = [X+ U] H2m—1(®) UT : (36)

T
Let . be the subspace spanned by the columns of )(;+T . By (30), . has

dimension n and by (35), (36) and Lemma 4, . is Hy(©)-neutral for k =1,...,2m —
2, and H,_1(0©)-nondegenerate. Furthermore, if L, is positive definite, then .
must be Hy,,_(0O)-positive.

Conversely, assume that for some real orthogonal matrix © € R there is a
subspace . C R of dimension n which is Hy(®)-neutral for k = 1,...,2m —

T
2 and H,,_;(0©)-nondegenerate. Let ¥ = {XJ’ ] be any full rank matrix for which

UT
ImY = .. Define
(X V] =[x, U]e,

and we have
X=[X X VU].
Then
;00O ;000
X=[X UX V] 8288 =[X, U] [Lm ©] 8288
0010 0010

and XJ*PXT satisfies (35). As .7 is H;(®)-neutral we have XJ*PXT =0 for k =
1,...2m—2 and, since . is Hy,_1(0©)-nondegenerate,

m— X!
XJ? IXT::[XQ.U]wa4(®)[UF}
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is invertible (Lemma 4). Thus (X,J, PX T) is a real selfadjoint Jordan triple of a sym-
metric matrix polynomial of degree 2m with nonsingular leading coefficient. In addi-
tion, if .7 is Hy,—1(©)-positive, then the leading coefficient of that matrix polynomial
is positive definite. [

REMARK 3.

(i) Since Hy(®) = 0 for any orthogonal matrix ©, all subspaces are Hy(O)-
neutral. In other words, the condition XPXT =0 imposes no further restriction on
O, X, and U.

(ii) The existence of positive and neutral subspaces with respect to a real symmet-
ric matrix H can be characterized in terms of the number of positive, negative and zero
eigenvalues of H. In fact, the proof of Theorem 2.3.2 in [7] can be slightly modified to
show that the maximal dimension of a positive subspace with respect to the indefinite
inner product defined by a symmetric matrix H (that may be singular) is the number of
positive eigenvalues of H (counting multiplicities). Also the proof of Theorem 2.3.4
in [7] can be adapted to admit singular symmetric matrices. It can be seen that, in that
case, the maximal dimension of an H -neutral subspace is min(it,i_)+ iy where i,
i— and ip are the number of positive, negative and zero eigenvalues of H, respectively
(i.e. its inertia).

7. Distribution of the real eigenvalues

Since neutral subspaces for Hy(©) are closely related to the eigenvalues of this
symmetric matrix, we consider the distribution of the real eigenvalues on the real line.
If we define

RE0 0 0
Gy = 8 "gk _(I)ek_ évk , ke, (37)
0 —-N 0 —M;

then (32) takes the form
Hi(©) = [Lim ©] Gk [ ®]"  with ©TO=1. (38)

PROPOSITION 6. For k=1,2,...,let 21(Gy) = -+ = Aoum(Gy) denote the eigen-
values of Gy and let Hy(©) be defined as in (38). Then for any nm x nm orthogonal
matrix © the following inequalities hold:

22i(Gy) = Mi(Hi(©)) = 2Ai1um(Gr), 1<i<nm (39)
where A (Hp(©)) = - = Apym(Hi(©)) denote the eigenvalues of Hy(O).
Proof. For any nm x nm orthogonal matrix ©

Q— L Lum ©
\/E _®T Inm
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is also orthogonal. Clearly, Hy(©) is just the leading nm x nm principal submatrix
of 2QGQT . Since this matrix and 2G; have the same eigenvalues, property (39)
follows at once from the Cauchy interlacing inequalities relating the eigenvalues of a
symmetric matrix to those of any of its principal submatrices (see [14, Section 10.1],
for example)). 0

It is clear that, for any k, the eigenvalues of Gj are easily computed from the
eigenvalues of the prescribed Jordan form J. In fact, if J is a Jordan matrix as in (14),
then the eigenvalues of Gy are:

rll{w” 7r§7_r§+17' . '7_/2{(17 ‘Bl‘kv_‘ﬁﬂka |ﬁ3|k7_|ﬁ3‘k7“‘ 5 |ﬁ2sfl|k7_|ﬁ2sfl|k7

where ﬁj =uj+ivj, j=1,3,...,2s— 1.

Let i1 (-) and i_(-) denote the number of positive and negative eigenvalues, re-
spectively. Then it is an immediate consequence of (39) that, for any orthogonal matrix
93

i+ (Hi(0)) <iy(Gr) and s <i_(Gy) <i_(Hy(9)). (40)

These simple conditions impose restrictions on admissible Jordan structures for real
symmetric quadratic matrix polynomials with positive definite leading coefficient. Stron-
ger constraints on J and P are specified in the following theorem:

THEOREM 7. Let L(A) be a semisimple Hermitian matrix polynomial with Ly >0
and a maximal real eigenvalue Apay. For any o < Apay, let p(a), n(o) denote
the number of real eigenvalues (counting multiplicites) of L(A) of positive and neg-
ative types (respectively) in the interval (0, Apmax]. Then n(a) < p(a) for all o €

Mfmin ) 2fma)c] .

This theorem can be proved with the help of the real eigenfunctions ;(4), ...,
Un(A) of the n x n matrix function L(A), A € R, and the fact that their zeros are
just the real eigenvalues of L(A) (see Chapter 12 of [6]). The proof is postponed to a
subsequent paper dedicated to the inverse quadratic eigenvalue problem.

To illustrate the scope of this result, there is no 3 x 3 quadratic symmetric matrix
polynomial with L, > 0 and all real eigenvalues as follows:

Eigenvalue |-3-—2-1123
Sign-characteristic | — + + — — +

In fact, n(o) > p(cr) on the interval (—1,3].

As the real eigenvalues are displayed on the diagonal of G, the properties of The-
orem 7 required to ensure L, > 0 are easily confirmed in special cases and incorporated
in (37).

8. The quadratic case

We summarize results of the previous sections for the important special case of
semisimple quadratic matrix polynomials. This is already a significant generalization
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of results in [10] and [9] since we admit mixed real/non-real spectrum and indefinite
leading coefficient. Now (1) becomes

L(A) =LA+ LA+ L

and L(A) admits a standard triple (X,J,PX") as in Theorem 1, where [X; U] and
[X, V] are nonsingular n x n real matrices. According to Theorem 2 there is a real
orthogonal matrix ® such that

(X V]=[Xx;U]e, (41)

and this is the fundamental extension of the results of [10] and [9].

EXAMPLE 2. For L(A) of Example 1 there is mixed real/non-real spectrum. Fur-
thermore,
10 0-1
(X, U] = [01] and [X_V]= [1 0 }

so that ©® = {_01 (1)] ; an orthogonal matrix.

Now consider the inverse problem: To construct a family of real symmetric quadratic
matrix polynomials (possibly with some definiteness constraints on the coefficients)
with an admissible set of spectral data; namely, real and complex eigenvalues together
with their partial multiplicities and sign characteristics for the real spectrum (an admis-
sible Jordan structure). This is a difficult problem even in the semisimple case and we
provide some partial insights in this section.

Recall first that a real selfadjoint Jordan triple, (X,J,PXT), uniquely defines a
matrix polynomial L(A) with this Jordan triple. Indeed, the coefficients can be given
explicitly in terms of the triple. Specifically, following a lead given in [10], define the
moment functions P, acting on matrices X € R"™*?" as follows:

P(X) := xJ*PxT (42)

for integers k. (Recall equations (18) and (19), and note that & is any integer if zero is
not in the spectrum and, otherwise, k > 0.).

Then Py(X) = 0 because XPXT =0 and the coefficients are defined by the mo-
ments in the form:

L' = P(X),
L = —LP(X)L, = —P(X)"'P(X)P (X)7!, (43)
Lo = —LyP3(X)Ly + L 1P (X)L,
= —P(X)"' [BX)+PX)P(X) ' P(X)] P (X))

Alternatively, if 0 ¢ o(L) then

Lo=—P_;(X)"L (44)
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We can also use Theorem 14.7.1 of [11] to obtain Ly and L, in the form:

x 1!
_ 2
[Lo L] =—LoXJ {XJ} )
As a consequence we have:

PROPOSITION 8. If m = 1, all eigenvalues of L(A) are semisimple and Ly, L
are both nonsingular, then the coefficients Ly, Ly, Ly have the inertias of Py (X ), —P»(X),
and —P_{(X), respectively, where (X,J,PXT) is a real selfadjoint Jordan triple for
L(A).

Hence, a real symmetric quadratic matrix polynomial with desirable definiteness
conditions imposed on the coefficients can be constructed from an appropriate real self-
adjoint Jordan triple. If the spectral data has been prescribed, the goal is to construct
such a real selfadjoint Jordan triple with prescribed J and P as in (14) and (15), and
Theorem 5 can be useful for this purpose. The following result is an immediate conse-
quence of that theorem:

COROLLARY 9. Let J and P be matrices of the form (14) and (15) with £ = 2.
Then there is a full rank matrix X € R"™?" such that (X,J,PX") is a real selfadjoint
Jordan triple if and only if there is an orthogonal matrix © € R"™" such that

R. 0O 0 0
0O M 0O —N I,

me-[nel| o % l[d] 43)
0O -N 0 —M

is nonsingular.

If H,(O©) is invertible for some orthogonal ®, Q € R™*" is any invertible matrix
and we define X = Q[1, ©], then (X,J,PX") is a real selfadjoint Jordan triple as in
Theorem 1, and so XJPXT is invertible. With this real selfadjoint Jordan triple, a real
symmetric quadratic matrix polynomial is constructed with

Ly' =P (X)=xJPXT = 0H,(©)0". (46)

Thus, L, and H;(©) must have the same inertia. In particular, if L, is to be positive
definite, then an orthogonal matrix ® must exist such that all eigenvalues of H;(©) are
positive.

It is easily seen that when all eigenvalues are in conjugate pairs, we recover results
of [10] (see equation (22) and Theorem 5 of that paper).

EXAMPLE 3. Assume that 2¢ real eigenvalues for J are prescribed with r; > r4;,
i=1,...,q. Then (see (10)) R+ —R_ > 0. Choosing ® = +[, in Corollary 9 and J, P
as in (13), (14) we obtain
0 F2N

Hy(©) = Hy (+1,) = [R* PR } -
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Since N > 0 (see (13)), H,(=£l,) is certainly nonsingular and, with X = Q [1, +1,]
(and Q nonsingular), a broad family of symmetric quadratic matrix polynomials is
constructed with the Jordan structure (J,P) in common.

If L, > 0 is required then the choice ® = I, would not be admissible (see (40)).

APPENDICES
A. Symmetric matrix polynomials with real coefficients

In the main body of this paper (Sections 3 to 9) it has been found necessary to
restrict the analysis to the semisimple case. Here, we do not make this assumption.

Theorem 10.7 of [6] shows how non-real spectral data for Hermitian polynomials
can be organized in complex conjugate pairs. Here, we prove an analogous result in
the real symmetric case with the spectral data organized in conjugate pairs (where ap-
propriate). This is in contrast with the forms of equations (14) - (16), and without the
semisimple hypothesis. The generalization of Theorem 10.7 of [6] (when applied to the
real symmetric case) lies in the fact that the leading coefficient is not assumed to be
positive definite.

THEOREM 10. Let L(A) be an n X n real symmetric matrix polynomial with non-
singular leading coefficient. Then there exists a selfadjoint Jordan triple (X,J,Pe jX*)
of L(A) with the following form: J and Py j are as in (6) and (7), respectively, and

X:[XOUI_ZVI U1+lV17US_lVSU5+lVS:| (47)
Xo € Rnx(ll+"'+lr)’ Uj7Vj € R*mj ]: 17...,S.

Proof. Let (X,J,P:;XT) be a real selfadjoint Jordan triple of L(1) with Pe;

and J given by (7) and (8) respectively. Partition X according to the block diagonal
structure of J:

X [% % By B
where X; € R, 1< j<r,and X,4; € R 1< j<s. Put
Xo = [)?1 gr]

and, for j=1,...,s, consider the submatrix )?H j and blocks K,,; and F,; appearing
in the expression of J and Pe; (cf. (7) and (8)). We are to find a unitary matrix W;
such that

X jW; = [U—iV; Uj+iV;] (48)

Wj*Fij Wj = F2m_,- (49)

* . — JmI(B) 0
W, Ko, Wj = [ 0’ Jm_,-(ﬁf')]' "
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With these matrices we construct the unitary matrix

W = Diag(IZIJr...Jrlr’Wl’ ces ,Wy)
and define X = XW, J. = W*JW and Pej, = W*P. ;W . Then (X,J,P.;X") is (uni-
tarily) similar to (X,J;, Pe ;. X*) and so this triple is a selfadjoint Jordan triple of L(A)

with the desired form.
In order to find the matrix W; satisfying (48)-(50) the unitary matrix

U[1—i1+i
Z_E{l—kil—i}

will be helpful. This matrix has the following properties:
(a) If x; denotes the k-th columns of XH j then, for k=1,...,m;
[552](_1 362kj| Z= [Ltjk— iij Mjk+iij] s

where Ujk = (x2k 1—|-X2k) and Vik = %()Qk 1 —)C2k)

1
2
(b) If P, = [ } then Z*P,Z = P;.

s | M Vi, Ky 0 ] {ﬁ 0]
(C)Z[Vj “j}z [ 0 uj+iv; 0 B

Hence if Wj =Diag(Z,Z,...,Z) (m; times) then Wj is unitary and
(a) j\(ir_l,_jwj = [uﬂ —ivj uj+ivj - Ujm; — iv.,'mj Ujm; +ivq,'mj] s
(b) W;F2mjwj = F2mj s
_ - L B; 3.
(¢) Wi Ko, Wj= ) ! . , with Bj = [BOJ 0 ] .
Now, let Q € R2mjx2mj he the permutation matrix
Q=ere3 - exnj-1e2eq o]
where ¢; is the i-th column of L,;. Then Q" Fy,Q = Fa; »

Bj
ol E Q:ljm_,(ﬁj) 0 ]
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and
[uﬂ —ivj uj+ivj e Ujm; —iijj ujmj—Fiijj] 0=
[ujl—ivjl ujmj—ivjmj U V) ~~~ujmj+ivjmj] =
|Uj=iVj Uj+iV; ],

where U; = [uj1 - wjm; | and Vi = [vj1 == vjm, | .
Therefore if W; = W,'Q then W; is a unitary matrix and, with this matrix, condi-
tions (48)-(50) are satisfied. [

The above theorem is, of course, a result on the existence of desirable selfadjoint
Jordan triples of real symmetric matrix polynomials rather than a constructive proce-
dure to obtain them. In order to obtain Jordan chains of real or complex matrix poly-
nomials one has to solve for each (real or non-real) eigenvalue 7Lj a system of the form
(see [0])

L()Lj)xﬂj =0,
L(Aj)xj;—1 + LY (A))x, = 0,

L(?Lj)le —l—L(l)()Lj)sz + -+ ﬁL(lfil)(z,j)Xﬂj =0,
where L) (;) is the kth derivative of L(1) at A;. Then Xjl;s Xj 115, Xj1 is areal
or non-real Jordan chain of L(A) associated with the real or non-real eigenvalue A;,
respectively. Now, for general (not necessarily symmetric) real matrix polynomials, if
Xjli—15 -, Xj1 is a Jordan chain for a non-real eigenvalue A; then x;;,_1,..., X;1 isa

Jordan chain for A ;. Theorem 10 says that the same is still true for selfadjoint Jordan
chains of real symmetric matrix polynomials with nonsingular leading coefficients.

On the other hand, although real Jordan chains for a pair of non-real conjugate
eigenvalues can be obtained by solving a similar but more complicated system (see
[12]), this should be seen as a result of a rather theoretical nature. A more practical pro-
cedure is to obtain first a selfadjoint Jordan triple of L(A) with X as in (47) and reverse
the procedure developed in the proof of the above theorem to obtain the corresponding
real selfadjoint Jordan triple. This is the approach taken in Section 3.

B. The orthogonal matrix
Recall that ' denotes either the real or complex number field.

LEMMA 11. Assume that n > p > m. Then matrices A € F™" and A, € F"*P
satisfy the equation A1A} = AA3 if and only if Aj = A20 for some matrix © € FP*"
with orthonormal rows. In particular, if n = p then © is a unitary matrix.

(Note that, when F = R, O is, in fact, a real matrix.)

Proof. If A; = A,0 and the rows of ® form a system of orthonormal vectors
then, obviously, AjA] = A,A%. Conversely, consider the polar decompositions, A; =
H\U,, A, = HyU, where H, H, € F"™"™ U, € F"*" and U, € F"*P, H, and H, are
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positive semi-definite Hermitian or symmetric matrices, and U;, U, are matrices with
orthonormal rows (see Theorem 3.1.9 of [8], for example). Then A;A] = AA3 implies
Hf = H22 and, since the (semi-definite) square root is unique, H, = H; =: H > 0.
Now A; = HU; and Ay = HU,. If n > p > m then we can write A; = [H 0]V} and
Ay = [H 0] V, with [H 0] € Fm*P |V, € FP*P unitary and V| € F"*? with orthonormal
rows. Then A} = A, V'V, . If we put © = V;'V; it follows that © has orthonormal rows
and A| =A,0. If p=n then V] isunitary and sois ©. [
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