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Abstract. Explicit relations between eigenvalues, eigenmatrix entries and matrix elements
are derived. First, a general, theoretical result based on the TAYLOR expansion of the adjugate of
zI — A on the one hand and explicit knowledge of the JORDAN decomposition on the other hand
is proven. This result forms the basis for several, more practical and enlightening results tailored
to non-derogatory, diagonalizable and normal matrices, respectively. Finally, inherent properties of
(upper) HESSENBERG, resp. tridiagonal matrix structure are utilized to construct computable relations
between eigenvalues, eigenvector components, eigenvalues of principal submatrices and products of
lower diagonal elements.
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1. Introduction. Eigenvalues and eigenvectors are defined using the relations
Av=v)\ and VAV =J. (1.1)

We speak of a partial eigenvalue problem, when for a given matrix A € C"*" we
seek scalar A € C and a corresponding nonzero vector v € C™. The scalar A is called
the eigenvalue and the corresponding vector v is called the eigenvector. We speak
of the full or algebraic eigenvalue problem, when for a given matrix A € C™**" we
seek its JORDAN normal form J € C™*™ and a corresponding (not necessarily unique)
eigenmatrix V € C"*",

Apart from these constitutional relations, for some classes of structured matrices
several more intriguing relations between components of eigenvectors, matrix entries
and eigenvalues are known. For example, consider the so-called JACOBI matrices. A
JACOBI matrix is a symmetric tridiagonal matrix 7' € R™*™ with positive off-diagonal
entries. For these matrices it is well known [23, (Theorem 7.9.2, Corollary 7.9.1)] that
the squares of the last eigenvector components v,; to an eigenvalue \;,

are given by the algebraic expression

o det (\I-T)

Ui = Gt/ NI — T

(1.3)

where T denotes the leading principal submatrix of 7' of dimension n — 1 times n — 1.

A few comments are in order. Given an eigenvalue, we obtain a simple rational
expression for a product of two eigenmatrix entries, in this case, the square of the
last eigenvector component. The numerator is the characteristic polynomial of a
submatrix of 7" and the denominator is a polynomial made of components of T', to be
precise, the derivative of the characteristic polynomial of 7. Both these polynomial
terms are evaluated at the corresponding eigenvalue.
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This case is conceptually simple, since JACOBI matrices are normal, thus have
orthogonal eigenvectors, and moreover have no multiple eigenvalues. Nevertheless, it
already suggests that given information on eigenvalues we might be able to predict
something about eigenmatriz entries. It is for this reason that we have chosen to
use the term eigenvalue-eigenmatriz relation, despite some authors refer to simpler
relations as eigenvector-eigenvalue relations.

In this note we intend to broaden and deepen results of aforementioned type
to apply to more general matrices and to hold for more general cases, like multi-
ple eigenvalues and principal vector components. All the relations we have in mind
typically utilize knowledge on (principal) submatrices of A. This typical occurrence
of submatrices follows upon the basic, broad, yet simple derivation of generalized
eigenvalue-eigenmatrix relations we present in this note. This derivation is heavily
based on the TAYLOR expansion of the adjugate of zI — A.

We remark that known relations between different submatrices of a specially struc-
tured matrix A often give (possibly not yet known) information on the eigenvector
structure. One of the interesting cases is when structural constraints on A, for instance
the sparsity of A, allow to obtain an explicit expression for the adjugate of zI — A
other than the rather technical definition as transposed matrix of cofactors. This
explicit expression can be obtained for the class of unreduced HESSENBERG matrices,
JACOBI matrices being merely a special subclass of this class.

1.1. Overview. This note is organized as follows. In the first section we briefly
touch some historical landmarks in the field of eigenvalue-eigenmatrix relations and its
close relative, the field of inverse eigenvalue problems. Due to the enormous amount of
references, we refuse to be exhaustive and just give some first, subjective impression.
Afterwards, we motivate why we need a rather technical and self-contained note that
gathers and extends the relations. We conclude the first section by introducing the
main portion of notations.

The second section covers the general case of A € C"*" being a general square
matrix with arbitrary, but known JORDAN structure. In this section the (analytic)
TAYLOR expansion of the adjugate of zI — A is linked to (algebraic) eigeninformation.

The third section specializes the general result to the case of non-derogatory
eigenvalues. Major achievement is the introduction of shortened notation that al-
lows to simplify the statement of the general result to be stated in more intuitive,
straightforward and conceivable manner.

The fourth section is included for the sake of completeness and contains some
rather well known results for diagonalizable matrices. The already thoroughly in-
vestigated subclasses of normal and HERMITEan matrices are similarly just briefly
touched.

Sections two, three and four are based on simplifications of the information related
to the algebraic eigeninformation. The fifth section raises the level for the special class
of HESSENBERG matrices from a purely theoretical investigation to an applicable
one. This is achieved by rewriting the adjugate, and thus the TAYLOR expansion
of the adjugate, of zI — A. Section five includes the main results of this note, even
though the results of previous sections may serve as a platform for other important
generalizations.

Some other paths of generalizations as well as some implications and applica-
tions of the HESSENBERG eigenvalue-eigenmatrix relations are briefly outlined in the
concluding section six.
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1.2. Historical Remarks. From the variety of references we mention as clas-
sical reference the treatise on determinants by MUIR [21] dating back to 1928. Even
though at that time the use of HESSENBERG matrices was of no importance due to
the lack of computers and thus of numerical algorithms, part of this famous treatise
is closely related to the field of eigenvalue-eigenmatrix relations. We mention explic-
itly Section 13 on continuants. Continuants are determinants of tridiagonal matrices.
The section contains plenty of results on eigenvalue-eigenvector relations in hidden
form, relying on the intimate connection between determinal recursions and eigenvalue
relations to become obvious in this note.

Another inspiring source is the book by GANTMACHER and KREIN [14]. Despite
the fact that the main focus is on knot-lines in eigenvectors and eigenfunctions for
so-called oscillation matrices, respectively oscillation kernels, they focus partly on
the already mentioned JACOBI matrices and corresponding relations for eigenvectors.
Such knowledge on JACOBI matrices finds its counterpart in linear functional analysis
in STURM-LIOUVILLE eigenvalue problems. This topic is also covered in their book.

Knowing the intimate relations in more detail enables analysis of what is known
as inverse eigenvalue problems; concerning JACOBI matrices this is part of the work
of HOCHSTADT [17, 18], HALD [16] and GRAGG [15]. For more details on inverse
eigenvalue problems we refer the reader to the extensive list of references compiled in
1998 by Moopy T. CHU [11]. An early collection of results for the field of inverse
STURM-LIOUVILLE problems has been compiled in 1946 by BORG [5].

Newer references include a summarizing paper by ELHAY, GLADWELL, GOLUB
and RAM [13], where the authors gathered relations for tridiagonal matrices (JACOBI
matrices) and STURM-LIOUVILLE problems. A large portion of the material on JACOBI
matrices is collected in the book by PARLETT on the symmetric eigenvalue problem
[23]. The book covers the same results that are dealt with in PAIGE’s thesis [22], where
these results find their natural application in the error analysis of the (symmetric)
LANCzOs method.

It is interesting that both PAIGE and PARLETT cite a paper by THOMPSON and
MCENTEGGERT as being the origin of the relations refined by them to the tridiagonal
case. To be more precise, the origin of the relations is a sequel of altogether nine
papers by R. C. THOMPSON [24, 32, 25, 28, 26, 29, 27, 31, 30]. The second paper
in that row, the only one published with co-author MCENTEGGERT [32], is cited in
the aforementioned book by PARLETT and the thesis by PAIGE. Yet, the results of
interest to us are already contained in the first paper [24].

The THOMPSON sequel is an inspirational source for results concerning Hermitian
and symmetric matrices, clarifying the relations between eigenvalues and eigenvalues
of principal submatrices. This includes a proof for the well known result that the
eigenvalues of a principal submatrix of a normal matrix are contained in the convex
hull of the eigenvalues. More fascinating, the results are even sharpened to theo-
rems about the position of the other eigenvalues, when additional knowledge on some
eigenvalues is given.

Results have mostly been obtained for JACOBI matrices and STURM-LIOUVILLE
problems. This, of course, can be explained on the one hand by the historical de-
velopment, on the other hand by the importance of these two closely linked areas in
several applications.

One nice exception is the investigation of unitary HESSENBERG matrices by AM-
MAR et al. ([1, 2]). In this case the relations can not be simply based on principal
submatrices, since a principal submatrix of a unitary HESSENBERG matrix in most
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cases is no longer unitary, even if obviously HESSENBERG structure is inherited.

The author knows of no result for non-diagonalizable matrices, with the remark-
able exception of knowledge on the JORDAN structure of FROBENIUS companion ma-
trices and so-called double companion matrices.

The full treatment of the former class can be found in WILKINSON’s Algebraic
Eigenvalue Problem, [33], sections 11 and 12 entitled “Non-derogatory matrices”,
pages 13-15, equations (11.6) and (12.6). Parts of it are contained in most textbooks
on ordinary differential equations, see for instance the book by CODDINGTON and
CARLSON [12].

The latter class is considered in the construction process of stable general lin-
ear methods for ordinary differential equations, see [8, 34, 9]. It is remarkable that
apart from purely theoretical investigations both non-diagonalizable cases stem from
applications in the context of ordinary differential equations.

1.3. Motivation. The focus of this note lies on a topic in the field of matrix
analysis that appears to be a well researched and quite old one. This suggests that
most things are surely known and raises the question if we really need yet another
paper addressing this topic. There are at least three reasons for this note:

1) Certain instances of eigenvalue-eigenmatrix relations are frequently re-derived
and re-proven. The goal of this note is to gather, unify and generalize the derivation
of the relations in the finite dimensional setting in such a way that a toolkit is at hand
to construct precisely the relation needed without digging through a vast amount of
papers on the subject.

2) When eigenvalue-eigenmatrix relations were first derived, HESSENBERG matri-
ces have not been of interest to the matrix analysis community. Nowadays, HESSEN-
BERG matrices occupy a position at the center of numerical analysis, but the focus of
most matrix analysts has shifted significantly from eigenvalue-eigenmatrix relations to
other topics. Yet, the relations for the HESSENBERG case enable better understanding
and error analysis of KRYLOV subspace methods [35] and might be fruitful in under-
standing properties of modern QR algorithms like multi-shift QR with aggressive early
deflation [6, 7].

3) With the generalizations to multiple eigenvalues and principal vector compo-
nents achieved in the present note, eigenvalue-eigenmatrix relations have entered a
new stage of completeness and can be presented using only simple mathematics in
self-contained form.

For simplicity of presentation two of the possible generalizations, namely, the
generalization to the general eigenvalue problem, i.e., to relations involving matrix
pencils, and to the infinite dimensional setting, i.e., to STURM-LIOUVILLE eigenvalue
problems, have been neglected.

1.4. Notation. We derive and present the results in the field of complex num-
bers denoted by C. Let a matrix A € C"*™ be given. In the following, we are
interested in inherited characteristics and cross-relations of solutions to the algebraic
eigenvalue problem

Av = v, 0#£#veC" XeC. (1.4)

The spectrum of A is denoted by A. Let the JORDAN decomposition of A be given by
V~1AV = J. The JORDAN matriz J is the direct sum of JORDAN bozes Jy, which in
turn are direct sums of JORDAN blocks Jy,:

J= & Jy, Iy =

T, 1.5
2, I (1.5)

5
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Here, v = () denotes the geometric multiplicity of A and ¢ € {1,...,~} is the index
of the JORDAN block to eigenvalue A. The algebraic multiplicity of \ is denoted by
a = a(X). The size of the tth JORDAN block to eigenvalue A is denoted by o = o (A, ¢).
With these definitions the matrices defined in (1.5) have dimensions

Jy €T ], €C7%, (1.6)

Moreover, «, v and o satisfy the relations

y(N)
Yo =a) YAeA, D a())=n (1.7)
=1 AEA

We need special matrices associated with the JORDAN matrices and boxes, respec-
tively. First, nilpotent matrices N,, are defined by splitting single JORDAN blocks J,,
into diagonal and nilpotent part,

S, = M + N)\L, Ny, € Coxe (18)

Here and in what follows, I denotes the identity matrix of appropriate dimension.
When necessary, a subscript is used to denote dimension. The letter O denotes a zero
matrix, while O with double subscript O,,, denotes a rectangular m X n zero matrix.
The nilpotent matrix Ny, has elements

[Naij = dij-1, (1.9)

where J;; denotes KRONECKER delta, i.e., d;; denotes the elements of the identity
matrix. Nilpotent matrices N are defined by an analog splitting of JORDAN boxes
J) into diagonal and nilpotent part,

Jy = M + Ny, Ny € C**, (1.10)

Obviously, N, is the direct sum of all N, to the eigenvalue A,
v
Ny = & Ny,. (1.11)
=1

For later purposes, we stress the fact that in any case Ny = 0, and that Nf‘_l #0
precisely when A is non-derogatory, in which case Nf‘_l = ejel. As usual, ej,jEN
denotes the jth column of the identity matrix of appropriate dimension.

The columns of V are right eigenvectors or right principal vectors (if any). In
order to have access to left eigenvectors and left principal vectors, we define a special
left eigenmatrix 1% by V = V~H. These matrices satisfy the three relations

AV =VvJ, VEA=JVH and VHV =1 (1.12)

Later on, we depict the relations for one specific eigenvalue A. To ease under-
standing we define additional notation with respect to the chosen eigenvalue .

We gather the columns of V' and V that span the a-dimensional invariant subspace
corresponding to the eigenvalue A in the biorthogonal rectangular matrices Vy € C™*¢
and Vy € C"*®. These matrices satisfy the three relations

AV =Wy, VHA=JVHE and VIV, =1 (1.13)
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Additionally, we define analog biorthogonal rectangular matrices V), and V,\L, con-
sisting only of the columns corresponding to the (not necessarily unique) invariant
subspace to JORDAN block Jy,.

We refer to the rectangular submatrices Vy, Vy, of V' (respectively to the rectan-
gular submatrices Vi, Vi, of V) as right (respectively as left) partial eigenmatrices.

The natural enumeration of left eigenvectors and left principal vectors given by
the column index as columns of V' is counter-intuitive to common usage. In order to
stick close to common use, we define the flip matrix F;, € C"*" by

1
F, = ; fij = Gin—jy1- (1.14)
1

When the dimension of F' = F,, is obvious from the context we leave out the subscript
n. We now use F' to define the reordered left eigenvector matrix W, = V)\LF. This
ensures that when W = W), the first column of W is the left eigenvector, the second
column of W is the first left principal vector, and so forth. For this reason we term
W left eigenmatrix with natural ordering.

We define a family of matrices depending on the parameter z by A = zI—A. Then
by the previous definitions, the family %4 has JORDAN decomposition V=1(A)V = %,
where %] = zI — J. We define the characteristic polynomial such that the leading
coefficient is one, x(z) = det(4) = det(zI — A). The resolvent is defined accordingly,
R(z) = (A)~! = (2 — A)~L. The set of z € C where the resolvent is defined is known
as the resolvent set and is given explicitely by C\ A. For ease of understanding we split
the characteristic polynomial into x(z) = w(z)(z — A\)®. Obviously, the polynomial
w(z) defined this way has degree n — a and w(\) # 0. Multiplication of the TAYLOR
expansion

wz) =3 k!(” (== \F. (1.15)
k=0

of w(z) at A with (z — A\)® results in the TAYLOR expansion of x(z) at A. Thus, we
can easily switch between TAYLOR coefficients in terms of x and in terms of w,

X ()
7!
X(ouri)(/\) w(")()\)

W = T, VzE{O,...,n—a}.

- 0, Vie{0,...,a—1},
(1.16)

The adjugate (sometimes named classical adjoint) P(z) = adj(*A) of A is defined
as the matrix of cofactors, p;j(z) = (—1)"" det(*4;;), where the submatrix %4 ; is
defined to be A without the jth row and the ith column. The matrix P(z) is, by
definition, polynomial in z. All subsequent analysis and results rely on expansions of
the polynomial matrix P(z) in terms of information stemming from the eigendecom-
position of A.

2. The General Case. We first derive our main result for the case of A being a
general square matrix. We need the ezplicit knowledge of the JORDAN decomposition
of A. The result is of theoretical interest and serves as basis for several improvements.
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THEOREM 2.1 (eigenexpansion of P(z)). Let P(z), V and V be defined as above.
Pick an eigenvalue A of A. Let a, w(z), Vi, Va and Ny be defined with respect to
chosen A.

Then
P(Z)!()\) —V, (go w(’Z!(A) Nial)(@k)) VH vo<li<a 2.1)
and
P(Z!(A) =" (i W(I:;(A) Ny ‘1> V4 VST, (22)
k=1
where S(\) is defined by
s =00 (2,007 £0). (2:3)

REMARK 2.1. The proof follows upon multiplication of the well known represen-
tation of the resolvent as sum of LAURENT expansions at the eigenvalues, see [10,
Corollary 2.2.12]. This representation of the adjugate of “A can be viewed as a special
case of utilizing SCHWERDTFEGER’s formula, see [19, (6.1.39)].

Since the proof based on the representation of the resolvent or on SCHWERDT-
FEGER s formula is for notational reasons almost as long as a direct proof, we decided
to give a direct proof.

Proof. Applying the CAUCHY-BINET formula to A for all z in the resolvent set,

P(2) = adj(*A) = det(*4)(A)~" = x(2)R(2). (2.4)

Since we are interested in eigenvalues and eigenmatrices, we express the resolvent
using the JORDAN decomposition,

R(z)=VE) V=V (NGQA(ZJ“)_1> Vi, (2.5)

The inverse of a single block %, with block size o is easily computed as

—1 o

(z—n) (z—p)~ .
(7.,)7 ' = : =Y (z—p) N (2.6)
(=) =

Thus, by adding for the sake of simplicity some zero terms in the sum, the inverse of
a single box can be written as

) o(p,e) a(p)

D =—wW NG =D - INTL (27

{=1 =1

_ () B
(7:]#) t= Liel (ZJ/LL) t= 2

We define the matrix Q(z) by

Q) =) ((8,5.07). (25)
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By preceeding considerations, Q(z) is polynomial in z, since the rational factors in the
inverted blocks cancel with the appropriate factors in the characteristic polynomial.
After canceling terms @Q(z) can be expressed as follows:

Qz) = (Z w(z)(z = N> YN e O)) +S(2)(z — N)“. (2.9)

=1
Here we have defined the polynomial matrix S(z) by

() = w2 (

n#

@A(ﬂu)‘l @ O) : (2.10)

compare with equation (2.3).
We insert the TAYLOR expansion (1.15) of w(z) at A. This results in

a nN—oa w(k)
Q(z) = (Z > k'm (z = N4 NITL 0)> + 8(2)(z — A\)*. (2.11)
=1 k=0 ’

Changing the order of summation by introducing variable j = a + k — ¢, ie., { =
a+ k — j, we arrive at

nl ) - |
Qz) = Z (Z k!(A) (NyTE=i=1 g O)) =N +SE)(E-N (212

j=0 \ k

where k in the second sum runs from max{0,j — (o« — 1)} to min{j,n — a}. We can
safely replace the upper bound by j, since w has degree n — « and all additional terms
are zero. The first a terms in the TAYLOR expansion

NG
Q=Y /z!(A) (2 = )" (2.13)
=0

of Q(z) at A\ are given as corresponding terms in the inner brackets of (2.12), the
(a4 1)th term has an additional summand S()),

Q(e)()\) w(k)()\) ket
7 :kzzo oo (N 9 0), vee{o. a1} (2.14)
() o (k)
Q a!()\) _ kz k!()\) (N1 @ 0) + S(N). (2.15)
=1

We compare the TAYLOR coefficients on both sides of P(z) = VQ(z)VH,
PON =vQONVHE vixo. (2.16)

Inserting the explicit expressions (2.14) and (2.15) and restricting attention to the
invariant subspace of interest where possible,

V(N @ 0)VH" = viN{1, (2.17)

finishes the proof. O

The proof reveals that proceeding in this manner, relations may also be derived
for the higher derivatives. Focusing on the leading « coefficients in the TAYLOR
expansion gives rise to very simple and intuitive relations.
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3. The Non-derogatory Case. In what follows, we assume without loss of
generality that the eigenvalue of interest corresponds to the first JORDAN box. Explicit
knowledge of the JORDAN decomposition is usually not at hand. So, we may ask
for improvements for the most prominent classes of matrices. First, we still allow
eigenvalues to be multiple. These matrices are non-derogatory with probability one
[3]. To proceed, we need additional notations and a few definitions.

For the sake of simplicity, we introduce the notion of natural restrictions of the
JORDAN block Jy and the corresponding right and left eigenmatrices V), V. These
natural restrictions are identified by a superscript [¢], where £ is the number of prin-
cipal vectors involved. We define the natural restrictions of the JORDAN block to be
a JORDAN block to the same eigenvalue A that has only ¢ principal vectors, i.e.,

I
J— (es Open ; ( 1 > € Cl+Dx(E+1) 3.1
\ (Ie+1 Ortr,a—(e41)) I Oa—(t41),641 &y

is a JORDAN block of dimension ¢ + 1. The natural restrictions of the partial eigen-
matrices Vy and V) are defined to be the matrices

V)Ee] = W <O Ioa > c (Cn><(€+1)’
a—(+1),041 (3.2)
V)EZ]H — (O£+1,a—(£+1) Ié+1) V/\H e CUt+)xn

We stress the fact that the ordering of the principal vectors as columns of the restric-
tions is the converse of each other.

COROLLARY 3.1 (non-derogatory eigenexpansion of P(z)). Let A € C"*™. Let A
be non-derogatory, i.e., geometrically simple. Let o denote the algebraic multiplicity
of \. Let Jy denote the unique JORDAN block, V) the corresponding right eigenbasis
and VAH the corresponding biorthogonal left eigenbasis. Let natural restrictions of
JORDAN block, right, and left eigenbasis be defined as above for all £ < «.

Then, for all{ < o

PO ¢ a9\ ol
w( ) _ i, (A4 v, (3.3)

We denote the columns of the right eigenbasis and the columns of the flipped left
etgenbasis by

Va = (v1,...,%) and VAFEW,\E(wl,...,wQ). (3.4)
Then, for all{ < o

POG) w0 oD

T (A T

(vlwf + vgwf) + -

{41
+w(A) <Z vkwgﬂ)kH) . (3.5)
k=1

Proof. Theorem 2.1, equation (2.1) shows that

PO 0B an-@n ) o
a1 =" ];] 0 M Vi Vo<l <a
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Since A is non-derogatory, N, is given by one single nilpotent matrix Ny;. The powers
of Ny are given by shifted unit diagonal matrices,

N® =Nk n® =5, (3.6)

)

Carefully looking at the term in brackets reveals that

0 --- 0
4
e o ()
WP (A) a1y (e—k) _ 10 -0 (37)
il A o --- 00 --- 0] :
k=0 .
0 0 0 0
where
wA) WO/

w <J£e]) = . : € C+Dx(e+1) (3.8)

w(A)

is the polynomial w evaluated at the natural restriction of the JORDAN block Jy of
dimension £+ 1. The zero blocks ensure that only the £+ 1 leading columns of V) and
the ¢ + 1 trailing columns of Vy play a role. This is where the natural restrictions of
the left and right partial eigenmatrices emerge. Stripping off zero blocks proves the
first claim of equation (3.3). The second claim, equation (3.5), follows upon splitting
the polynomial matrix in the middle into rank-one matrices and sorting terms by the
degree of the derivative of w. O
REMARK 3.1. The relation for £ =0, namely,

adj(\ — A) = P(\) = w(\) - vw!! = (H (A — u))va, (3.9)
HFEX

is well known and states that the adjugate of \I — A in case of a mon-derogatory
eigenvalue X is a rank-one matriz whose columns and rows are multiples of the right
eigenvector and left eigenvector, respectively.

To the authors knowledge, the similarly simple relations for £ # 0 did not appear
in the open literature.

4. Diagonalizable Matrices. Matrices with principal vectors form a zero-set.
Thus, it is natural to restrict the investigations to the diagonalizable case. This
implies that Ny = 0, and only terms with N{ = I are of interest.

COROLLARY 4.1. Let A € C"*" be diagonalizable. Let \ be an eigenvalue of A
with multiplicity «. Let P(z), x(z), Vx and Vy be defined as above.

Then, the first « — 1 derivatives of P(z) at X are all zero,

PON) =0 VIi<a—-2, (4.1)
and the deriwative a« — 1 of P at A is a scalar multiple of the spectral projector,

P(afl) ()\)

_ 1 CH __ 1 ~H
X(T()\) = EV)\V)\ = a Xi:’l}ﬂ}i . (42)
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Proof. This is an immediate consequence of Theorem 2.1, equation (2.1). Due to
Ny =0, the only terms that are non-zero in the sum in equation (2.1) are the terms
such that (o — 1) — (¢ — k) = 0. This can only be solved for nonnegative k& when
¢ > a — 1, which proves equation (4.1). The only solution for £ = oo — 1 is given for
k=0:
P(a—l) ()\)
(= 1)!
Rewritten in terms of x instead of w and sorted according to polynomials in A and
constant matrices this is equation (4.2). O

=V (w()\)I) VH.

4.1. Normal Matrices. Now we restrict our attention to the case that A is a
normal matrix. This implies that we can choose the eigenmatrix such that V=V
is unitary and that Ny = 0. Normal matrices are members of the best investigated
class of matrices concerning behavior of eigenvalues and eigenvectors. In order not to
double any work, we just briefly touch this large and interesting area. Since we have
no need for an artificial left eigenmatrix with natural ordering, we use the letter W
in this subsection to denote a nonnegative doubly stochastic matrix.

An immediate consequence of Corollary 4.1 is the following remark:

REMARK 4.1. Let A € C"*™ be normal. Then the diagonal elements of equa-
tion (4.2) give information where the eigenspace is “thin” or “thick”, i.e., where the
eigenvalue “lives” in the following strict mathematical sense:

Yz lval Yo\ (PETDO
( o s o = diag @0 ) (4.3)

This gives information, since the columns of Vy are all scaled to unit length, because
we assume V)\HVA =1,.

Another, more useful consequence was used by Thompson in his sequel of nine
principal submatrices papers.

COROLLARY 4.2 (THOMPSON, [24], equations (7) and (8)). Let A € C™*™ be
normal. Denote the characteristic polynomial by x(z) = det(*A) = det(z] — A) and
define characteristic polynomials x;(z) = det(*4;;) = det(zI — Ay) for the principal

submatrices Ay, i@ = 1,...,n of A. Define the nonnegative and doubly stochastic
matriz W by w;j = |vi;|?.
Then
x(2)
X1 (Z) Z*)\l
= (4.4)
(2)
Xn(z) Z{)\n

Proof. Row i of equation (4.4) is given by

n

() = Yl 2L (15

. z
Jj=1

But this is just the element in position ¢ in the diagonal of the equation P(z) =
VQ(2)VH for the special case of A being diagonalizable, where Q(z) defined in equa-
tion (2.8) takes the simple form

Q(z) = x(2) (}\GEBA(ZIQ — /\Ia)1> . (4.6)
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0

THOMPSON used this result and more general results for smaller principal sub-
matrices to derive several statements on the positions of eigenvalues of normal, HER-
MITEan and symmetric matrices. This includes among various other results an alter-
native simple proof of CAUCHY’s interlacing inequalities, see [32], page 213. Since
most results obtained by THOMPSON are based on the fact that W is nonnegative and
doubly stochastic, they can not be easily adopted to a more general case.

5. Hessenberg Matrices. In this section we denote the matrix of interest by
H instead of A to emphasize that we restrict attention to unreduced upper HESSEN-
BERG matrices. Before we proceed, we briefly remind of the structure of inverses of
HESSENBERG matrices. This knowledge in mind we might suspect similar knowledge
on the structure of the resolvent and thus of the adjugate of *H.

Beginning with the pioneering work by ASPLUND [4] in 1959 on matrices that
satisfy a;; = 0 for j > 74 p, much knowledge has been gained for inverses of HESSEN-
BERG matrices. The main branch of research soon specialized to tridiagonal matrices,
see the 1992 review [20] by MEURANT.

Summarizing their results in a simplified manner, we may state that the lower
triangular part of the inverse is the lower triangular part of a certain rank-one matrix.
Similarly, the HESSENBERG eigenvalue-eigenmatrix relations turn out to be concep-
tually simple for the lower triangular part of the adjugate of *H.

Instead of merely doubling the work for inverses to fit for the adjugate, we give
a full expression for the adjugate in terms of principal submatrices and products of
lower diagonal elements. To be more precise, we intend to show that P(z) = adj(*H)
is expressible in terms of what we refer to as leading, trailing and middle characteristic
polynomials of the underlying HESSENBERG matrix.

To state the result in full generality, we first prove two lemmata and introduce
additional notations. We define polynomial vectors v(z) and v(z) by

— Xit1n(2) \" oy = [ x1-1(2) !
V(Z):<Hln=i+1hl,l—1>i_1 and V(Z):(I_M}W) , (5.1)

j=1

with the usual convention that the empty product is one and where x;.;(2) is defined
by

det (*H,;), 1<i<j<n,
o= "

1, i—1

Here, *H;.; is the principal submatrix of *H consisting of the elements indexed by
rows and columns ¢ to j. Thus,

det (*H;.;) = det (21 — H;5)

is a characteristic polynomial which we term leading, when ¢ = 1 and j < n, trailing,
when ¢ > 1 and j = n, and middle, when i > 1 and j < n. Hence, v(z) consists of
all (scaled) trailing and (z) of all (scaled) leading characteristic polynomials. Let
constant hyry be given by

n—1
hn = H hl+1,l' (53)
=1
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Now we are able to state and prove the first lemma.

LEMMA 5.1 (row index less than column index). Let H € C™*™ be unreduced
upper HESSENBERG. Let P(z) denote the adjugate of *H = zI — H. Let v(z), (z)
and hyy be defined as denoted above. Furthermore, let tril(A) denote the restriction of
A to its triangular lower part.

Then

tril (P(z)) = tril (hnl/(z)D(z)T) . (5.4)

Especially, we have validity of the relations

CH)v(z) = Xh(;)el, ()T (*H) = %ez. (5.5)

Proof. By definition of P(z), the matrix elements p;;(z) can be expressed for the
lower triangular part (¢ > j) in terms of cofactors as follows:

o ZI*lej_l *
pij(z) = (=1)"+ Rj.i (5.6)
0 2l — Hi+1:n
= X1:j-1( H higia | Xit1n(2) (5.7)
l=j

- Xi+1: n Xl j 1( )
(Hz L hig, z) (ll_[l it > ( ! b z) (58)

= v;(2) = hp =1;(2)
= hnel (u(z)D(z)T) €, (5.9)

This establishes equality between triangular lower parts of P(z) and the outer product
representation (5.9). We know (by definition) that the adjugate satisfies the relations

*HP(z) = P(2)*H = x(2)I. (5.10)

Since the first column and last row are included in the triangular lower part and
U =v, =1,

Now, (5.5) follows upon multiplication of (5.10) with e; and el. O

COROLLARY 5.2. Let H, v(z) and 0(z) be defined as before. Let A denote an
eigenvalue of H with (algebraic) multiplicity c.

Then, complete chains of (unscaled) right and left principal vectors of H to the
eigenvalue A are given by

1

{W%A) }: and {W}; , (5.11)
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The last (first) £ entries in the right (left) unscaled principal vector of step ¢ are zero.
The entry n—{ of the unscaled right principal vector and the entry 41 of the unscaled
left principal vector are nonzero and these are given explicitely by

l . (L
v, 1 7O 1

= and

0l Tyt hee TR

(5.12)

Proof. The result stated in equation (5.5) already proves that the vectors v(\)
and 7(\)T are left and right eigenvectors, respectively, since z = X is a zero of x(z).
We have to show that the consecutive terms in the TAYLOR expansion of v(z) and (z)
at A\ provide specially scaled chains of principal vectors. With *H’ = I and *H"” = 0
and LEIBNIZ identity we conclude that

vO) V) xO)

ZEr —
CH) ==+ = ~ g @
AUGH DT XO(2)
2 = T £>1.
7 Yo T V0

Thus, for every 1 < £ < o we have at z = A that x()(\) = 0, and thus
(OIS (=1 ()
YO0 | D)

(M - H) 7 =1 =0 and
D(Z)()\)T D(Z—l)()\)T _
—r (AI—H)+7(€_1)! =0.

Reordering terms finishes the proof of claim (5.11). Inserting the explicit representa-
tion (5.1) of the polynomial vectors v and 7, and using the fact that the characteristic
polynomials involved have leading term one, proves equations (5.12). O

We have found complete chains of right and left principal vectors. We have not
clarified yet the relation of the chains to the biorthogonal matrices V) and VA, even
if they might be constructed from explicit knowledge of the chains. This fault is
removed by constructing an explicit formula for the adjugate P(z) of *H. First, we
take a closer look at the elements of P(z) to grasp some intuitive understanding why
we only could determine the entries in the lower triangular part.

COROLLARY 5.3. The polynomials p;;(z) have (mazimal) degree

deg (pij(2)) = n—1+j—1i, i>],

(5.13)
deg (pij(2)) < n—2, i <]

The latter inequality is an equality precisely when h;; is nonzero.

Proof. Equality (5.13) follows from (5.7) since the elements are products of char-
acteristic polynomials of degrees n — i and j — 1 (with leading coefficient one) and a
nonzero constant (due to the unreduced HESSENBERG structure). Inequality (5.13)
follows since when ¢ # j in the expansion of the determinant of *Hj; the maximal
number of occurrences of the variable z is given by n — 2. When i < j, the only
element in the submatrix “H;; where no variable z occurs in the corresponding row
and column is given by —h;; in the shifted position (¢, j — 1). Thus, for i < j, p;;(2)
has an expansion

pij(2) = (1) - (=) (—hyy) 2" e = g TR
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0

The elements in the strictly upper part of P(z) have a lower degree than the
corresponding elements in the outer product of v and 7. Still, it turns out that we
can relate P(z) to the outer product in such a way that they are equal precisely at
the eigenvalues (counting algebraic multiplicity). To proceed, we need the following
auxiliary lemma, in which the middle characteristic polynomials first enter the scene.

LEMMA 5.4. The elements of the inverse M*(z) of the reqular upper triangular
matriz H>(z) € C=DX(=1) obtained from *H upon deletion of the first row and the
last column are given by

oy | R g,
m;;(z) = [Li=; hivaa (5.14)
0, 1> 7.

Proof. We express the inverse of H* (z) using the adjugate and the determinant:

R * n—1
mﬁ(z) = (-1 2l — Hiy1: / <H —hz+1,l> (5.15)
0 Rj+1:n—1 =1
C(TIZ) —usra) xier () (T2 —husa
- (—1)“”( . ) S ( AR ) (5.16)
=1 Py
— (_1)i+j ?iﬂrj(z) _ X;‘H:j(z) . (5.17)
Hl:i _hl+1,l Hl:i hl+1,z

|

Now we are able to give an explicit simple expression for the adjugate P(z) of *H
in terms of characteristic submatrices and products of sub-diagonal elements. This is
one of our main results, since it allows us to switch from purely analytic properties
of (characteristic) polynomials to purely algebraic properties of eigen- and principal
vectors, once an eigenvalue X is known.

THEOREM 5.5. Let H € C™*" be unreduced upper HESSENBERG. Let polyno-
mial vectors v(z), v(z) and constant hyy be defined as above. Let the strictly upper
triangular polynomial matriz M (z) be defined by

0
Mz = |: M=) | (5.18)
0 --- 0
Then
P(z) = hiav(2)o(2)T + x(2) M(2), i.e., (5.19)
X1:j-1(2) (Hli;jl- hl+1,z) Xi+1:n(2) J <,

pi(2) = X1:j-1(2)Xit+1:0(2) = Xit1-1(2) X1 (2) (5.20)

-1
[1=; hisry
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REMARK 5.1. The theorem implies the slightly weaker, but easier to remember
and thus remarkable result

P(z) = hinv(2)o(2)T  (mod x(2)). (5.21)

Proof. The adjugate of “H is uniquely defined by property (5.10), i.e., it suffices
to prove that

We use equation (5.5) to simplify:

X(2) [v(2)ey, + M(2) CH)] = x
X(2) [exv(2)" + CH) M(2)] = x(2)1.

Thus, we have to show that M(z) satisfies the following singular systems of equations:

M(z2) CH) = v(z)el — 1, CH)M(2) = eyp(2)T =T (5.22)

These singular systems have a very special structure. For convenience, we give a
pictorial impression of the first system of equations (5.22):

z — h11 —h12 ‘ _hln
HA(Z) _hn.fl,n
z = hnn
—11(2)
- d : (5.23)
—Vp—1(2)
0 --- 0 ‘ 0

We can now safely remove the last rows of the first and the last matrix in this equation,
since they correspond to blocks that are trivially satisfied due to the zero elements.
We can also remove the first column of the first matrix and the first row of the second
matrix, since multiplication in these positions only introduces zero elements. We end
up with the following simpler system of equations:

*h2n -1 (Z)
MAR) | HA(R) : - I : (5.24)
R a2

The first block collapses to the definition of M*(z), i.e., to M (2)H*(z) = I. We
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only have to prove consistency by proving that also the second block equation

*}?Qn -1 (Z)
M~ (2) hi = : (5.25)
—ln—1n _
y hnn Vn—l(z)
_}?Qn —1n (Z)
& hi = H"”(2) : (5.26)
—ln—-1n _
z— hpn vn-1(2)

holds true. This follows trivially by reordering, since v, (z) = 1 and thus we only have
to prove that

—hgn 1/1(2)
HA (2 5 : —0 5.27
( ) _hnfl,n Z/nfl( ) ( )

2z — hon Vn(2)

But these equations correspond to the second to last row of the first equation of (5.5),
which finishes the proof for the first singular system of equations in (5.22). The proof
for the second singular system of equations in (5.22) is analogous. O

To express the final relations in matrix form we gather the derivatives of the
vectors v and ¥ into matrices. We define rectangular matrices V,(z) and V,(z) by

7O (2
z)z[ €!< ),...,ﬂ’(z),l)(z) . (5.28)

v (z
Ve(2) = |v(2),V/(2),..., ( )} ,

A

Now we can prove the main theorem stating the explicit relation between the
(analytic) polynomial and the (algebraic) subspace point of view for unreduced HES-
SENBERG matrices.

THEOREM 5.6 (HESSENBERG eigenvalue-eigenmatrix relations). Let H € C™*"”
be an unreduced HESSENBERG matrix. Let A be an arbitrary eigenvalue of H. Let o be
the multiplicity of A. Let w be the corresponding reduced characteristic polynomial. Let
natural restrictions of the JORDAN block and the partial eigenmatrices corresponding
to the chosen A be defined by (3.1) and (3.2). Let the constant hry be defined by (5.3)
and let Vy and Vy be defined by (5.28).

Then

V% (1) A = b i)V (5.29)

Proof. Theorem 2.1 is already tailored to the non-derogatory case, see Corol-
lary 3.1. This is the left hand side of equation (5.29). It only remains to prove that
the terms in the TAYLOR expansion of P(z) around A are indeed given by the outer
product of the matrices gathering the derivatives. But this is again LEIBNIZ identity,
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this time applied to the consecutive derivatives of v(z)r(z):
- (
v(z)p(2)" 1 ¢ ; _
Q =— Z v(z2)®) ((2)T)E=R) (5.30a)

=27 (5.30D)

0

To proceed, we need two additional simple lemmata. The first clarifies uniqueness
issues of partial eigenmatrices to non-derogatory eigenvalues, the second investigates
square roots of upper triangular (regular) TOEPLITZ matrices.

LEMMA 5.7. Let A be a non-derogatory eigenvalue of algebraic multiplicity o of
A € C"™*". As before, let Jy € C**“ denote the unique JORDAN block and let V)
denote a fized partial eigenmatrix.

Then the set of all partial eigenmatrices is given by the a-dimensional set

{VAT : T € C*** is upper triangular reqular TOEPLITZ} . (5.31)

Proof. Let Vi € C"*® denote an arbitrary partial eigenmatrix. This together
with the assumption that A is non-derogatory implies that V) has full rank and spans
the same space as V), i.e., V\ = VAT, where T' € C**¢ is regular. Additionally, the
relation

Af/,\ = VAJ,\. (5.32)
holds true, since V3 by definition is a partial eigenmatrix. This implies that
AVy = AV\T = VA J\T = WW\TJ\ = Vi, (5.33)

i.e., the set of all T is the subset of regular matrices described by the additional
constraint JyT' = T'Jy. In other words, we are looking for the regular matrices T in
the centralizer of the JORDAN block Jy. The centralizer of a JORDAN block is easily
computed regardless of the value of A, since

0=JN —TJy = (M + N)T —T(M + N) = NT — TN. (5.34)

When we interpret the nilpotent matrix N as a shift matrix, we observe that T has to
be upper triangular TOEPLITZ. Thus, the set of matrices T" we are looking for consists
of the upper triangular regular TOEPLITZ matrices. The dimension of the set follows
upon the parameterization of the TOEPLITZ matrices by their first row. O

Now, having parameterized the set of all partial eigenmatrices to a non-derogatory
eigenvalue, we can choose in light of Theorem 5.6 left and right partial eigenmatrices
such that they are biorthogonal. This could be achieved by setting

Vai=Vai(A)  and Vi =hgVa1(N) ()7, (5.35)

Va = hii Va1 (A) (w(Jy)™" and v = Va1 (). (5.36)
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Here, we have used for purely esthetic reasons the notation
Vi = Th. (5.37)

To obtain a more symmetric and more appropriate choice, we need the following
lemma on square roots of regular upper triangular TOEPLITZ matrices. It is easy to
see that a regular upper triangular TOEPLITZ matrix has exactly two upper triangular
TOEPLITZ square roots. The square roots can be distinguished by the usual scalar
square root of the diagonal element.

We remark that in the proof of the following lemma, o is used to denote the first
row of a upper triangular TOEPLITZ matrix, instead the size of a JORDAN block.

LEMMA 5.8 (TOEPLITZ square roots). Let T € C™ ™ be an upper triangular
TOEPLITZ matriz. Let T be parameterized by the first row denoted by T, such that
tij = Tj—i+1 fOT’ all i < j

Then, when T is reqular, which is precisely when 71 # 0, exactly two upper trian-
gular TOEPLITZ square roots Sy, 5o € C"*™ exist. These square roots are both regular
and are related by S, = —5s.

When T 1s singular, i.e., when 11 s equal zero, no upper triangular TOEPLITZ
square root exists.

Proof. We give a constructive proof. Let S be upper triangular TOEPLITZ. Let
S be parameterized by first row, denoted by o, s;; = 0j_;+1. For S being a square
root of T, i.e., a matrix such that SS = T, necessarily

T — (T)M = (SS)IZ = Zsljsji = Zo—jo—i*jJrl' (538)
j=1 j=1

Thus, for i = 1, 0101 = 7. Here, we can choose one of the two branches of the square
root, denoted by o7 = £.,/71. Then we can successively compute uniquely all other
0i, 1 =2,...,n using the triangular structure, precisely when o1 # 0:

i—1
T — E 00
7 j=2939% Jj+1
i = 5.39
o 20, (5.39)

It is easy to verify that both computed S indeed satisfy SS = T. Since the branch
+1 of the square root enters only linearly, S; = —S3. Since o1 # 0 precisely when
71 # 0, we have proven all assertions of the lemma. O

In the following, we will denote the square roots S; and Ss of Lemma 5.8 simply
by +V/T.

Since w(A) is non-zero, w(Jy) is regular. w(Jy) is upper triangular TOEPLITZ.
Thus, we can utilize the last two lemmata to define unique biorthogonal matrices Vy
and Vy. This is achieved by the following definition:

DEFINITION 5.9 (HESSENBERG natural eigenbasis). We define the natural eigen-
basis of an unreduced HESSENBERG matrix H € C"*" by defining the special partial
left and right eigenmatrices

Vi = /it Va1(\) (\/W(JA))*1 (5.40)
Va = VA Va_1(N) ( w(J,\))_T (5.41)

for all eigenvalues \ of H.
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We note the interesting fact that the conditioning of the eigenspaces concerning
the angles between the subspaces depends only on the leading and trailing character-
istic polynomials and the eigenvalue ), i.e., the point of evaluation. The distance to
the other eigenvalues enters the scene afterwards in some sort of normalization of the
eigen- and principal vectors by the inverse of the square roots of w(.Jy).

5.1. Particular Cases. We briefly collect implications on some particular cases
of HESSENBERG matrices. When the HESSENBERG matrix H is diagonalizable all
eigenvalues are simple and the results collapse to a very simple special case. When H
is furthermore normal, V =V and we can utilize all results on normal matrices, e.g.,
the results of THOMPSON, and insert the explicit representation of P.

At first glance, it seems difficult to find unreduced normal HESSENBERG matri-
ces. Two known remarkable exceptions are unitary (or real orthogonal) HESSENBERG
matrices and HERMITEan (or real symmetric) tridiagonal matrices.

The former naturally arise as the Q factor from the QR decomposition of a HES-
SENBERG matrix and when we use the ARNOLDI method to compute a HESSEN-
BERG normal form of an arbitrary unitary matrix. Unitary HESSENBERG matrices
are treated in more detail in several articles by AMMAR et al., [1, 2]. In this context,
what we named leading characteristic polynomials are known as Szegd polynomials.

The latter are not only upper HESSENBERG matrices, but at the same time also
lower HESSENBERG matrices. Thus, we obtain forward and backward expressions for
the eigenvectors. This symmetric case (up to scaling) corresponds to the aforemen-
tioned JACOBI matrices.

Two conceptual simple cases of special HESSENBERG matrices deserve some at-
tention. These are the FROBENIUS companion and doubly companion matrices. The
first case has already been mentioned in the historical remarks and is exemplified in
great detail in the classical work of WILKINSON [33] and in less detail applied in the
context of ordinary differential equations in several textbooks, see for instance [12].
The latter case arises in the construction of stable general linear methods for ordinary
differential equations, see [8, 34, 9].

6. Conclusion and Outlook. We have shown how to construct eigenvalue-
eigenmatrix relations. The main new contribution is the construction of explicit re-
lations in case of HESSENBERG matrices. These relations may be generalized to the
case when we have a matrix pencil that still has HESSENBERG form.

It remains an open and challenging question how to generalize the results, espe-
cially those involving principal vectors to the infinite dimensional setting.

To develop eigenvalue-eigenmatrix relations for other matrix structures, we only
need an explicit representation of the adjugate P(z) = adj(4) = adj(zI — A) for the
matrix structure of interest, of course in terms of quantities that might be of interest
in applications. This is the area of future research.
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