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Abstract

A unitary symplectic similarity transformation for certain Hamil-
tonian matrices to extended Hamiltonian Hessenberg form is pre-
sented. Whereas the classical Hessenberg form links to Krylov sub-
spaces, the extended Hessenberg form links to extended Krylov sub-
spaces. The presented algorithm generalizes thus the classic reduc-
tion to Hamiltonian Hessenberg form and offers more freedom in
the choice of extended Hamiltonian forms, to be used within an
extended Hamiltonian QR algorithm. Theoretical results identify-
ing the structure of the extended Hamiltonian Hessenberg form and
proofs of uniqueness of the reduction process are included. Numeri-
cal experiments confirm the validity of the approach.
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An extended Hessenberg form for Hamiltonian matrices*

Micol Ferrantit Bruno Iannazzo® Thomas Mach? Raf Vandebril*

1 Introduction

The QR eigenvalue method is one of the most used algorithms to compute eigenvalues of medium
sized matrices [8,9]. It is a two step method: the matrix is first transformed, via unitary similarity
transformations, to a convenient condensed form, whose eigenvalues are then, in the second step,
computed via a suitable iterative method. This paper deals with the first step of a Hamiltonian
QR method, i.e., the reduction to a convenient condensed Hamiltonian form. The second step,
the actual QR algorithm, is discussed in the forthcoming paper [6].

The typical generic condensed form is the well known Hessenberg form [17]. However, if the
original matrix exhibits particular properties, the preservation of the structure through the whole
procedure is advisable, e.g. in model order reduction [7]. For this reason, some special formulations
of the QR method have been developed for specific classes of matrices, i.e., symmetric, unitary,
etc. On the other hand, it has been shown that the classic Hessenberg form is not the only possible
choice as an intermediate condensed form [15]. A much wider family of matrices can be used within
a QR-like algorithm. This family generalizes classes such as Hessenberg and Hessenberg-like, and
these matrices are called extended Hessenberg matrices.!

A Hamiltonian matrix is of the form

H = [ ? 7§H :| €C2n><2n’ (1)
where F = FH and G = G¥. The eigenvalues of a Hamiltonian matrix are symmetric with respect
to the imaginary axis. To preserve this symmetry within a QR method, it is desirable to work
exclusively with Hamiltonian matrices during the iterative process. An algorithm with this feature
is said to be a Hamiltonian QR algorithm.

Unfortunately, the generic classical Hessenberg form does not retain the Hamiltonian structure.
Thus, many attempts have been made to design a suitable Hamiltonian condensed form, see, for
example, [4,5,13]. Until now, a Hamiltonian QR algorithm has only been found for matrices H,
partitioned as in (1), whose bottom-left block F' has rank one [5]. This algorithm makes use of
the so called Hamiltonian Hessenberg form.

In this paper we will show how the arguments presented in [15] can be adapted to the Hamil-
tonian context, in order to derive new Hamiltonian condensed forms, which extend the classical
Hamiltonian Hessenberg form, for matrices whose bottom-left block has rank one.
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The paper is organized as follows. In Section 2 and 3 we present some preliminary definitions
and results, which are necessary in the remainder of the text. A brief summary of the techniques
introduced in [15] is included. In Section 4 several theoretical results are presented, and the
definition of extended Hamiltonian Hessenberg form is given. In Section 5 the transformation
to extended Hamiltonian Hessenberg form is described. Also, the essential uniqueness of the
transformation is proved. Section 6 is devoted to numerical experiments. Conclusions are presented
in Section 7.

The following notation is used throughout this paper: the element of M in position (,j) is
denoted by m; j, its i-th column is indicated by m;, and we depict with M (i : j, k : £) the submatrix
of M consisting of rows i up to j, and columns k up to £. M7 refers to the transpose of M, M to
the conjugate of M, and M¥ = M to its Hermitian transpose. A matrix M is said to be unitary
when MMH" = MP M = I, and Hermitian when M = M*. A per-Hermitian matrix M € C"*"
is a matrix that is Hermitian with respect to its anti-diagonal, i.e., My —j41,n—it1 = M -

2 The extended Hessenberg form

Here, we recall some material regarding the extended Hessenberg form, which is a generalization
of the classic Hessenberg form introduced in the paper [15], to which we refer the reader for a full
detailed treatise.

The central idea consists of computing a QR factorization M = QR, where R is upper trian-
gular and the unitary factor @ is factored in a sequence of n — 1 special unitary transformations
following a prescribed ordering.

Before introducing the extended Hamiltonian Hessenberg form, we will briefly describe and an-
alyze the fundamental objects, namely unitary core transformations, on which the whole reasoning
is based.

Definition 1. A wnitary core transformation is a matriz G € C"*™ that is equal to the identity,
except for a unitary 2-by-2 block G; = G(i : i+ 1,0 : i+ 1), which is called active part.

All the core transformations used in this paper are unitary, thus we will omit the adjective
unitary from now on. One special class of core transformations are rotations, whose active part is

=2)

with |¢|2 4 |s|> = 1. All reasonings presented here are valid for any core transformation, but
rotations were used to implement the algorithm. We will use the same notation as in [15] to depict
core transformations in a figurative way: the symbol [ refers to a single core transformation. The
two arrows point at the rows on which the core transformation acts. We now recall some basic
properties and operations on core transformations.

The product of two core transformations acting on the same rows of a matrix is a core trans-
formation. For this reason, if two consequent core transformations are applied to the same rows,
we will directly depict them as one, and we will call it a fusion of core transformations, [: |: =

Another, less trivial operation, is the turnover, if Uy and W) are two core transformations
acting on rows k and k + 1 of a matrix, and | Vit is a core transformation acting on rows kE+1
and k 4 2, then three core transformations Uk+1, Vk and Wk+1 exist, such that Uk+1 and Wk+1
act on rows k+ 1 and k + 2, Vk acts on rows k and k + 1, and U Vi1 Wi = Uk+1V;€W;€+1

This result can graphically be depicted by

and can be extended to arbitrarily long sequences of core transformations; see Lemma 2.5 in [15].

This allows one to modify the configuration of core transformations, moving the upper-left one to
the bottom-right part, or vice versa.



Another important property, of which we will make a massive use in the next sections, is
the following. If M = QR is the QR factorization of a matrix M, where ) is a unitary matrix
represented by a sequence of core transformations following a_certain pattern, then there exists
an RQ factorization M = RQ, where the transformations in Q follow the same pattern as in Q;
see Lemma 2.6 in [15]. With pattern we refer to the order (up to commutativity) in which the
core transformations ); appear. In practice, this means that we are able to move a bunch of core
transformations from one side to the other of an upper triangular matrix at any time, preserving
the original configuration.

We are now able to present the extended Hessenberg form and the reduction algorithm. Let
M € C™*™ be a generic matrix. The goal is to compute unitary matrices V,Q and an upper
triangular matrix R such that V¥ MV = QR and @ is represented by n — 1 core transformations,
following a certain pattern fixed in advance. The classical Hessenberg form, which is a special case
where the transformations in @ form a descending sequence, is shown in the following example.

Example 2. (QR factorization of a Hessenberg matriz)

Let M € C™*" be a Hessenberg matrix. To compute a QR factorization of M we need to annihilate
all the nonzero entries of M below the diagonal. To do so, we start applying a first transformation
G which eliminates the element ms ;. Then we proceed applying a new transformation which
eliminates the entry ms 2 and so on, until we obtain an upper triangular matrix. The QR factor-
ization of M consists then of n — 1 core transformations ordered in a descending sequence and an
upper triangular matrix. The factorization can be depicted as

E X X X X
X X X
M=GH...GH_ R= EE X X

K X
A descending sequence is not the only possible pattern core transformations can assume. If

M is, for example, the inverse of a Hessenberg matrix, its factorization contains an ascending
sequence of transformations

X X X X X

E X X X X X

X X X X
M=GH...GH_ R= EE X X X
X
X

K X

In [15] it was shown that any matrix M can be unitarily transformed into a matrix M =
VHE MYV, factored by M= QR where the core transformations representing the unitary factor @
follow an arbitrarily prescribed pattern. Matrices satisfying such a factorization take the name of
extended Hessenberg matrices.

To transform M to M we operate on the QR factorization of the matrix M, which typically
consists of a pyramid-shaped pattern of core transformations?

E X X X
[.C e
KEEEEEE

To get the pyramid, one first needs to apply transformations to the left of M until all the elements
below the diagonal are zeroed. This requires in total ”("2 D core transformations. We will not go
into the details, but one can also obtain an upside down pyramid in the QR factorization.

X X X X
X X X X X

2If the matrix exhibits particular structure, core transformations could equal the identity and are therefore not
shown in the pyramidal structure.



We will now start executing similarity transformations annihilating thereby core transforma-
tions from the pyramid until the desired pattern is obtained.

For example, suppose that we want to eliminate a sequence of transformations on the left side
of the pyramid, namely the three leftmost transformations in the picture, which we call Gy, G2
and G3. We multiply M on the left by GEGI GH and on the right by G1G2G3. We obtain

E X X X X X
m=L L Taoxx | b
EE KEEKEEK EE

The six leftmost transformations will annihilate each other, while the three rightmost ones can be
transported to the other side of the upper triangular matrix:

E X X X

oo (L L]
EEKEE KE

We merge the last three transformations into what is left of the pyramid by means of repeated
fusion and turnover operations, obtaining the following pattern

X X X X
X X X X X

E X X X

X X X X
X X X X X

m= ot
EEﬁKE

where the three leftmost transformations have been eliminated. To annihilate a sequence on
the right we proceed in a similar way. Suppose that we want to eliminate the two rightmost
transformations in the factorization of M;. We first move them to the other side of the upper

triangular matrix:
X X X

X X X X
X X X X X

o EE oo |
[ [ K

We call the two new transformations obtained G4 and G5, then we multiply M; on the right by
GHGH and on the left by G4G5. We obtain:

(

I: X X X

X X X X

P - P
EE EEK 9 KE KE

The four rightmost transformations will vanish and the two leftmost ones can be merged into the
remaining ones by fusion and turnover operations as before:

E X X X X X
X X X X

My = EE X X X
X X

I y



Repeating these procedures n — 2 times we eventually obtain a matrix in extended Hessenberg
form, where the unitary factor follows a prescribed pattern

E X X X

X X X X
X X X X X

X X
Mn,QZ I:I: X

We will call a pattern, as the one depicted above, a twisted pattern, and we will describe
it through a position vector p € {¢,r}"~2. For a unitary matrix @ in condensed form Q =
Gy -+ Gp—1, the corresponding position vector is given by p = (p1,...,pn—2) where

~_J 4, if G;is on the left of G
pi= r, if G; is on the right of G; 41 °

For example, the pattern chosen for the matrix M,,_o above is given by p = (¢,r,r). We also
define rev(p) = (pp—2,...,p1) and —p = (—p1,...,—Pn—2), where —p; =L if p, =r and —p; =r

Note that an extended unitary matrix @ = Gy --- G,,—1 can always be factored as Q = Q4Qq,
where Q4 and @, are respectively a (non necessarily consecutive) descending and an ascending
sequence of transformations. The factor Q4 contains all the transformations G; such that p; = ¢
and the factor @@, contains all the transformations G; such that p; = r. The transformation G,,_1
can be stored in any of the two factors. We call such a factorization a D A-factorization of @) and
use it later on to prove some theoretical facts.

3 Hamiltonian matrices

A Hamiltonian matrix equals

_ A G 2nx2n
H_[F _AH}GC ,

where all blocks A, G and F have size n X n and F', G are Hermitian. Note that this is equivalent
to HJ being Hermitian, where
_ In
]

In order to preserve the Hamiltonian structure within a Hamiltonian QR algorithm, it is possible
to make use of symplectic matrices defined as follows.

Definition 3. A matriz S € C?"*2" is symplectic if SHJS = J.

Symplectic matrices are particularly interesting in the context of Hamiltonian matrices because
of the following result [13].

Lemma 4. Let H, S € C*™*2" be g Hamiltonian and a symplectic matriz respectively, then SHS™!
is Hamiltonian.

In practice, for stability reasons, we will not consider the whole family of symplectic matrices,
but restrict ourselves to the family of unitary symplectic matrices, which are described as follows;
see [13] for details.

Lemma 5. A unitary matriz S € C2"*2" s symplectic if and only if

. U U
s=| 5 v ]

where Uy, Uy € C™*™,



In the classic QR algorithm [17], two matrix forms play a fundamental role: the Schur form,
which is the goal of the whole computation, and the Hessenberg form, which is the convenient
intermediate form exploited by the iterative method. Both of these forms do, however, not exist
for Hamiltonian matrices, and an adaptation of these two concepts to the Hamiltonian setting is
required.

Definition 6. Let H € C?"*2" be a Hamiltonian matriz, the decomposition H = UHTU is a
Hamiltonian Schur form of H if U is unitary and symplectic, and

[* ]

is Hamiltonian with the upper-left block A € C"*™ wupper triangular. A matriz with the same
structure as T 4s a Hamiltonian upper triangular matrix.

Although the Hamiltonian Schur form has similar features to the classic Schur form, in the
sense that both reveal the eigenvalues of the matrix along the diagonal, its existence is not for
granted in the Hamiltonian setting. Nevertheless, under some assumptions, conditions on the
existence are known, as illustrated by the following theorem.

Theorem 7 (Theorem 3.1 in [13]). Let H € C?>"*2" be a Hamiltonian matriz. If H has no
etgenvalues on the imaginary axis, then a Hamiltonian Schur form of H exists.

The classic Hamiltonian QR algorithm [5] makes use of an intermediate Hamiltonian condensed
form to compute eigenvalues which is named the Hamiltonian Hessenberg form.

Definition 8. A Hamiltonian matriz

_ A G 2nx2n
H_[F _AH]E(C

is in Hamiltonian Hessenberg form if A € C™*™ is a classical Hessenberg matriz and F € C**™
is zero except for the possibly nonzero entry fp .

Conditions on the existence of a Hamiltonian Hessenberg form are given in [2] (see also [1,14]).

In [5], a procedure is described to compute the Hamiltonian Hessenberg form via symplectic
unitary similarities. This method is applicable to a subfamily of the Hamiltonian matrices, namely
those matrices whose block F' has rank at most 1. In this work we extend the Hamiltonian
condensed form, thereby still restricting ourselves to a block F' of rank 1.

Two other classes of important matrices are the K-Hamiltonian and K-symplectic matrices,
defined below.

Definition 9. Let

=0, cC"" =

and

2nxX2n __ I
KeC —{ 3 |

A matriz H € C?"*?" js K-Hamiltonian if KHK is Hamiltonian. Similarly, we call a matriz
S € C*2n K_symplectic if KSK is symplectic.

Note that, if H is a Hamiltonian matrix as in (1), we can construct the corresponding K-
Hamiltonian matrix
F —9AH®

KHK:[A GP }7



where both blocks ®F and G® are per-Hermitian.

It is simple to prove that a Hamiltonian matrix H is in Hamiltonian Hessenberg (upper trian-
gular) form if and only if the related K-Hamiltonian matrix K HK is in upper Hessenberg (upper
triangular) form. Similarly, K-symplectic matrices play for K-Hamiltonians the same role as that
of symplectic matrices in the Hamiltonian framework: they preserve the K-Hamiltonian structure
in case of similarity transformations.

K-Hamiltonian matrices are a powerful tool, because they allow one to redefine the classical
Hamiltonian QR method: if we switch to the K-Hamiltonian framework, the Hamiltonian QR
algorithm is a particular instance of the more general bidirectional implicit QR method described
in [16].

In the remainder of the text we will work with both related families, switching from Hamiltonian
to K-Hamiltonian at our convenience.

It is also important to consider that the unitary core transformations from Definition 1 cannot
be used directly within the (K-)Hamiltonian framework, because they are not (K-)symplectic.
For this reason we introduce the following.

Definition 10. A unitary K-symplectic core transformation is a matriz G € C2"*2" equal to one
of the two following forms:

o type I: G is equal to the identity except for two unitary 2-by-2 blocks G; = G(i :i+1,i:i+1)
and Gop—i = G(2n —i,2n —i+1,2n —i: 2n — i+ 1), such that G; = ®Gay,_; P;

e type II: G is equal to the identity except for the 2-by-2 block

GH_G(ninJrl,n:nJrl)_[gll 912 ]7
921 g22

such that all the following equations hold

Jg11921 — 921911 0, 12921 — 22911 = —1,
g11922 — g21912 1, g12922 — ga2g12 = 0O,
g11911 + 921921 = 1, g12911 + Ga2gar = O,
g11912 + 921922 = 0, J12012 + Goagaz =

K-symplectic core rotations of the first type, have two active parts

Gi:[ ¢ S] anngn_i:[c 5]
—S C S C

which will be depicted, similarly to the regular ones, by two arrow-headed brackets [: on the same
vertical line. The condition stated in the second point could seem very strong, but it is fulfilled,
for example, by the simple real rotation

c S
G7L:[_S C:|’

where both ¢ and s are real, and ¢® + s> = 1. In this work, we will actually not use core
transformations of the second type, but they are compulsory in [6] and included for completeness.

4 The extended Hamiltonian Hessenberg form

In this section we present a series of theoretical results that will lead to the definition of the
(K-)Hamiltonian extended Hessenberg form. More precisely, the (K-)Hamiltonian structure will
impose some constraints on the pattern of rotations arising in the QR factorization of the extended



Hamiltonian Hessenberg form. We will investigate here the structure of the pattern and we will
prove that it is palindromic.

We prove that the pattern of a condensed unitary matrix is reversed through a flip similarity
of its Hermitian transpose.

First, observe that if M = My & My ® --- @ M, is a block diagonal matrix, then ®Md =
(PMD@) D - @ (PM2®P) ® (PM1P). In particular, this implies that for any 1 < k < n and for any
core transformation Gy, there exists another core transformation én_k, such that @GP = én_ k-

Theorem 11. Let Q € C"*™ be a condensed unitary matriz whose pattern is determined by the
position vector p = [p1,p2,...,Pn_2] and n > 2. Then the matriz PQH ® is a condensed unitary
matriz associated to the position vector rev(p).

Proof. The proof is based on induction on n. For n = 2, the vector p is void, so there is nothing
to prove.

Let n > 2 and assume that we have already proved the theorem for matrices of size n — 1. We
have two cases: p; = r or p; = £.

If p; = r, then there exists a core transformation G and a condensed matrix @, € C(n—Dx(n—1)
with pattern p(!) = [po, ..., p,_2], such that

Qzal[é CH'

We get
1 0

0 Qff
By inductive hypothesis, ®Q¥ ® is a condensed unitary matrix with pattern rev(p™)) = [p,_2, ..., pa].

Thus the product
QI 0] A
|: 0 1 anl

<I>QH<I>=<I>[

}@@Gf@: { Qe 0 } G

0 1 Gn—l-

is another condensed unitary matrix. The post-multiplication by én,l implies that the last letter
in the pattern of ®Q¥® is r = p;. Therefore the pattern of ®QH® is [p,_2,...,p2,p1], which
concludes the proof of the first part. B

The case p; = £ is specular: since G is a right factor of @, G, _1 becomes a left factor of
PQH P, so the last letter in its pattern is £ = p;. O

We indicate by Q4(i : j) an n X n unitary matrix obtained as a descending sequence of core
transformations G;Git1 -+ - Gj_1. A similar notation Q,(i : j) refers to an ascending sequence.

Lemma 12. Let Qq(i : j) € C™*™ be a descending sequence of core transformations, then there
exists Qq(i @ j) such that Qq(i : j) = Qu(i : j). Moreover, there exists a descending sequence
Qa(n—j+1:n—i+1), such that ®Qq(i : )P =Qq(n—j+1:n—i+1).

Proof. The first part is obtained by writing
Qa(i:j) =GiGiy1-+-Gj_1 = Qi : )" =G, -G, GY,

which shows that Qg(i : j) is an ascending sequence.
For the second part, observe that for any 1 < k < n, and for any core transformation Gy, there
exists G, such that ®GP = G,,_;. This fact yields

Qq(i: )7 ® = (PG @)(PG] @) - - (RG], D) (PG] @) =
én—j+lé7L—j+2 o Gnii1Goi = Qin—j+1:n—i+1).

O



In the same way we can prove the following.

Lemma 13. Let Q.(i : j) € C™ ™ be an ascending sequence of core transformations, then there
exists Qq(i : j) such that Qu(i : 7)™ = Qq(i : j). Moreover, there exists an ascending sequence
Qa(n—j+1:n—i+1), such that ®Qu(i: j)7® =Qu(n—j+1:n—i+1).

Another interesting result about K-symplectic matrices is the following.

Theorem 14. Let T € C™*" be a condensed unitary K -symplectic matriz with pattern described
by p € {¢,r}"2. Then p is anti-palindromic, in other words, rev(p) = —p.

Proof. We know from Theorem 11 that ®7T7 @ has pattern rev(p). On the other hand, it is easy
to see that the pattern of TH is —p. Since any unitary K-symplectic matrix can be written (see

Lemma 5) as
T:{ Uy Uy @ }

—-oU, U,
we have . .
U Uy’ @ I 0 I 0
Hg _ 1 2 _ H
CI)T(I)[@UQH <I>U1H<I>}[O I}T [0 I]
The transformation 7H — [(I) _01] T4 [6 _01] preserves the pattern. Thus rev(p) = —p. O

Condensed K-symplectic unitary matrices are not used explicitly in the algorithm for the
reduction to extended Hessenberg form, but the previous property will be used later, when defining
the extended K-Hamiltonian Hessenberg form.

To simplify the presentation, we introduce the matrices

I, 0 B [ o @,
P—[O In}’ LP@zn{% O}KJK, (2)

where J and K are the same as in Section 3. Both K-Hamiltonian and K-symplectic matrices
can be characterized in terms of L as follows.

Lemma 15. The matriz H € C?"*2?" 45 K-Hamiltonian if and only if LH is Hermitian if and
only if H = LHYL. The matrizx T € C?>"*?" s K -symplectic if and only if TLTH = L, and is
unitary symplectic if and only if LT = TL.

Proof. A matrix H is K-Hamiltonian if and only if K HK is Hamiltonian. That is, KHKJ
is Hermitian. Notice that L7 = —L, so KHKJ = —JKHY K, which is equivalent to HL =
—LH" = (HL)# which, in turn, is equivalent to H = LHY L.

A matrix T is K-symplectic if and only if KTK is symplectic. This means, by definition,
KTKJKTHK = J, which is equivalent to TLT" = L. Moreover, If T is unitary, we have
TL=LT. O

To proceed further, we need to recall that the patterns arising in the factorization of a com-
pressed unitary matrix are closely linked to rational Krylov matrices. Suppose M = QR and let p
be the position vector of (). We then construct the associated Krylov matrix K,(M,v) as follows.
The first column is always the vector v, the others are of the form M7Jv, where j can be positive
or negative. More precisely, the (i — 1)-st column is determined by p;. Suppose that the first ¢ — 1
columns of K, (M,v) have been determined, then the i-th column is M7v, where

. max{k € Z : M*v is one of the first i — 1 columns} + 1, if p; = ¢
J= min{k € Z : M~"*v is one of the first i — 1 columns} — 1, if p; =71 °

Since p has only n — 2 elements, the last vector in the Krylov sequence is not defined. In fact it
does not matter, p,_1 can be chosen as ¢ or r indifferently, as the complete span of the subspace
will be identical. The following result was proven in [15].



Lemma 16. Let M = QR be a nonsingular matriz and R an upper triangular matriz. Suppose the
unitary factor Q is in irreducible condensed form, which means none of its core transformations
are equal to the identity. If p is the associated position vector, then Kp(M, ey1) is upper triangular.

Another result, which is particularly handy in dealing with K-Hamiltonian matrices, is the
following.

Lemma 17. Let M = QR be a nonsingular matriz and R an upper triangular matriz. Suppose
the unitary factor Q is in irreducible condensed form and follows the pattern p. Then the matrix
Krev(p)(CDMH@, e1) = @KreV(p)(MH, en) 1s upper triangular.

Proof. We observe that if M = QR, then ®M7® = dRTDDQH ®, where PR & is upper triangu-
lar and ®QH @ is a condensed unitary matrix whose pattern is rev(p) (see Theorem 11). Moving

dQH P to the other side of O®RY®, we get an upper triangular matrix R and a condensed unitary
matrix Q with the same pattern as QY ®, such that dMF P = QR Using Lemma 16, we have
that Kiey(p) (@M ®, eq) is upper triangular and the proof is completed. O

Another technical result is the following.

Lemma 18. Let M € C™*™ be a nonsingular matriz and p € {£,7}"~% a position vector. If
M = QR, where Q is an irreducible condensed unitary matriz whose pattern is determined by p,
then the matriz Ky (M, e1) is not upper triangular, for each p' # p.

Proof. Consider first the case p; # p}. If p1 = ¢, then there exists a core transformation G
acting just on the rows 1 and 2 and a unitary matrix Q = [(1) 5:], with @' irreducible, such
that M = G1QR. We depict by e; € C" any vector whose first ¢ entries are the only nonzero
entries. The second column of K,(M,e1) is Me; = G1QRe; = Gi€; = €. The second column of
Ky (M, e1)is M~te; = R7IQHGHe, = R71QM¢é,. Given that Qé; # €, the matrix Ky (M, eq)
is not upper triangular. The case p; = r is similar.

Now assume that s > 1, p; = p} for each i < s and p; # p,. We can distinguish four cases

1. ps =4, p,=rand ps_1 =p,,_; =1;
2. ps=r,py=Land ps_1 =pi_; =7
3. ps=r,py=Land p,_1 =p,_; =
4 po= b, g =r and pyooy =y = £

In case 1, the transformation Gy is the corner of a bend sequence (7, £) in the pattern p, while
it is in the middle of an ascending sequence in the pattern p’.

C C
EE KE

This means that the s-th column of K, (M, e1) and K, (M, eq) is of the type e5 = M ~Fe; with k
positive. Thus the (s + 1)-st column of K, (M, e;) is M 1€ by induction.

There exist descending sequences QQq, and (g, and an ascending sequence (),, such that
M = Q4,GsQa,QaR. The leftmost and rightmost transformations of ()4, are of the type G441
and Gy respectively, with ¢ > s. On the other hand, Q4, does not act on row s.

We have

M~'e, = RTQI Qi Gl Qfle,
= R'QIQLGIe,
RQIQH e ;
= R'Ql ey 4

= €t/ 41,

10



thus M ~'e; is not of the type €511 and Kp (M, e;) is not upper triangular.
In case 2, the transformation G is the corner of a bend sequence (r, £) in the pattern p’, while
it is in the middle of an ascending sequence in the pattern p.

C C
KK EE

This means that the s-th column of K, (M, e1) and K, (M, eq) is of the type e; = M ~Fey with k
positive. Thus the (s + 1)-st column of K,/ (M,e1) is Mé;, where ¢t < s is the smallest index of
the ascending sequence to which the s-th core transformation belongs.

There exist a descending sequence Qg and ascending sequences Qq,, (o, and 4, such that
M = QiQq, GsQuyQuy R. The leftmost and the rightmost transformations in @,, are of the type
Gy and Ggiq respectively, with ¢ > s; while the leftmost and the rightmost transformations in
Qq, are of the type Gs_1 and G, respectively. Notice that Q,, does not act on row ¢.

We have

Mep = QaQa, GsQayr Qa, e
= QiQa, GsQay Qa6
= QanleQ@Et
= QiQa, Gs€s
= Qanlgs+1
= Qadfr+1

= €t/ 4+1,

thus Meé; is not of the type €511 and Ky (M, e;) is not upper triangular.

Cases 3 and 4 are dealt with similarly. O

Corollary 19 (Uniqueness of the QR factorization). Let M € C™*™ be a nonsingular matriz and
p,q € {£,7}""2 two position vectors. Suppose M = QR = @}N%, where @ and @ are irreducible
condensed unitary matrices with patterns determined by p and q respectively, and R, R are upper
triangular matrices. Then p = q.

Proof. We know that K,(M,e1) and Kq(M,eq) are upper triangular, but Lemma 18 forces p =
q. O

The previous results apply to any generic nonsingular matrix. If M is, moreover, K-Hamiltonian,
something more can be said.

Lemma 20. Let H € C**?" pe q nonsingular K -Hamiltonian matriz and p € {£,r}?>""2 q
position vector. Suppose H = QR, where Q is a condensed unitary matriz with pattern determined
by p. Then the matriz Ko (p)(H, e1) is upper triangular.

Proof. We know from Lemma 17 that K.cy(p) (PHH®, ¢;) is upper triangular. If H is K-Hamiltonian,
then

Krev(p)(q)HHq)vel) = PKrev(p)(P(I)HHq)Pa Pel)
Pey=eq
= PKrev(p)(fLHHLa 61) = PKrev(p)(va 61)7

where P and L are defined in (2). Since the latter matrix is upper triangular, we have that
Kev(p)(H, e1) is upper triangular. O

Now we are able to prove the main result of this section.

11



Theorem 21. Let H € C?"*?" be a nonsingular K-Hamiltonian matriz and p € {f,r}*"2
a position vector. If H = QR, where Q is a condensed unitary matriz following the pattern
determined by p, then p is palindromic, namely p = rev(p).

Proof. The proof is obtained combining Lemma 20 and Lemma 18: from the former we know that
both K, (H,e1) and K,ey(p)(H,e1) are upper triangular. From the latter we know that the only
upper triangular matrix is Kp(H, eq), from which we conclude that p = rev(p). O

We have shown that the condensed form of a nonsingular K-Hamiltonian matrix has a palin-
dromic position vector. This means that the central part of the vector (say, (pn,pn+1)) is of the
type (£,€) or (r,r), since 2n — 2 is even. Thus @ can be factored in just one of the two following
ways

1. Descending type:

o= % els ol 3)
2. Ascending type: R

{1 05 1@ 0],

o=l o 169 0] (@)

where @1, Q2, @1 and @2 are condensed sequences of core transformations of size n. Notice that,
by Theorem 21, if the pattern of @1 (Q1) is p, then the pattern of Q2 (Q2) is rev(p).

In the first case, there exist an upper triangular matrix R and a condensed matrix @2 with
the same pattern as the one of Q2 (namely, rev(p)) such that

@1 0 ~[ I 0
(5 tJeal] 4]
In the second case, the situation is similar: the first and the last matrix of the decomposition of
H are swapped.

Extended K-Hamiltonian Hessenberg matrices can be factored as in (3) and (4), the upper
triangular matrix R is positioned between two factors as in (5). This factorization is used, as it
reveals information, which is not the case if we would have used the classical QR factorization as
we will show in Corollary 24. The essential uniqueness of the QR factorization carries over to the
factorization above, i.e., if one has two factorizations of an extended K-Hamiltonian Hessenberg
matrix of the URV form (5), then these factorizations will be essentially identical. The essentially
means up to unimodular scaling. This follows easily by rewriting the URV factorization as a QR
factorization by using the techniques described in Section 2.

To conclude, we will prove that Qo and ®Q ® are essentially identical.

Theorem 22. Let H,Q, R and the palindromic position vector p € {€,7}?"~2 be as in Theorem 21.
Then H admits the two decompositions

@1 0 I 0 )

m=| 9 Y ]en]§ agna | ©
I 0 Qe 0 ]

n=o g oS 1] v

where Q1 and Q2 are irreducible condensed matrices of size n, G,, is a core transformation of size

2n acting on the rows n and n+ 1, and R is an upper triangular matriz. Moreover, the matriz
G, R is K-Hamiltonian.

12



Proof. We will prove the statement only for the descending type. We know that the K-Hamiltonian
matrix H can be factored as

[ el 8

Since H = LHY L, where L is defined in (2), we get

— I 0 pH~H Q{{ 0 _ CI)@?(I) 0 oH H I 0
HL[O @g}R Gn[ T = o | PRTLLGIL | pomg |-

Since LRE L is upper triangular and LGZ L a core transformation, there exist a core transformation
G, acting on the rows n and n + 1 and an upper triangular matrix R such that
g_| o 0olasp[I 0 (©)
0 | 0 oo |-
Applying the essentially uniqueness of the URV factorization to (8) and (9), since the patterns of

Q2 and QI @ are the same, there exists a diagonal matrix D with |d;;| = 1 so that Q2 = D®Q .
Thus, from (8), we have

T@ 014 sl 07 [Q 0 I 0
H‘[ 0 I}G”R{o @}‘[ 0 I}G”R[o @Q{%]’

where R is obtained merging D into R.
To conclude the proof, observe that since H is K-Hamiltonian, we have LHY L = H. Since

oy | @1 0 Hoay | 1 0
LH L—[O I}LR GnL{O @Qf’@}’

we have LR”G,,L = G, R which implies that G, R is K-Hamiltonian. O

The previous theorem shows that there are essentially two possible classes of condensed forms
for K-Hamiltonian matrices, yielding the following.

Definition 23 (K-Hamiltonian extended Hessenberg form). A K-Hamiltonian matriz H is in
extended K-Hamiltonian Hessenberg form of descending type with pattern p if it can be decomposed
as in (6), where Q1 has pattern p. Similarly, H is in extended K-Hamiltonian Hessenberg form
of ascending type with pattern p if it can be decomposed as in (7), where Q1 has pattern p.

It was already stated before that the URV factorization of the extended K-Hamiltonian Hes-
senberg matrix reveals more information than its QR factorization would. In fact, the matrix G, R
in the middle is K-Hamiltonian; while a definition of the type H = QR, where @ is condensed,
would not maintain the structure. The following result follows from Theorem 14 and Theorem 21.

Corollary 24. Let H € C?>"*2" be a nonsingular K-Hamiltonian matriz and p € {¢,r}?"~2 a
position vector. If H = QR, where Q is an irreducible condensed unitary matriz, then Q is not
K -symplectic.

5 The algorithm

In this section we describe the transformation to extended Hamiltonian Hessenberg form in a
constructive way. For simplicity, all the operations are executed on K-Hamiltonian matrices,
but the results can be translated easily to the Hamiltonian setting by means of permutations, as
explained in Definition 9. We will also prove that the transformation is essentially unique.

13



Let us consider a K-Hamiltonian matrix

A Go

2nx2n __
HeC | oF —®AH® |’

(10)
with rank(F) < 1 which means that there exists a vector v € C" such that F = vol.

Our goal is to compute a decomposition of H as described in Definition 23. As we have seen,
two cases are possible. We will described two reduction procedures.

5.1 K-Hamiltonian extended Hessenberg form of descending type

Consider the matrix H as above, and compute U such that U¥®v = ae; and U is an ascending
sequence of core transformations. Thus v = @ell (PU®P) and

e 1 APUD Go U
N U la|?eiel  —UH®AH® I

n

Now compute a QR factorization APUP = W R as in Section 4, where W is a unitary matrix given
by an upside-down pyramid of core transformations. Then —UH#®AH® = (—ORHEP)(®WH D) is
an RQ factorization, where ®WH® is in pyramidal shape. Thus

H‘{W UH|a|2§1e,? —q?Rq)H@Hq)UH@ <I>WH<I>} (11)
I:E[:I: [ X X X X X X X X X X ] [:
CoCe XX X X X X X C
N |
I: X X X X X X I: ’
C k| LLt
KE i L KEK%KK

where G = WHGW.

Note that all the operations performed until this point do not modify the original matrix, they
only serve to rewrite H in a more convenient factored form. Only now we start to apply a series
of similarities through K-symplectic unitary transformations. First of all, we want to eliminate U
and ®UH &. Because of the underlying structure, the K-symplectic transformation

ﬁ_[w@ U]

and its Hermitian transpose, applied to H on the right and on the left, respectively, will annihilate
U and ®UH ® simultaneously:

K [P |
KEEEE X X X X X X X X X X
I N Xk xox x
I

X X X X X X K I:

R IR

_ <] bttt
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Remember that K-symplectic core transformations come in pairs (see Definition 10). The trans-
formations that remain can be merged into the two pyramids, represented by W and ®W#H®, by
means of successive turnover and fusion operations. This results in the factorization

X X X X X X X X X X
EI::IZIZKKI: X X X X X X X X X
I:E X X X X X X X X
K X X X X X X X
ﬁHHﬁ— X X X X X X
X X X X X X E
X X X X IZE
x| LLULT
X X
i o8 I K

Now we exploit the techniques described in Section 2 to get any desired pattern p out of the
upper-left pyramid, which represents ®UX ®1W. We do so by means of K-symplectic transforma-
tions. The K-symplectic constraint makes sure that the pattern extracted from the bottom-right
pyramid, which represents ®WH®U | is exactly rev(p). After n — 2 steps, we get

SH 1o Q R Go I
ViRV [ I} laf2ee  —UHORH® [ <I>QH<I>}
|: [ X X X X X X X X X X ]
K X X X X X X X X X
E X X X X X X X X
K X X X X X X X
. X X X X X X
o X X X X X X E’
X X X X [:
X X X E
X X [:
L X

where the K-symplectic matrix V is the product of all the similarities performed, G is Hermitian,
R is upper triangular and @) is a unitary condensed matrix, which obeys the pattern p.

5.2 K-Hamiltonian extended Hessenberg form of ascending type

This second case is only slightly different form the first one. For this reason, we will omit some
passages that are basically the same as in Section 5.1. Let H be the same K-Hamiltonian matrix
as in (10).

We start by computing an RQ factorization A = RW, where W is an upside-down pyramid of
core transformations. Then —®AZ® = (W H®)(—DdRHP) is a QR factorization, where W H P
is pyramid-shaped, and

i e[ e [" 1]

If F = vl then F = ww!, where w = WHoy. We proceed computing a unitary matrix U such
that U7 ®w = ae; and U is represented by an ascending sequence of transformations. Note that
U and W are different from those used in the previous section. We obtain

g1 ROUSD G SUHDW
- SWHOU | | |of2ere —UHORH® I

( (
owrer= L0 D

I
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[ X x x x % X X X X X |
><><><><E X X X X X
X X X E X X X X X
X X E X X X X X
ROUP G _ X E X X X X X
la?erel  —UHORH®D | — % E X X X X X
X X X X
K X X X
E X X
L E X_

By multiple turnover and fusion operations, we merge the two ascending sequences into the two
pyramids, obtaining H of the form

X X X EE X X X X X KKEKEKE
ot X C
I: X I: X X X X X
0 SRS
et b

Finally, we move the remaining descending sequences to the other side of the corresponding upper
triangular block. We get

0o *Ue R GP W
PWHP la?erel  —®RHD v
| | o
) C i
I: X X X X X X I:
L. C RN C
EKEEKKE x| KE

This is a specular situation with respect to (11), thus we can proceed in a similar way. Repeatedly
applying similarities by K-symplectic transformations, we eliminate the two descending sequences
of transformations, and manipulate the two pyramids, in order to get the desired patterns:

S I R Go Q
voHv { cI)Qch] lal2ee?  —®RED { I]
[ X X X X X X X X X X ] K
X X X X X X X X X [:
X X X X X X X X E
X X X X X X X [:
N X X X X X X
B E X X X X X X ’
K X X X X
[: X X X
[: X X
L X

16



where the K-symplectic unitary matrix V is the product of all the transformations performed, R
is upper triangular and @ is a unitary matrix which obeys the prescribed pattern p.

Remark 25. Suppose a matrix H in extended K-Hamiltonian Hessenberg form of descending
type is given:

g_l@ R G I
I la?erel  —®RHD Qe |-
If we apply the K-symplectic transformation
R Go

Y LR R Ry i

we can get an extended Hessenberg form of ascending type at no additional cost. The reasoning
is of course valid also in the inverse case, when switching from asceding to descending type.

lal2ee  —®RHO

5.3 Uniqueness

Once the transformation to extended K-Hamiltonian Hessenberg form is defined, the next natural
step is to determine to which extent such a transformation is unique. For the general case, the
following result was proved.

Theorem 26 (Theorem 5.1 in [15]). Let M € C™*™ be a nonsingular matriz and p € {{,7}""2 a
position vector. Let Vi and Vs be two unitary matrices sharing the first column (up to a unimodular
factor) such that

QiRy =My =VIMV,  QuRy =My =V MVj,

where the unitary factors Q1 and Qo in the QR decomposition of M1 and My obey the pattern
specified by p and, in addition, all transformations differ from the identity. Then My and M are
essentially identical.

This is a generalization of the classic implicit Q-theorem, that ensures essential uniqueness in
the general nonsingular case.

In the K-Hamiltonian case, a few more considerations are needed. First, notice that also the
following result holds.

Theorem 27. Let M € C™ ™ be a nonsingular matriz and p € {£,r}""2 a position vector. Let
Vi and Va be two unitary matrices sharing the last column (up to a unimodular factor) such that

Q1R = My = VMV, Q2Ro = My =V M Vs,

where the unitary factors Q1 and Qs in the QR decomposition of My and My obey the pattern
specified by p and, in addition, all transformations differ from the identity. Then My and M are
essentially identical.

Proof. A simple computation shows that

(Vi®) (@K oy (py(M{",€5)) = K

rev(p)

(VIMFV1H7 Vle’n) = Krev(p) (MH7 ‘/ieTL)7
and analogously VQKrev(p)(MQH, en) = Kiev(p) (M Vae,).

Invoking Lemma 17, we know that ®K,ey(p) (M{7, e,) and @K,y () (M4, €,,) are upper trian-
gular. Since Vie, = BVse,, we have two QR factorizations of the same matrix

Krev(p)(MHa Vlen) = (Vvlq)) (q)Krev(p)(MlHa en)) = (V2(I)) (CI)Krev(p)(M2H7 en))7

where the unitary factors share the same first column. Because of Theorem 26, V; and V5 are
essentially identical. O
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Now suppose we have computed a transformation to extended K-Hamiltonian Hessenberg form.
We will consider the descending form case, the other case is analogous.

~H o vH A Gd 1%
H —
oAy = [ @VHQ} [@F —@AH¢}[ @V@]
e, R  Go I 12)
B I|| ®F —oR"® Q7P |-
The following three equations hold:
VHAV = QR (13)
—o(VHIARVY® = (—®RH®)(®QMD)
VIFV = @F (14)

We know that rank(F) = 1, thus F' = vv!l for a certain vector v. The only nonzero entry in
®F is f1,, thus (14) implies that VEFV = |a|?e,el, where v = aVe,. This means that the last
column of V is determined by the vector v. Now we are ready to present the main result of this
section.

Theorem 28 (Essential uniqueness). Let

A GP
H[@F —@AHé]

be a K-Hamiltonian matriz, where A is nonsingular and rank(F') = 1. Suppose (12) holds for both
the K-symplectic unitary matrices

= | = | W
Vl_[ <I>V1<I>}’ VQ‘[ q%@l

Suppose that the corresponding unitary matrices Vi and Vo follow the same pattern_specified by
p € {£,7}""2 and all their transformations differ from the identity, then H, = VT HV; and
Hy = Vi HVy are essentially equal.

Proof. Because of (14), we know that Vje, = BVae,. Furthermore, from (13) we obtain V¥ AV} =
@1 R, and V2H AVy = Q2 R5. By Theorem 27 we deduce that V4 and V5 are essentially equal. [

6 Numerical experiments

In this section we present the results of two types of numerical experiments, the first one esti-
mates the accuracy of the algorithm, the second algorithm illustrates the Ritz-values behavior of
the reduction. The algorithm was implemented in Matlab. Random test blocks A and F were
generated as follows:

A=randn(n)+1i*randn(n);
f=randn(n,1)+1i*randn(n,1);
F=f*f’;

while the block G was generated in two different ways:

e case 1:

G=randn(n)+1i*randn(n);
G=GxG’ ;

e case 2:
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G=randn(n)+1i*randn(n);
G=(0.5)*(G+G?);

The size n varies between 50 and 500. We tested the accuracy for the following four cases:

1. Hessenberg case: descending type, the transformations in @ follow the pattern p

,...,0;

2. Hessenberg-like case: ascending type, the transformations in @ follow the pattern p

(ry...,7);

3. CMYV case: ascending type, the transformations in @ follow the pattern p = (..., ¢, 7, ¢, 7);

4. Random case: both type and position vector are chosen randomly, p =randi(2,n,1)-1.

The errors in Figures 1 and 2 were measured as

H-VH VH
Al Ve
[ H |2
where
A GO
H = OF —DATD

is the original K-Hamiltonian matrix, H; is its extended Hamiltonian Hessenberg form and V is
the K-symplectic unitary matrix that gives the transformation. The computations were repeated

five times for each size, and the average values are depicted.

T T T I

1071 E —o— Hessenberg |

g —eo— Hessenberg-like |

10-12 ; —0—  random ;

2 E |

5 | 1

'M [ -
Q

3 - ,

M " |

1071 DG

10715 1 .

£ | | | | | |

200 400 600 800 1,000

Matrix size (2n)

Figure 1: Backward error in case 1.

Although the results show an acceptable accuracy in general, a significant difference exists
between case 1 and 2. In the first case, Hessenberg and random patterns produce bigger errors,
when compared to Hessenberg-like and CMV. On the other hand, in the second case, the Hessen-

berg pattern clearly outperforms the others, and even random patterns perform better than both
Hessenberg-like and CMV. We deduce that not all possible patterns are equally good for a certain

matrix. The strength of our algorithm lies in the freedom of choosing, for each matrix, the con-

densed form that suits the problem the most. In this way, we are able to achieve the best accuracy
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B B ]

'M [ -
Q
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Figure 2: Backward error in case 2.

possible when using the extended Hamiltonian Hessenberg form to compute the eigenvalues of a
Hamiltonian matrix [6]. This is the subject of future research.

In a second experiment, we computed the Ritz values of random real extended K-Hamiltonian
Hessenberg matrices. First we generated a real K-Hamiltonian matrix H; with equispaced eigen-
values in [—1, 1], a rank 1 bottom-left block ®F; and size 2n = 100. We computed its extended

K-Hamiltonian Hessenberg form H in three cases: Hessenberg, Hessenberg-like, and CMV, de-

fined as before. For each m € {1,...,50}, we determined the Ritz values as the eigenvalues of the
submatrices Hy, = H(n —m+1:n+m,n—m+ 1:n+ m), making use of the Matlab function
eig.

The first three plots in Figure 3 show the results of these computations. For each value of m
on the z-axis, we plot the computed Ritz values on the y-axis. Red crosses stand for Ritz values
approximating eigenvalues with an absolute error smaller than 10~7%; yellow crosses indicate good
approximations with absolute errors between 107> and 107°; the green crosses are not so good
approximations with errors between 107° and 1072-%; blue crosses are bad approximations, with
errors bigger than 10725, These figures do not exactly mimic the behavior one would expect after
reading [3,10,11]. In the K-Hamiltonian setting it appears that the outer eigenvalues are not
found first: the two outer red peaks are not on the outside of the interval for the first three figures.
The last figure, however, does behave as expected, with peaks on the outer parts of the interval.
This last figure stems from a K-Hamiltonian matrix, where the bottom-left block was set to zero,
i.e., we have two completely decoupled eigenvalue problems.

7 Conclusions

In this article we have presented an algorithm to transform a Hamiltonian matrix with lower-left
rank one block to a condensed format, generalizing thereby the classical Hamiltonian Hessenberg
form. The uniqueness of this decomposition was proved. The numerical experiments revealed
new directions for future research: selecting the optimal pattern and predicting the convergence
behavior of the Ritz values are still open questions.
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Figure 3: Ritz values of K-Hamiltonian extended Hessenberg matrices in different test cases.
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