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Abstract

In this dissertation we develop the theory of principal and antiprincipal solutions at in-
finity for linear Hamiltonian systems without any controllability assumption. We prove the
existence and basic properties of principal and antiprincipal solutions for such nonoscilla-
tory systems. Moreover, we show that principal and antiprincipal solutions can be classified
according to the rank of their first component and that they exist for any rank in the range
between explicitly given minimal and maximal values. The minimal rank then corresponds
to the minimal principal and antiprincipal solutions at infinity, which generalize the clas-
sical principal and antiprincipal solutions at infinity developed by W. T. Reid, P. Hartman,
W. A. Coppel, and C. D. Ahlbrandt for completely controllable systems. On the other
hand, the maximal principal solution (corresponding to the maximal rank) coincides with
the principal solution at infinity introduced by Reid for general, possibly abnormal linear
Hamiltonian systems. By using a new concept of genera of conjoined bases, we also
derive a classification of all principal and antiprincipal solutions, which have eventually
the same image of their first component, as well as we establish a limit characterization of
principal solutions. The proofs and methods are based on a detailed analysis of conjoined
bases with a given rank and their construction from the minimal conjoined bases. Finally,
we illustrate our new theory by several examples. This research was supported by grant
MUNI/A/0821/2013 of Masaryk University.

Mathematics Subject Classification (2010): 34C10.






Abstrakt

V této disertacni praci budujeme teorii hlavnich a antihlavnich feSeni v nekone¢nu
pro linearni hamiltonovské systémy bez predpokladu kontrolovatelnosti. Dokédzeme ex-
istenci a zdkladni vlastnosti hlavnich a antihlavnich feSeni takovych neoscilatorickych
systémi. Dadle ukazujeme, Ze hlavni a antihlavni feSeni lze klasifikovat podle hodnosti
jejich prvni komponenty a Ze tyto feSeni existuji pro kaZzdou hodnost mezi explicitné
danou minimélni a maximdlni hodnosti. Minimdlni hodnost pak odpovidd minimalnimu
hlavnimu a antihlavnimu feSeni, které zobecniuje klasické hlavni a antihlavni feSeni defi-
nované W. T. Reidem, P. Hartmanem, W. A. Coppelem a C. D. Ahlbrandtem pro uplné
kontrolovatelné systémy. Naproti tomu maximalni hlavni feSeni (odpovidajici maximalni
hodnosti) se shoduje s hlavnim feSenim v nekonecnu, které jiz dfive pfedstavil Reid pro
obecné nekontrolovatelné linedrni hamiltonovské systémy. Zavedenim nového pojmu
genu (nebo také rodu) izotropickych bazi jsme v praci také odvodili klasifikaci vSech
hlavnich a antihlavnich feSeni, které maji eventudlné stejny obraz, a limitni charakterizaci
hlavnich feSeni. Dukazy a metody jsou zaloZeny na detailni analyze izotropickych bazi
s danou hodnosti a na jejich konstrukci z minimélnich izotropickych bdzi. Na$i novou
teorii jsme také doplnili nékolika ilustrujicimi ptiklady. Price na disertaci byla podpoiena
projektem specifického vyzkumu MUNI/A/0821/2013 Masarykovy univerzity.
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Preface

The principal solution at infinity represents a traditional object in the theory of differential
equations with applications e.g. in the oscillation and spectral theory. In this thesis we
open a new direction in the study of principal and antiprincipal solutions for nonoscillatory
linear Hamiltonian systems. In the absence of any controllability assumption, we introduce
concepts of principal and antiprincipal solutions at infinity, which are generalizations of
the classical principal/antiprincipal solutions (sometimes called the recessive/dominant
solutions) for completely controllable linear Hamiltonian systems. These new results
were obtained and published by the author (jointly with his advisor prof. Roman Simon
Hilscher) during his Ph.D. study between years 2010 and 2014, see [35-37].

The dissertation consists of eight chapters. The first introductory chapter includes
the motivation for the main subject of this work, preliminaries from the matrix analysis,
and an overview of some classical parts of the theory of linear Hamiltonian systems
needed in the subsequent chapters. The main results of the dissertation are contained
in Chapters 2—-6. In Chapters 2—4 we develop the theory of the representation and the
construction of conjoined bases of linear Hamiltonian systems, as well as we present the
asymptotic properties of their corresponding S-matrices. These results are then essentially
utilized in the remaining parts of this work. The theory of principal and antiprincipal
solutions at infinity is introduced in Chapters 5 and 6. In particular, we establish a precise
classification and limit properties of principal and antiprincipal solutions. Some of these
results are new even for controllable linear Hamiltonian systems. In Chapter 7 we present
several examples which illustrate the topics in this work. The final chapter contains
some notes about further research in the presented theory and open problems. This thesis
is completed by two appendices, which include some auxiliary results from the matrix
analysis, author’s current list of publications, and his curriculum vitae.

The highlights of this dissertation are, in author’s opinion, the following results and
methods:

e the construction of conjoined bases via the relation “being contained” (Defini-
tion 3.2.1 and Theorems 3.2.4, 3.2.5, 3.2.7, 3.2.8, and 3.2.10),

e the concept of a minimal conjoined basis and its properties (Definition 3.3.1, Re-
mark 3.3.5, and Theorem 3.3.6),

e a fundamental connection between the asymptotic behavior of S-matrices associ-
ated with minimal conjoined bases and the maximal order of abnormality (Theo-
rems 4.1.12 and 4.3.2),

—XVil—



Xviii Preface

e the concepts of a principal solution at infinity (Definition 5.1.1) and an antiprincipal
solution at infinity (Definition 5.2.1) general abnormal linear Hamiltonian systems,

e the existence and classification of principal and antiprincipal solutions at infinity
according to the rank of their first component (Theorems 5.1.5, 5.1.6, and 5.2.7),

e the concept of a genus of conjoined bases and a classification of all principal and
antiprincipal solutions at infinity, as well as of all conjoined bases, according to the
image of their first component (Theorems 6.3.7 and 6.3.13 and Corollary 6.3.15),

e the characterization of all antiprincipal solutions in terms of their Wronskian with
a given principal solution within one genus (Theorem 6.3.11 and Corollary 6.3.12),

e the limit characterization of all principal solutions belonging to a given genus (The-
orems 0.4.1 and 6.4.5).

I would like to express gratitude and appreciation to my advisor, prof. Roman Simon
Hilscher, for his guidance, patience, and extraordinary care. He has taught me not only
most what I know about the problems of this work, but also how to present the new results
in the most optimal way. I am also grateful to prof. Ondfej DoSly for his continuous
support throughout my Ph.D. study. Many thanks belong to prof. Werner Kratz for very
fruitful and inspiring discussions, for a kind welcome and for the opportunity to speak
about my research on their seminar during my stay at the University of Ulm. Last but not
least, I wish to express my thanks to my family, and to all my friends for the permanent
support during the years of my study.

Brno, October 2014 Peter Sepitka



Chapter 1

Introduction

In this chapter we introduce the central objects studied in this thesis. We also comment
the main results of this work in the framework of the current literature. In Section 1.1
we provide some facts and reasons which motivated our research. In Sections 1.2-1.5
we review some important notions and results from the matrix analysis and the theory of
controllable linear Hamiltonian systems.

1.1 Introduction and motivation

Let n € N be a given dimension and a € R be a fixed number. In this work we study the
linear Hamiltonian system

X =A{t)x+B{t)u, u =C(t)x—AT(t)u, t € la,oo), (H)

where A, B,C : [a,) — R"*" are given piecewise continuous matrix-valued functions such
that B(¢) and C(¢) are symmetric on [a, o) and satisfying the Legendre condition

B(t) >0 on[a,). (1.1)

Such a study is motivated by the general interest in the differential equations of the form
(H), which have their origin in the nonlinear variational theory [25,44,45].

The main purpose of this work is to develop a theory of principal and antiprincipal
solutions for system (H) under no controllability assumption. In the literature one usually
studies a completely controllable system (H). This means, roughly speaking, that the
only solution (x,u) of (H), whose first component x vanishes on some nondegenerate
subinterval, is the trivial solution (x,u) = (0,0). As we comment in Section 1.4 below, if
(H) is completely controllable and nonoscillatory, then certain matrix solutions (X,U) of
(H), called conjoined bases, have their first component eventually invertible. In this case
W. T. Reid defined in [29] the principal solution (X,U) of (H) at infinity as a conjoined
basis, for which

1
lim S7Y(t)=0,  where S(r):= / X 1(s)B(s)XT "1 (s5)ds, (1.2)
see also the monographs by P. Hartman [16, Section XI.10] or W. T. Reid [31, pg. 316]
or W. A. Coppel [6, Setion 2.2]. Since then, the principal solution was used in many

_J]_



2 1.1. Introduction and motivation

applications, which include for example the theory of Riccati matrix differential equations
(8,29, 31, 32], oscillation theory [1, 2, 10-12, 14, 20, 28], Sturmian theory [4, 15], and
spectral theory (property BD and Friedrichs extension) [9, 13,17,42]. On the other hand,
the principal solution (X,U) in (1.2) is the smallest solution of (H) at infinity in the sense
that 1

tlggX (t)X(t)=0 (1.3)
for any conjoined basis (X,U) of (H) which is linearly independent on (X,U) and X (¢) is
eventually invertible, see [1, Theorem 2.2], [6, Proposition 4, pg 43], [31, Theorem VII.3.2],
[16, Theorem XI.10.5]. In this context the conjoined basis (X, U) is called an antiprincipal
solution (or nonprincipal solution) of (H) at infinity and similarly to (1.2) it is characterized
by the property, see [1, Theorem 3.1(i1)],

-1
tll)r?o < / X~ $)XT1(s )ds> =T, with T nonsingular. (1.4)
In the paper [30], Reid succeeded to remove the controllability assumption in the definition
of the principal solution. More precisely, if (H) is completely controllable, then the function
S(¢) is strictly increasing for large ¢ and thus, the matrix S(¢) is necessarily eventually
invertible, see Section 1.3 below. Without controllability of (H), the function S(t) 1S
only nondecreasing and Reid replaced the inverse of § (¢) in (1.2) by its Moore—Penrose
pseudoinverse. That is, according to [30, Section 4], a conjoined basis ()A( ,l7 ) of (H) is
a principal solution at infinity when

lim S'(t)=0,  where S / X~ (5)XT~1(s)ds. (1.5)
Note that the definition of the matrix §(¢) in (1.2) and (1.5) is the same, namely S(¢) is in
both cases constructed from an invertible X (r) near infinity, see Section 1.5.

It is the primary aim of this work to develop the most general concept of the principal
solution for system (H) without assuming its controllability. The only assumptions we
impose are the Legendre condition (1.1) and the nonoscillation of system (H), defined
in appropriate way, see Section 1.3 below. We do not require that the principal solution
(X,U) has X(t) invertible for large ¢, but only that X(¢) has constant kernel for large ¢.

Our definition of the principal solution then involves the Moore—Penrose pseudoinverses
of both $(¢) and X (1),

lim§(1)=0,  where St /x’f () X7 (s)ds. (1.6)
Secondly, following the above study we introduce the corresponding concept of antiprin-
cipal solutions at infinity for possibly abnormal linear Hamiltonian system (H). Assuming
only the Legendre condition (1.1) and the nonoscillation of system (H), we define the
antiprincipal solution (X,U) of (H) as a conjoined basis with eventually constant kernel
of X (¢) and, similarly to (1.4),

T
lim ( / X (s)B(s)X'T(s )ds) =T, with maximal rank of 7. (1.7)

t—roo



Chapter 1. Introduction 3

The change from (1.5) to (1.6) and from (1.4) to (1.7) are by no means trivial. As
we shall see, it requires a whole new theory describing the properties of conjoined bases
of system (H) with constant kernel and their corresponding S-matrices, as well as a pre-
cise analysis of the abnormality of system (H). Our research reveals the existence of
a whole scale of new (anti)principal solutions with the rank of their first component equal
to any given value between an explicitly given minimal rank (corresponding to the min-
imal (anti)principal solutions) and the maximal rank n (corresponding to the maximal
(anti)principal solutions). In this respect, this minimal principal solution is then the abnor-
mal analogy of the classical Reid’s principal solution in (1.2). On the other hand, Reid’s
principal solution for general system (H) defined in (1.5) corresponds to our maximal
principal solution. Other important goals of this work are to describe the exact relationship
between the minimal (anti)principal solutions and the (anti)principal solutions with any
higher rank up to n and to classify the (anti)principal solutions which have eventually the
same image. This gives rise to a new concept called a genus of conjoined bases of (H). The
classification of principal solutions within one genus completes the work by Reid in [30]
on the invertible principal solutions (1.5). This topic opens a new field in the study of linear
Hamiltonian systems and their solutions. Finally, we also provide a limit comparison of
the principal and antiprincipal solutions of (H) at infinity in the sense of (1.3).

To our knowledge, the first use of Moore—Penrose pseudoinverses in the theory of
linear Hamiltonian systems is documented in Reid’s paper [30] mentioned above. After
that, a long time elapsed until W. Kratz reintroduced them into this theory in his influential
work [24]. In essence, it was that paper [24] by Kratz and the results in [39, 40] which
motivated present appearance of the Moore—Penrose pseudoinverse of X (¢) and X(¢) in
(1.6)and (1.7), respectively. In[24, Theorem 3] itis proven that under (1.1) every conjoined
basis (X,U) of (H) has the kernel of X piecewise constant on any compact subinterval of
[a,o0). Furthermore, by [39,40] the kernel of X is eventually constant for any conjoined
basis (X,U) of (H) when the system is nonoscillatory. The nonoscillation or oscillation
of system (H) or its conjoined bases is defined through the concept of proper focal points
from [43, Definition 1.1]. These are the points where the (piecewise constant) kernel of
X increases. It is known that under (1.1) the proper focal points of any conjoined basis of
(H) are isolated and that the Sturmian theory works as in the controllable case, see [39,40].
Therefore, a conjoined basis (X, U) of (H) is nonoscillatory, and then every conjoined basis
of (H) is nonoscillatory as well, when the kernel of X is eventually nonincreasing, hence
eventually constant. This motivates the study of conjoined bases of (H) with constant
kernel and leads to a proper concept of the (anti)principal solution at infinity for possibly
abnormal linear Hamiltonian systems. This new concept of an (anti)principal solution can
be then utilized in order to extend any result where the classical (anti)principal solution of
(H) was used, see e.g. the applications of the principal solution, which we mention earlier
in this section.

The results of this work reopen the very traditional theory of principal and antiprincipal
solutions of (H) at infinity in [6, 16,31] and they contribute in a significant way to the
current research of possibly abnormal linear Hamiltonian systems [21-24,26,39,40].



4 1.2. Review of matrices and matrix functions

1.2 Review of matrices and matrix functions

In this section we summarize some notions from the matrix analysis, in particular about
orthogonal projectors and Moore—Penrose pseudoinverses.

For any real matrix M we denote by ImM, KerM, rankM, MT, M~ and MT the
image of M, the kernel of M, the rank of M, the transpose of M, the classical inverse
of M when M is square and invertible, and the Moore—Penrose pseudoinverse of M (see
Remark 1.2.3), respectively. Furthermore, for any square matrix M € R"*" we denote
by (M), the k-th leading principal submatrix of M, i.e., (M), is formed by the elements
m;ij of M fori,j=1,...,k. We write M > 0 and M > 0 when the symmetric matrix M
is nonnegative definite and positive definite, respectively. Moreover, I, and 0, denote
the identity and zero matrices of dimension n. When it is clear from the context, we just
write / and O for the corresponding identity and zero matrices. Sometimes we use the
notation diag{M,...,M;} for the block-diagonal matrix with (block) entries My,... My
on its diagonal.

For any linear subspace 7 of R” we denote by dim % and 7 - the dimension of 7 and
the orthogonal complement of 7" in R” with respect to the canonical inner product. The
following remark concerns the properties of orthogonal projectors (for further results we
refer to Appendix A).

Remark 1.2.1. (i) According to [5, Section 0.2], if ¥ is a linear subspace of R", then
a matrix Py € R"*" is said to be an orthogonal projector onto ¥ if Pyv=vforallve ¥,
and Py v =0 for all v € #*. The matrix Py is uniquely determined by the subspace 7.
The matrix I — Py is then the orthogonal projector onto ¥ . Moreover, Py is symmetric
and

ImPy =Ker(I—Py)=7Y, KerPy=Im(I—Py)="7".

(ii) A matrix P € R"*" is the orthogonal projector onto a subspace of R” if and only if
P is symmetric and idempotent, i.e., P> = P. In this case P is the orthogonal projector onto
ImP. Every orthogonal projector is diagonalizable matrix with the spectrum consisting
of only two values, 0 and 1. More precisely, if P € R"*" is an orthogonal projector and
p :=rank P, then there exists an n X n orthogonal matrix V' such that

P =Vdiag{l,,0,_,} V. (1.8)

Orthogonal projectors are frequently constructed by using Moore—Penrose pseudoin-
verses, as we comment in Remark 1.2.3 below. In this work we will use several important
subsets of matrices associated with projectors. More precisely, let P.., P. and P be or-
thogonal projectors in R” satisfying the inclusions Im P, C Im P, C ImP. We define the
following sets of matrices

M (P.) = {E € R™", E is invertible, ER. =P, }, (1.9)

o (P, P)={F eR"”" F=F" P,FP =0}, (1.10)
B(Ps,P.,P) = {(G,H) € R"" x R"" rank (G, H", P.) = n,

P.G=0, PG=G, P.G=G"P., PH=0}. (1.11)

It follows that .Z (P.) is a subgroup of the multiplicative matrix group GL(n,R) and
o (P, P.) is a subgroup of the additive matrix group Mat(n,R).
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Remark 1.2.2. Note that the set (P, P., P) is always nonempty, because the pair (G,H )
with G := P — P, and H := 1 — P belongs to #(P.., P., P). Moreover, it is easy to see that
for P=1and (G,H) € H(P.,P.,I) we have H = 0. This follows from the last equality
in (1.11). Therefore, in order to shorten and simplify our notation, we identify the set
B (P.x, P.,I) with the set of all matrices G € R"*" satisfying

P.G=0, PR.G=G'P, rank(G',B)=n. (1.12)

The following remark collects important properties of the Moore—Penrose pseudoin-
verses. These results can be found in [5, Section 1.4] and [3, Chapter 6].

Remark 1.2.3. (i) For any matrix M € R™*" there exists a unique matrix M’ € R,
called the Moore—Penrose pseudoinverse of M, satisfying the equalities

MMM =M, M'MM' =M MM =MM"N', MM=wMMT".  (1.13)

(ii) The matrix MM is the orthogonal projector onto set ImM = ImM'T and the
matrix MM is the orthogonal projector onto set InMT = ImM’. Moreover, rank M =
rank MM" = rank M™M.

(iii) If M € R™*" and if V and W are orthogonal matrices of suitable dimensions, then
the formula (VMW)" = WTM' VT holds.

(v) If M € R™" and N € R"™*P, then (MN)T = (P, 3;rN)T (MPin ).

We denote vector functions by small letters, e.g. as x,u : [a,o) — R", and we use capital
letters for matrix-valued functions, e.g. as X,U : [a,0) — R™ . Limits, differentiation,
and integration of matrix-valued functions are always understood elementwise. By C,
we denote the set of piecewise continuous (vector- or matrix-valued) functions on [a, ),
ie., a function f € C, has finitely many discontinuities fy,...,%, in every subinterval
[a,b] C [a,c0) with finite one-sided limits at these points 71,...,%,. Moreover, by Cllj we
denote the set of piecewise continuously differentiable functions on [a, ), i.e., a function
fe Crl, is continuous on [a, ) with f" € Cp. In particular, the one-sided derivatives f'(z;")
and f'(r,) are finite at points 7o, where f’(r) is not continuous. These values are then
used by convention in all formulas involving f’(z) without any further notice. We will
need the following results on the differentiability of the Moore—Penrose pseudoinverse
M (t) of a matrix-valued function M(t). The corresponding results can be found in [5,
Theorems 10.5.1 and 10.5.3].

Remark 1.2.4. (i) Let o € [a, ). If M(¢) is a differentiable matrix-valued function defined
on [0, ), then the following three conditions are equivalent: (a) M (¢) is differentiable on
[a,00), (b) M () is continuous on [, ), (c) rank M(t) is constant on [, o). In this case,
the formula for the derivative of the pseudoinverse of M(¢) is (we omit the argument )

(M"Y = M M'M™+ (1T —M"M) (M) MM +M M (M (1—-MMT).  (1.14)

Note that formula (1.14) holds when KerM is constant on [, o), which is a part of the
statement in [24, Lemma 6] for M piecewise continuously differentiable. In particular,
when KerM is constant on [, o) we have KerM C KerM' on [¢t,) and the formula in
(1.14) becomes

(M"Y = -MM'M"+M M (M) (1 —MMT). (1.15)
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In addition, when M is symmetric then we also have KerM” C Ker(M’)T and equality
(1.15) yields the standard formula (M")" = —M"M'M" on [o, ).

(ii) Let M(z) be a matrix function such that M(t) — M for t — . Then by [5,
Theorems 10.4.1 and 10.4.2] the function M’ (t) has a limit (say N) as t — oo if and only
if rank M (¢) = rank M for large ¢. In this case we have N = M.

1.3 Linear Hamiltonian systems

In this section we recall some important properties of linear Hamiltonian systems and
their solutions. By a vector or a matrix solution of (H) we mean a pair of functions (x,u)
such that x,u : [a,00) — R" or a pair of functions (X,U) such that X, U : [a,00) — R"*"
with x,u, X, U € Crl). In order to shorten the notation and the calculations, we suppress
the argument ¢ in the solutions whenever it is possible. For any two matrix solutions
(X1,U1), (X5,U,) of (H) their Wronskian XlTUz — UITXZ is a constant matrix on [a,co),
as can be verified by differentiation. A solution (X,U) of (H) is called a conjoined
basis if rank (X7 (t), UT(t)) = n and X7 (t) U (t) is symmetric at some and hence at any
t € [a,). Alternative terminology which is also used in the literature is an isotropic
basis or a prepared basis of (H). It is well known that many results in the oscillation and
spectral theory of linear Hamiltonian systems hold only for conjoined bases of (H), see
e.g. [6,24,31,39,40].

For a fixed point & € [a,), the principal solution at o is the conjoined basis (X, Uq)
of (H) given by the initial conditions Xo (a) = 0 and Uy () = I. Since Xq(ot) = 0, the
principal solution (X,,U,) is the “smallest” solution at the point o among all conjoined
bases (X,U) of (H), measured by their first component X. This terminology is also used
in the main results of this work, where we construct principal solutions of (H) at infinity.

Every conjoined basis (X,U) of (H) forms one half of a fundamental system of (H).
The conjoined basis (X,U) can always be completed to a fundamental system of (H) by
another conjoined basis (X U ), as follows from [25, Corollary 3.3.9]. In addition, the
conjoined basis (X,U) can be chosen so that (X,U) and (X,U) are normalized, i.e., on
[a,0) we have

X'0-v'x =1 (1.16)
Except of identity (1.16), the above normalized conjoined bases of (H) satisfy the equalities
x0T —xut =1, xxT=xx", vo'=0U"T (1.17)

on [a,e0). The formulas in (1.17) follow from the fact that the 2n x 2n matrix-valued

function
X X
® (U 0)

is a symplectic fundamental matrix of (H) with the inverse ®~! satisfying

_ or —xT
o ! = (—UT 7 ) (1.18)
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Then any solution (X, Up) of (H) can be expressed as

B-GHE e o

where the constant matrices M, N € R"*" are uniquely determined by the solutions (Xo, Up),
(X,U) and (X,U). In particular, we have from (1.19) and (1.18) that

M ol X"\ (X U'x,—X"U,
- F)E)- () e o
Note that by (1.20) the matrix —M is the Wronskian of (X,U) and (Xo,Up), while the
matrix N is the Wronskian of (X,U) and (Xp,Up). In [25, Corollary 3.3.9] it is shown that,

for the above given (X,U) and (X,U), another conjoined basis (X, U,) of (H) satisfies
identity (1.16) if and only if there exists a constant symmetric matrix D with the property

X(t)=X@t)+X(@)D, U(t)=U()+U(t)D, t € la,o). (1.21)

Moreover, if the solution (Xo,Up) of (H) is expressed in terms of (X,U) and (X.,U;) via
the matrices M, and N, in (1.19), then the formulas

M,=M—DN and N.=N, (1.22)

hold, which one can easily verify by using (1.20) and (1.21).

1.4 Controllable systems

Traditionally, such as in [6, 16, 25, 31], system (H) is studied under the complete con-
trollability (or identical normality) assumption. This means that if for a solution (x,u)
the function x vanishes on a nondegenerate subinterval of [a,), then also u vanishes on
this subinterval, and hence (x,u) = (0,0) by uniqueness of solutions. In this section we
summarize some basic results about completely controllable linear Hamiltonian systems.
The following key result is proven in [25, Theorem 4.1.3].

Proposition 1.4.1. Assume that (1.1) holds. Then system (H) is completely controllable
on [a, B] if and only if for every conjoined basis (X,U) of (H) the matrix X (t) is singular
only at isolated points in [, B].

The result in Proposition 1.4.1 has motivated the definition of the focal points of
a conjoined basis (X,U) of (H) as the points #y € [a, o) for which

m(ty) :=def X (19) > 1,

see [31,33]. The number m(fy) is then called the multiplicity of the focal point #j.
Thus, under the Legendre condition (1.1) the focal points of a conjoined basis (X,U) of
a completely controllable system (H) are isolated and one can count them in any bounded
subinterval of [a,o0). This then leads to the following classical result, which can be found
e.g. in [31, Corollary 2 in Section VIL.7] or [33, Corollary 1 in Section V.8].
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Proposition 1.4.2 (Sturmian separation theorem). Assume that (1.1) holds and that system
(H) is completely controllable on |a,c). Let [o,B] be a nondegenerate subinterval in
[a,0). Then the difference between the numbers of the focal points in (o, ] of any two
conjoined bases of (H) is at most n.

The result of Proposition 1.4.2 immediately implies that either every conjoined basis of
(H) has finitely many focal points in (a,), or every conjoined basis of (H) has infinitely
many focal points in (a,ec). In the former case the conjoined bases and hence the system
(H) are said to be nonoscillatory on [a, ), while in the latter case they are called oscillatory
on [a,>). An alternative (but equivalent) definition of the nonoscillation of (H) is that
system (H) is nonoscillatory on [a,oo) if it is disconjugate for large t, i.e., if every vector
solution (x,u) of (H) satisfies for sufficiently large 71,1, € [a,o0) that

if x(t1) =0=ux(r) andt; <1y, then x(t) =0 on [f],5]. (1.23)

Note that condition (1.23) can be implemented even in the general abnormal case, see [30,
Section III] and Section 1.5 below.

Let system (H) be completely controllable and nonoscillatory on [a,) and fix a con-
joined basis (X,U) of (H). Then there exists a € [a,o0) such that X(¢) is invertible on
[ot,e0). In particular, we can associate with (X, U) the matrix-valued function S(¢) defined
by

S(1) ::/O:X_I(S)B(S)XT_I(s)ds, t € [a,). (1.24)

In [6, Proposition 2 in Section 2.1] it is shown that under the Legendre condition (1.1) the
matrix S(z) in (1.24) is symmetric and strictly increasing on [¢t,0). And since S(a) = 0,
we have that S(¢) is invertible for all # € (a,0). The invertibility of S(z) has been used
in several results in the literature, such as in the proof of [6, Theorem 2, pg. 39]. At
the same time, it is a central requirement for the traditional definition of the principal and
antiprincipal solution at infinity, as we present in (1.2) and (1.4) for completely controllable
systems (H).

Definition 1.4.3 (Principal and antiprincipal solutions). Let system (H) be completely
controllable on [a,). A conjoined basis (X,U) of (H) is said to be a principal solution
at infinity if there exists & € [a, o) such that the matrix X (¢) is invertible on [, ) and its
corresponding matrix S(¢) defined in (1.24) through X (¢) satisfies

. a—1 .
lim $ (r)=0.
Further, a conjoined basis (X,U) of (H) is called an antiprincipal solution at infinity if
there exists o € [a, o) such that the matrix X () is invertible on [, ) and the associated
matrix S(z) in (1.24) satisfies

limS~'(r)=7,  with T invertible.

s

The existence and the uniqueness of the principal solution is established in [6, Theo-
rem 3, pg 43], [16, Theorem XI.10.5], [31], or Corollary 5.3.1.
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Proposition 1.4.4. Assume that (1.1) holds and that system (H) is completely controllable
on [a,). Then (H) is nonoscillatory on [a,) if and only if there exists a principal solution
(X,0) of (H) at infinity. The principal solution (X,U) is uniquely determined up to a right
nonsingular multiple.

Another classical result for completely controllable systems (H) is the limit character-
ization of the principal solution at infinity, which involves the concept of an antiprincipal
solution at infinity in (1.4), see [6, Proposition 4, pg 43], [16, Theorem X1.10.5], [31, The-
orem VIIL.3.2], or Corollary 6.4.6.

Proposition 1.4.5. Assume that (1.1) holds and system (H) is nonoscillatory and completely
controllable on [a,). Let (X,U) and (X,U) be two conjoined bases of (H) and let
N:=XT(t)U(t) - O (t) X (t) be their (constant) Wronskian. Then (X,U) is the principal
solution of (H) at infinity and the matrix N is invertible if and only if

limX ()X (r) = 0. (1.25)

t—ro0

In this case (X,U) is an antiprincipal solution of (H) at infinity.

1.5 Abnormal systems

A systematic study of general linear Hamiltonian systems without the complete control-
lability assumption was initiated by W. Kratz in [24], where the following fundamental
result can be found.

Proposition 1.5.1. Assume (1.1). Then for every conjoined basis (X,U) of (H) the function
X (t) has the kernel piecewise constant on any compact subinterval of [a,o).

The result in Proposition 1.5.1 is a key tool for the definition of proper focal points of
conjoined bases of (H). According to [43, Definition 1.1], a point #y € (a,) is a (left)
proper focal point of a conjoined basis (X,U) if

KerX(t,) G KerX(tg), 1ie., m(tg):=dimKerX(to) —dimKerX(z,) > 1,

and then m(tp) is its multiplicity. The notation KerX (¢, ) represents the left-hand limit of
the constant kernel of X (¢) at the point fy. From Proposition 1.5.1 it then follows that the
proper focal points of any conjoined basis of (H) are isolated in (a,c). In particular, every
conjoined basis of (H) has finitely many proper focal points in each bounded subinterval
of [a,), although in the whole interval (a,e) it may have infinitely many proper focal
points. The corresponding Sturmian separation theorem for abnormal linear Hamiltonian
systems, being a generalization of Proposition 1.4.2, was proven in [39].

Proposition 1.5.2 (Sturmian separation theorem). Assume (1.1) and let [a, B] be a non-
degenerate subinterval in [a,). Suppose that the principal solution of (H) at the point o
has m proper focal points in (o, B]. Then any conjoined basis of (H) has at least m and at
most m+ n proper focal points in (@, ).
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In view of Proposition 1.5.2 and similarly as in the controllable case, we then classify
system (H) as nonoscillatory if every its conjoined basis (X,U) is nonoscillatory, i.e.,
(X,U) has finitely many proper focal points in (a,o0) or equivalently, the matrix X (¢) has
eventually constant kernel on [a,0). In the opposite case system (H) and its conjoined
bases are called oscillatory. This classification of possibly abnormal linear Hamiltonian
systems is justified by the following result, see [40, Theorem 2.2].

Proposition 1.5.3. Assume (1.1). Then the following statements are equivalent.
(1) There exists a conjoined basis of (H) which is (non)oscillatory.
(i1) Every conjoined basis of (H) is (non)oscillatory.

As we mentioned in Section 1.3, the first concept of the principal solution at infinity
for possibly abnormal linear Hamiltonian systems (H) was developed by W. T. Reid in
his paper [30]. Under the Legendre condition (1.1) and the eventual disconjugacy of (H)
defined in (1.23), he showed the existence of a conjoined basis (X,U) of (H) with the
invertible matrix X () for large z. This result then allowed him to implement the definition
of a principal solution at infinity in (1.5). The existence of such a principal solution was
established in [30, Theorem 5.3].

Proposition 1.5.4. Assume that (1.1) holds and that system (H) is eventually disconjugate.
Then there exists a principal solution (X,U) of (H) at infinity in (1.5).

In general, Reid’s principal solution (X,U) defined in (1.5) is not uniquely determined
(see Remark 5.1.8 in Chapter 5) and to author’s knowledge, there is no classification of
all such principal solutions known in the literature. In our opinion, this is the primary
reason why the above concept of Reid’s principal solution at infinity for general linear
Hamiltonian systems was not further developed in the previous years.



Chapter 2

Representability of conjoined bases

In the following chapter we develop elements of the theory of representation of solutions for
possibly abnormal linear Hamiltonian systems. The new results generalize their analogies
for controllable systems in [6, Proposition 1 in Section 2.1] and [31, Theorem 2.2 in
Section VIL.2]. The first section contains some basic properties of conjoined bases (X,U)
of (H) with constant kernel. In Section 2.2 we discuss normalized conjoined bases of (H).
Finally, in the last section we introduce a concept of the representability of solutions of (H)
as a key tool for a mutual comparison of two conjoined bases of (H) with constant kernel.

2.1 Conjoined bases with constant kernel

In this section we provide some basic properties of conjoined bases (X, U ) of (H), for which
the kernel of the function X is constant on a subinterval [¢t,) C [a, o). In particular, we
introduce the S-matrix for (X,U), which generalizes its corresponding analogy for the
controllable case in (1.24).

Definition 2.1.1. Let (X,U) be a conjoined basis of (H). By the kernel of (X,U) we mean
the kernel of X. We say that (X,U) has a constant kernel on an subinterval .# C [a, o) if
KerX is constant on ..

Following Remarks 1.2.1 and 1.2.3(i), for a conjoined basis (X,U) of (H) we define
the orthogonal projectors onto the subspaces ImX” and ImX by

P(t) = Py =X (0X(1), R() = Pinx(y = X(OX'(1), 1€ la).  (21)

Since I — P(t) is the orthogonal projector onto the subspace [ImX7 (¢)]* = KerX(z), it
follows from [24, Theorem 3] that under (1.1) the matrix function P(f) is piecewise
constant on any compact subinterval of [a,e0). And if (X,U) has a constant kernel on
[@,00) C [a,o0), then P(t) is a constant matrix on [@, o), i.e.,

P:=P(t) isconstanton [¢t,o0). (2.2)
In this case we have by Remark 1.2.3(i1) that

r:=rankX () =rank P =rankR(z) on [o,0), (2.3)

_1l—-
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and we say that (X, U) has rank r on [, ). The following theorem states basic properties
of conjoined bases with constant kernel on [a, o).

Theorem 2.1.2. Let (X,U) be a conjoined basis of (H) with constant kernel on [, ) and
let P and R(t) be the orthogonal projectors defined in (2.2) and (2.1) through the function
X(t). Then the following statements hold.

() Im[U(t) (I — P)] = KerR(t) = Ker X (t) for each t € [0, ).
(ii) B(t) = R(t) B(t) = B(t)R(t) for each t € [o,0).

(iii) The function X* belongs to Crl, on [a,o0) with
(X" =X"AT(I1-R)—XTAR—X'BUX" on o). (2.4)

Proof. We suppress the argument ¢ whenever it is possible. For part (i) we note that
the inclusion Im[U(I — P)] C KerR is equivalent with InU”R C ImP = ImX”, which
obviously holds because of UTR = UTXXT = XTUXT. On the other hand, we have
X(I—P)=0,and if U(I — P)v =0 for some v € R", then (I — P)v =0, because (X,U)
is a conjoined basis. This shows that v € ImP and hence, Ker[U(I — P)] C ImP. The
latter inclusion implies that rank [U (I — P)] = rank [U (I — P)]" > dimKerP = dimKerR,
which yields the assertion. Part (ii) is [24, Lemma 2 (iii)]. Finally, part (iii) follows from
Remark 1.2.4(i), since in this case the kernel of X(¢) is constant on |[&,%). Moreover,
using formula (1.15) with M := X together with the identity B(I —R) = 0 on [@, o) in part
(i1) we obtain

(X" = -xT(AX+BU)X +X"X"T(XTAT + UTB)(1-R)
=X'AT(I1-R)—X"AR—X'BUX"
on [, o). Thus, the equality in (2.4) holds and the proof is complete. [

Remark 2.1.3. The result in Theorem 2.1.2(iii) implies that for a conjoined basis (X,U)
of (H) with constant kernel on [, o) the Riccati quotient

0:=UX"+Wx"HT(1-xx") (2.5)

is symmetric and piecewise continuously differentiable on [, ), see also [34, pg. 23]
or [41, formula (3.4)]. It then follows from the properties of the matrices P, R(¢) and X*
in (2.2), (2.1) and Remark 1.2.3(i) that on [a, )

ox=UP, ROo=Xx"TUT. (2.6)

By [41, Lemma 3.2], the above matrix Q is a solution of a certain implicit Riccati equation.
However, this observation is not needed in this work. Note that by the second equality in
(2.6), the formula (2.4) can be effectively rewritten in the form

(x"Y =xTAT(1—-R)—XT(A+BQ)R on [a,). (2.7)
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Given a conjoined basis (X,U) of (H) with constant kernel on [, ), the result in
Theorem 2.1.2(iii) allows to define for a fixed 8 € [c, ) the matrix-valued function

Sp(t) := /B tXT(s)B(s)XTT(s) ds, € o). (2.8)

Indeed, the function XTBX'T is piecewise continuous on [, ), hence it is integrable on
[B,t] or [t, B] for each t € [or,0). The function Sg(¢) will be referred to as the S-matrix
which corresponds to the conjoined basis (X,U) with constant kernel on [¢t, ). From its
definition it immediately follows that Sg(#) is symmetric and Sg € Crl, on [0, e0). Moreover,
under (1.1) the matrix Sg(t) is nonnegative definite on [f3,e0) and nonpositive definite on
[a, B]. In the next theorem we establish further basic properties of the S-matrices in (2.8)
which correspond to a conjoined basis of (H) with constant kernel on [ct, ).

Theorem 2.1.4. Assume (1.1). Let (X,U) be a conjoined basis of (H) with constant
kernel on [a,0) and let P be its corresponding orthogonal projector in (2.2). For a given
B € [a,0) let Sg(t) be defined in (2.8). Then the following statements hold.

(i) The matrix Sg(t) is nondecreasing on [, ).

(ii) The set ImSg(t) is nonincreasing on [, B], while it is nondecreasing on [B,). In
particular, ImSg(t) is eventually constant with

ImSg(¢) CImP  foreacht € [, ). (2.9)

(iii) IfSg(t) has constant kernel on some subinterval .9 C [, ), then SE (1) is piecewise
continuously differentiable and nonincreasing on .%. Consequently, the limit of
S; (1) ast — oo exists.

Proof. Let (X,U) and 8 be as in theorem. From the definition of Sg() in (2.8) we have
for any t1,1, € [@, o)

Sﬁ(l‘z)—Sﬁ(Il) :St1 (l‘z). (2.10)
The definiteness property of the matrix S, (f2) and formula (2.10) then imply that Sg(t2) >
Sg (t1) if and only if , > 1, which proves part (i). In particular, if #, > #; > 3 then we have
Sg(t2) > Sg(t1) > Sg(B) = 0 and consequently, ImSg (1) € ImSg(#2). Therefore, the set
ImSg(#) is nondecreasing on [3,0) and hence, eventually constant. For f > > > a
we obtain by (2.8) that

Si(B) = —Sp(t1) > —Sp(12) = S, (B) > Siy(12) = 0. @.11)

The inequalities in (2.11) then yield ImSg (#2) = Im S, (B) € ImS;, () =ImSg(#1). Hence,
the set Im S (¢) is nonincreasing on [, B]. In addition, using the identity PX (1) = X7 (z)
on [, o) the calculation

PS5 (1) = /B 'PX*(5) B(s) X T (5)ds = /B X (5) B(s) X' () ds = S (1)

implies that ImSg(7) € Im P on [, ) and the proof of part (ii) is complete.
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(iii) By the definition of Sp() in (2.8) we have (1) = X' (1) B(t) X" (t) on [a, o),
which implies through the Legendre condition (1.1) that Sb (t) > 0 on [o,). Let .# C
[a,20) be a subinterval such that Sg(¢) has constant kernel on .#. Then S;g € Crl,(f )s
(Sg)’ = —SE S Sg, and SE (t) is nonincreasing on .#, all by Remark 1.2.4(i). In addition,

from part (ii) we know that Im Sg(¢) and hence Ker Sg (¢) are constant for large ¢. Therefore,

S;; (1) is nonincreasing for large ¢. Finally, since SE (1) is nonnegative definite on [f3,00), it

follows that the limit of Sz; (t) exists as t — oo, [

Remark 2.1.5. (i) For a given B € [a,e0) let 5(¢) :=ImSg(¢) and denote by Py, (r)
the orthogonal projector onto the set .#5(t) for 7 € [a,0). Then we have Py, (1) =

Sp (t)SZ3 (1) = Sg (£)Sp(t), by the symmetry of Sg(z). Moreover, the set ImPy, (¢) is

nondecreasing on [f3,00) and hence eventually constant, by Theorem 2.1.4(ii). The constant
orthogonal projector corresponding to this “maximal” set ImPyﬁ (t) will be denoted by

Py =Py, (1) fort—oo. (2.12)
From (2.9) we then have the inclusions
ImSg(t) =ImPy, (1) CImPyye CImP, 1 € [B,00). (2.13)
(ii) The maximal set Im Py is nonincreasing in B € [ot,00), that is
ImPy e CIMPyye C Im Py when a<pB<y. (2.14)

Indeed, for any B,y € [o,0) the identity Sg(t) — Sy(¢) = Sg(¥) on [o, ) implies that
Sp(t) = Sy(t) > 0 on [y,) if and only if § <.

Remark 2.1.6. For a given f§ € [a,0) denote by Tz € R™*" the limit of S;g (1) for t — oo,

The matrix 7g will be referred to as the T-matrix corresponding to Sg(t). Obviously, T is
symmetric, nonnegative definite, and Im 75 C Im Pyﬁw, by (2.12).

Remark 2.1.7. When 8 = ¢ in (2.8), we will sometimes use for the matrices Sy (1), P, (1),
Py, ., and T, defined above the notations

S(t) :==8q(t), Ps(t):=Py,(t), Prew: =Py, T:=T4. (2.15)

These simplifications help us to avoid double indices in our notation.

2.2 Normalized conjoined bases

In this section we study in details a certain class of conjoined bases ()_(ﬁ U g) of (H), which
are normalized with a given conjoined basis (X,U) with constant kernel on [o, ). As the
main result, we show that these conjoined bases are closely related to the function Sg(t)
defined in (2.8), see Theorem 2.2.5 and Remark 2.2.6. In the following lemma we derive
some auxiliary results about conjoined bases (X,U) of (H) with constant kernel.
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Lemma 2.2.1. Let (X,U) be a conjoined basis of (H) with constant kernel on [a,*) and
let R(t) and Q(t) be its corresponding matrices in (2.1) and (2.5). Then any solution
(Xo,Up) of (H) satisfies on [, o)

X, = (A+BQ)Xo+BX'Tw, (2.16)
(X"Xo) =X"BXTW +XT(AT + A+ BQ)(I — R) Xy, (2.17)
where W := XTUy — UT X, is the (constant) Wronskian of (X,U) and (Xo,Uy).

Proof. Let (X,U) and (Xy,Up) be as in theorem. Using the identity X7 X7 = R with the
second formula in (2.6) we obtain

X (t)W = R(t) Uo(r) — R(1) () Xo (1) (2.18)
on [, o). With the aid of Theorem 2.1.2(ii) and (2.18) we now get
X}, = AXo + BUy = AXy + BRUy = AXo + B(RQXo + X TW)
= AXo+BOXo+BX'TW = (A+BQ) Xy +BX'TW

on [a,o0). Thus, equality (2.16) holds. Moreover, by using formulas (2.7) and (2.16) we
obtain the equality in (2.17), since on [, ) we have

(X" Xo) = [XTAT(I —R)-X'(A+BQ) R} Xo+X' [(A +BQ)Xo+BXTW
=XAT(I—R)Xo—XT(A+BQ)RXo+ X" (A+BQ) Xo+ X BXTTW
=X"BX"TW + X" (AT + A+ BQ)(I - R) X,.
This completes the proof. |
Remark 2.2.2. The choice (Xy,Up) := (X,U) in Lemma 2.2.1 yields the formula
X'=(A+BQ)X on|a,=), (2.19)

because in this case the Wronskian W = 0. Let 8 € [a,0) be fixed. By uniqueness of
solutions of equation (2.19) we then obtain that

X(@)=®(,B)X(B) forallz e [a,o), (2.20)

where ®(¢, ) is the fundamental matrix of (2.19) satisfying ®(,) = I. Moreover, if
(Xo,Up) is any solution of (H), then the variation constant formula applied to equation
(2.16) yields that for ¢ € [ct, )

Xo(t) = (1, 8) Xo(B) + (2, ) /I;CP_' (s.B)B(s) X" (s)ds W. (2.21)

With the aid of the equality in (2.20) we can write the function under the integral in (2.21)
as
&1 (s5,B) Bls) XTT(5) = ® (5, B)X(5) X' (5) B(s) X T(s)
=X (B)X'(s)B(s) X" (s) = X (B) Sp (s),

where Sg(¢) is the S-matrix in (2.8) which corresponds to (X, U). Inserting this into (2.21)
and using Sg(f) = 0 we obtain on [¢, ) the formula

Xo(1) = @(t,B) [Xo(B) +X(B)Sp(t)W]. (2.22)
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Remark 2.2.3. Formula (2.17) in Lemma 2.2.1 is a generalization of [25, Corollary 1.1.4]
when the function R(¢) # I on [, o).

In the next result we show how to express the matrix Sg() corresponding to the
conjoined basis (X,U) with constant kernel through the projector P and a conjoined basis
of (H), which is normalized with (X,U).

Theorem 2.2.4. Let (X,U) be a conjoined basis of (H) with constant kernel on [0, ) and

let P and Sg(t) be its corresponding matrices in (2.2) and (2.8) for a given B € [a,).
Then for every conjoined basis (X ,U) satisfying (1.16) we have that

Sg(t) =X"(1)X(t)P—X"(B)X(B)P forallt € [at,). (2.23)

Proof. Let (X,U) be a conjoined basis of (H) satisfying (1.16), i.e. the equality XU —
UTX = I holds on [o,). In order to prove the equality (2.23), we need to calculate the
derivative of X"XP. Using formula (2.17) with (Xo,Up) := (X,U) and W := I and the
identity X7 P = X7 we obtain

(X' XP) =X"BXT + X"(AT +A+BQ)(I-R)XP on [a,), (2.24)
where the orthogonal projector R is defined in (2.1). Observe that InXP C ImX on [0, o),
because by (1.17) we have XP = XXX = XX"X™ = XXTX'™ . Thus (I —R)XP=0on
[a,00) and formula (2.24) becomes (XTXP) = X"BX'T = Sb (1), by (2.8). Finally, by the
integrating from 8 to t € [0, ) and using Sg(B) = 0 we get identity (2.23). The proof is
complete. |

In the next theorem we introduce a special class of conjoined bases of (H) satisfying
(1.16) for a given conjoined basis (X,U) with constant kernel on [0, ).

Theorem 2.2.5. Let (X,U) be a conjoined basis of (H) with constant kernel on [0, ) and
let B > a be given. Then there exists a conjoined basis (Xﬁ,Uﬁ) of (H) satisfying (1.16)
and such that

X'(B)Xp(B) =0. (2.25)
The matrix function Xg(t) is uniquely determined by (X,U) on [at,o0).
Proof. Let (X,U) be a conjoined basis of (H) satisfying (1.16), i.e., (X,U) and (X,U) are
normalized. Consider the constant matrix

Dg:=X"(B)X(B)P—X"(B)X(B) X" (B)X'"(B), (2.26)
where the matrix P is defined in (2.2). The matrix Dg is symmetric, because by (1.17) the
matrix XTXP = XTXXTX = XTXXTXT is symmetric on [, ). Furthermore, we have

PDg=—X"(B)X(B), (I-P)Dg=—(—P)X"(B)X™(B). (2.27)

According to (1.21), the solution (Xg,Ug) := (X +XDg,U +UDpg) is a conjoined basis
of (H) satisfying (1.16) and also (2.25), since X"(B) Xg(B) = X" (B) X (B) + PDg = 0, by
the first equality in (2.27). The uniqueness of the function Xﬁ (t) on [, o0) follows from
(1.21), for if two conjoined bases (Xg;,Ug;) and (Xg,,Up,) simultaneously satisfy (1.16)
and (2.25), then there exists a constant symmetric matrix D, such that Xg, = Xg; +XD12
on [a,e0). The equality X"(B)Xg,(B) = X" (B)Xp2(B) then implies PDj, = 0, which
means that ImDyp € KerX on [c,e0). Thus, XD, = 0 and so Xg, = Xg; on [®t,0). W
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Remark 2.2.6. The class of conjoined bases (X[; , l_]ﬁ) of (H) introduced in Theorem 2.2.5
allows to express the matrix Sg(¢) in a particularly simple form. More precisely, when
(Xg,Up) is any conjoined basis of (H) satisfying (1.16) and (2.25), then

Sp(t) =X"(t)Xs(t)P forallt € [at,o0). (2.28)

Formula (2.28) immediately follows from condition (2.25) and the identity in (2.23) with
(X,U) = (XﬁaUﬁ)-

The following theorem describes a construction of all the conjoined bases ()_(/3 , UB) of
(H) defined in Theorem 2.2.5.

Theorem 2.2.7. Assume (1.1). Let (X,U) be a conjoined basis of (H) with constant kernel
on [o,0) and let P and Sg(t) be the matrices defined in (2.2) and (2.8) for a given 8 > a.
A solution (Xg,Ug) of (H) satisfies (1.16) and (2.25) if and only if

Xp(t) = X(1) Sp(0) + [ X(1) = X(1) X" (B) X(B)| (1 - P), (2.29)
Op(0) = U Sp(0) + X7 (1) + U0 (1—P) [XT(0X0) - X (B)X(B)]
+ |00 -vxX BXB)|1-P), refaw), @30

for some conjoined basis (X,U) of (H) satisfying (1.16).

Proof. Let (X,U) and B be as in theorem. We show that for any solution (Xg,Up) of
(H) satisfying (1.16) and (2.25) the functions Xg(z) and Ug(t) have the forms displayed
in (2.29) and (2.30) with (X,U) := (Xg,Ug). By the condition X'()Xs(B) =0 the
right side of (2.29) reads X () Sg(r) + Xp(t) (I — P). Consequently, using the identities
Sp(t) =X"(1)Xg(t) P and X (1) X" (1) X5 (t) P = Xp(t) P on [t o0) we get

X(1)Sp(t) +Xp(t) (I —P) =X(1)X (1) Xp(t) P+ X (1) (I — P)

:Xﬁ(I)P-I-X[;(I) (I—P) = ﬁ(t)

for all # € [0, 00). Thus, Xg(7) satisfies (2.29). Similarly, inserting (X,U) = (Xg,Up) into
the right side of (2.30) we obtain for ¢ € [, o) the expression

U(t)Sg(t)+ X" (0)+U(e) (I = P)Xg (1) X7 (1) + T (1) (1 - P). (2.31)

Since the matrix Sg(t) = X (t) X5 (t) P is symmetric on [, o), we obtain that U (t) S (1) =
U(t) PX'ﬁT(t)XTT (t) on [o,0). Expression (2.31) then becomes

X () +U () Xf (0) X (1) + g (t) (1 - P). (2.32)

By applying the identities U(¢) _E (1) =Op(t) X" (1) =1 and XT (1) X' (1) = P t0 (2.32)
we get the expression
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Hence, the function Uﬁ (t) satisfies (2.30). For the proof of the opposite implication
consider a conjoined basis (X,U) of (H) which satisfies condition (1.16). Then the
solution (Xg,Ug) := (X,U) 4+ (X,U)Dg with Dg given by (2.26) is a conjoined basis of
(H) satisfying (1.16) and (2.25), as we showed in the proof of Theorem 2.2.5. Moreover,
using the symmetry of X' ()X (¢) P and the identity X7 (t) X7 (t) = P on [, ) together
with formula (1.17) we have for 7 € [0, )

)XT(0)XT (1) =" U @) X7 (1) + 10X (1)
)XTOX T () +X (1)

YPXT )X () + X () + U () I -P)XT (1) X ()

DX OXOP+XT () +U@I-P)X ()X (). (233)

We show that the above functions Xg(r) and Ug () can be expressed as in (2.29) and (2.30).
Fix t € [@,0). By the equality X () = X (¢) P and (2.27) we have

Xg(t) =X (1) +X (1) Dg = X (1) +X(1) PDg “2" X (1) =X (1) X' (B) X (B)
— X(t)P+X (1) (I—P)—X(t)X"(B)X(B)P— X (1) X' (B) X (B) (I - P)
=X(0)P=X() X (B)X(B) P+ [X(0) - X()X*(B)X(B)| 1-P). 234

Since X (t)P = X (t) X (¢) X (¢) P, the first two terms in (2.34) together with (2.23) give
XO)[XT()X@t)P-X"(B)X(B)P) = X(t )Sp(t). Thus, formula (2.34) yields equality
(2.29). Similarly, the matrix Ug(z) satisfies

Upl(t)

:U(
20 7

)=U@0)(I-P)XT(B)X™(B)
~P)=UMX ' (B)X(B)P-U()X"(B)X(B) (I~ P)

U (t)
—U(
=U()
+ |00 -UOX B)XB)] (1-P). (2.35)

By using formulas (2.33) and (2.23) the first two terms in (2.35) reads

O(t)P—U0) X (B)X(B)P=U(r)Sp(1) + X" (1)

+U@)I-P)XT ()X (r). (2.36)
Finally, inserting equality (2.36) into (2.35) we get expression (2.30) for U (1) |

Remark 2.2.8. (i) Let us analyze formulas (2.29) and (2.30). The terms XSg and USg +

X'T are analogous to those ones, which occur in the corresponding formulas for completely
controllable system (H), see e.g. [6, Proposition 1 in Section 2.1]. However, the terms

X0 -x(0X (B)X(B)| (1-P),
U -P) [XT0X0) - X B)XB)] +[00) -v0x (B)XB)] 1~ P)
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have no analogy in the controllable theory. Their presence is a direct consequence of the
abnormality of (H), since we may have the projector P # I in the general abnormal case.

(ii) Fort € [0, 00) the terms X (1) — X (t) XT(B) X (B) and X (t) X (t) — X7 (B) X (B) do not
depend on a particular choice of the conjoined basis (X,U). Indeed, if (X.,U,) is another
conjoined basis of (H) which satisfies condition (1.16), then (X,,U,) = (X,U)+ (X,U)D
on [a,e) for some constant symmetric matrix D, by (1.21). Consequently, using the
identity X' (t) X (t) = P we have on [c, )

Note that this observation is in a full agreement with the uniqueness of the function X (1)
on [o,%0) in Theorem 2.2.5. On the other hand, the same property does not need to be
satisfied for the term U (t) — U (¢) X7 (B) X (B), as we can see by the calculation

O.(t) = U(n)X"(B)X.(B) =U(r) ~U(1)X"(B)X(B)+ U (1) (I~ P) D

on [cr,e0). Consequently, this causes a nonuniqueness of the function Ug(r) on [ct,e0). As
we shall see, it is not (Xg,Up) itself but its constant multiple (XgP, UgP), which plays
an important role in this theory. The solution (XﬁP, U ﬁP) is then uniquely determined by
(X,U) in both components even on the whole interval [a,e) and

Xg(t)P=X(r)Sp(1),
Op()P = U W) $5(0) +X (1) +U ) (1~ P) [X (X))~ X' (B) R ()]

on [c,e0) for any above (X, U). Finally, by the choice (X,U) := (Xg,Up) we obtain
XgP=XSg,  UgP=USg+X"+U(I—-P)X;X'" on[a,e0). (2.37)

The next result provides a classification of all the conjoined bases (Xﬁ,l_]ﬁ) of (H),
which correspond to a given conjoined basis (X,U) with constant kernel on [a,c0) via
Theorem 2.2.5.

Theorem 2.2.9. Let (X,U) be a conjoined basis of (H) with constant kernel on |a.,)
and let P be the matrix defined in (2.2). Moreover, let (Xﬁ,l_]ﬁ) be a conjoined basis of
(H) satisfying (1.16) and (2.25) for a given B > o. Then a solution (Xo,Up) of (H) is
a conjoined basis of the same type (i.e. as ()_(ﬁ U, [3) ) if and only if there exists unique n X n
matrix H such that

Xo(t) =Xg(t), Uo(t)=Ug(t) +U()H, 1€ [a,eo), (2.38)
H is symmetric, ImH CIm(I—P). (2.39)
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Proof. Let (X,U) and (Xg,Ug) be as in theorem. From (1.21) we know that a solution
(Xo,Up) of (H) is a conjoined basis satisfying condition (1.16) if and only if (Xo,Up) =
(Xp,Up) + (X,U)H on [a,) for some constant symmetric matrix H. At the same time,
the solution (Xp,Up) satisfies (2.25) if and only if X (¢) H = 0 on [o,0) or equivalently,
PH = 0, see the proof of Theorem 2.2.5. |

Remark 2.2.10. In the next chapter we will provide a proper interpretation of the formulas
in (2.38) and (2.39). More precisely, as we will show in Remark 3.1.8, all conjoined bases
(Xp,Up) of (H) satisfying (1.16) and (2.25) for a given B > o are mutually equivalent
solutions of (H) on [, ) in the terminology of Section 3.1.

In the last theorem of this section we display some important properties of the conjoined
bases (XB ) Uﬁ) defined in Theorem 2.2.5. These results will be then effectively utilized in
Chapter 6.

Theorem 2.2.11. Assume (1.1). Let (X,U) be a conjoined basis of (H) with constant
kernel on [ot,e0) and with corresponding matrices P, R(t), Sg(t), and Py, (1) in (2.2),
(2.1), (2.8), and Remark 2.1.5 for a given B > o. Let (Xﬁ,Uﬁ) be a conjoined basis of (H)
satisfying (1.16) and (2.25). Then the following statements hold.

(i) KerXg(t) =Im[P — Py (t)] for eacht € [a, o).
(i) Sj(r) = Xj(1)X () Py (1) for each € [at,00).
(i) ImXg(B) =Im[I—R(B)] and ImX] (B) = Im (I — P).

(iv) The matrix X (B) — Xg(B) is invertible with

X(B)—Xp(B)) ™" =X"(B) — X5 (B). (2.40)

) X3(B) = ~(1-P)U" (B).

Proof. (i) From the identity X7 (r)Ug(r) — U” (t)Xg(t) =1 on [at,e0) in (1.16) it fol-
lows that KerXg(r) C ImX” (t) = ImP on [ct,0). Moreover, the equality in (2.28) then
implies that KerXg(r) C ImP N KerSg(r) = ImPN KerPgy; (1) on [, o0), by the defini-
tion of Py, () in Remark 2.1.5. Since PPy, (1) = Pyy(1) for t € [at,00) by (2.9), we
have that KerXg(r) C Im [P — Py, ()] on [a,o0). Conversely, fix 1 € [0,c0) and assume
v € Im[P — Py, (r)] = ImPNKerSg(r). The first formula in (2.37) then implies that
Xg(t)v=Xg(t)Pv=X(t)Sg(t)v =0, and hence v € KerXg(r). This shows the opposite
inclusion Im [P — Py, (1)] C KerXg(t). In addition, we note that the result of part (i) is
equivalent with the fact that the matrix / — P + Py, (t) is the orthogonal projector onto

Im)_(ﬁT (t) foreacht € [0, ), by Remark 1.2.1(i). Consequently, from Remark 1.2.3(ii) we
then have the formula

(1) Xp(t) =1—P+Pyy(t) onla,eo). (2.41)
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(ii) By using the identities Py, (1) = Sp (1) SE

with equality (2.41) we get for each 7 € [ot, )

X3 (0)X () Py (1) = X (0)X (1) Sp(1) S} (1) = X} (1) R (1) PS (1)

(241

2V 1-pipy, (t)] PSfy(1) = Py (1) PS}y (1) = S} (0):

(1), X () Sg(t) = Xg(t) P on [, o) together

(iii) The second identity immediately follows from part (i) for + = 3, because in this
case Sg(B) =0 = Py, (B). Moreover, from condition (2.25) we have that ImXg(B) C

KerX"(B) =Im([I — R(B)]. Since rankXg(B) = rankXE(ﬁ) = rank (I — P) = rank [l —
R(B)], by (2.3), we obtain the first equality ImXg(B) = Im [ — R(B)].
(iv) From part (iii) and Remark 1.2.3(ii) it follows that

Xg(B)X5(B)=1—R(B), Xj(B)Xp(B)=1—P. (242)
Furthermore, the identities X (8)X;(8) = X(B) (I — P)X}(B) = 0 and X3(B)X"(B) =

Xg(B)[I-P)X T(B) = 0 hold. These results then yield

X(B)—Xs(B) X" (B) ~X5(B)] = X(B)X"(B) +1—R(B) =1,

since X(B)X'(B) = R(B), by (2.1). Thus, the matrix X (B) —Xg(B) is invertible and
formula (2.40) holds.

(v) Set M := Xg(B) and N := —(I — P)U”(B). We show that the four equations in
(1.13) are satisfied, i.e., N = M". Equalities (2.42) and (1.17) together with the identity

R(B)X(B) =X (B) imply that
MN = ~Xg(B) (I~ P)UT (B) = ~X5(B)UT (B) =~ —R(B)| X5 (B) U (B)
UZ - R(BYX(B)TE (B) —1) =1—R(B). (2.43)
while formula (1.16) and the identity PXT(B) = X7 (B) give
NM = ~(1-P)U" (B)Xs(B) '=" (1~ P)X" (B) U (B) ~ 1 =1~P.  (244)
Thus, the matrices MN and NM are symmetric. Using (2.43) and (2.44) we obtain
MNM =M (NM) = %3 (B) (1 - P) = X3(B) = M,
NMN = (NM)N = —(I1-P)*UT(B) = —(I—-P)UT(B) = N.

It follows from Remark 1.2.3(i) that MT = N, which completes the proof. |

2.3 Representation of conjoined bases

In this section we develop the tools for the representation of conjoined bases of (H) with
constant kernel. More precisely, in Definitions 2.3.1 and 2.3.6 we introduce a concept of
the representability of solutions of (H) and establish its basic properties (Theorems 2.3.3
and 2.3.8).
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Definition 2.3.1. Let (X,U) be a conjoined basis of (H) with constant kernel on [¢t, ).
We say that a solution (Xo,Up) of (H) is representable by (X,U) on [&,o), or (X,U)
represents (Xo,Up) on [t,), if for some f§ > o the matrices Mg and Ng defined by the

relation _
Xo\ (X Xﬁ Mﬁ -
(00) = (& o) (%) oniem 245

do not depend on the choice of the conjoined basis (X[; U ) satisfying (1.16) and (2.25).

Remark 2.3.2. From (1.20) in Section 1.3 we know that the matrix Ng in (2.45) is the
Wronskian of (X,U) and (Xo,Up). This means that Ng does not depend on the particular
choice of any conjoined basis (X,U) of (H) satisfying (1.16), and hence on the particular
choice of B > o. Therefore, we will drop the index f§ in the notation Ng and use only N.
On the other hand, the matrix Mg in (2.45) depends on the choice of § and in general, on
the conjoined basis (Xg,Up) as well. In particular, by (1.20) we have

Mg =Uj (B)Xo(B) — X5 (B) Uo(B).- (2.46)

The first main result of this section provides a criterion for the representability of
solutions of (H) by a given conjoined basis with constant kernel on [, o).

Theorem 2.3.3. Let (X,U) be a conjoined basis of (H) with constant kernel on [a, )
and let P be its corresponding matrix in (2.2). Moreover, let (Xo,Uy) be a solution of (H).
Then the following statements are equivalent.

(i) The solution (Xo,Up) is representable by (X,U) on [, o).
(ii) The (constant) Wronskian N := XTUy—U" Xy of (X,U) and (Xy,Uy) satisfies

ImN CImP. (2.47)

(iii) The inclusion ImXo(t) C ImX (¢) holds for eacht € [0, ).
(iv) The inclusion ImXy(B) C ImX (B) holds for some B € o, ).

Proof. Let (X,U) and (Xp, Up) be as in the theorem. Suppose that (Xp, Up) is representable
by (X,U) on [at,o0). According to Definition 2.3.1 and Remark 2.3.2, this means that
there exists B € [0, ) so that the matrix Mg in (2.46) does not depend on the choice
of the conjoined basis (Xg,Ug) introduced in Theorem 2.2.5. Moreover, by formulas
(2.38) and (2.39) in Theorem 2.2.9 with H := I — P we know that the conjoined basis
(Xp.,Up,) == (Xp,Up) + (X,U) (I — P) satisfies conditions (1.16) and (2.25) for the point
B. Denote by Mg, and N, the matrices in (2.45) which correspond to (XB*,U[;*). The
equalities in (1.22) with D := H = [ — P then imply that Mg, = Mg — (I —P)N and N, = N.
But Mg, = Mg in this case, and hence (I —P)N =0 or PN = N. Since the matrix N is
the Wronskian of (X,U) and (Xo,Up), the inclusion in (2.47) holds. Assume now (ii).
Combining the identities PN = N, N = XT () Up(t) — U (¢) X(t), and PXT (t) = X7 (¢) on
[at,00) we obtain that PUT (t) Xo(t) = UT () Xo(t) or equivalently (I —P)UT (t) Xo(t) = 0
for all ¢ € [a,%0). By using the result in Theorem 2.1.2(i) the last equality then yields
ImXy(¢) C Ker[U(t) (I — P)]T =ImX(¢) on [e,0), showing (iii). Part (iii) implies (iv)



Chapter 2. Representability of conjoined bases 23

trivially. Fix now 8 > o and suppose that ImXy() C ImX(f3). In particular, this means
that the orthogonal projector R(z) in (2.1) satisfies R(f)Xo(B) = Xo(B). Furthermore,
define the matrix Lg := X "(B)Xo(B). Then we have

Xo(B) =R(B)Xo(B) =X (B)X"(B)Xo(B) = X(B)Lp. (2.48)

Let (Xﬁ , Ulg) be the conjoined basis of (H) satisfying (1.16) and (2.25). We show that the
matrix Mg in (2.45) in Definition 2.3.1 does not depend on the choice of (Xﬁ’Uﬁ)' By
inserting (2.48) into the formula in (2.46) and using (1.16) we obtain

My = UF (B)X(B)Lg — XF (B)Uo(B) "= |1+ X§ (B)U(B)| Ly — %] (B) Uo(B)

=Lg+X5(B) [U(B)Lg —Uo(B)] - (2.49)

Hence, the matrix Mg is independent on the choice of ()_(5 U 3), because only the solutions
(X,U), (Xo,Up) and the matrix Xg(f), which is unique by Theorem 2.2.5, are used in
expression (2.49). Therefore, the solution (Xo,Up) is representable by (X,U) on [ct, ),
by Definition 2.3.1 and Remark 2.3.2. The proof is complete. |

Remark 2.3.4. (i) From Theorem 2.3.3 and its proof it follows that the representability of
the solution (Xp,Up) by (X,U) on [a,0) does not depend on the particular choice of the
point B > « in Definition 2.3.1. More precisely, (Xo,Up) is representable by (X,U) on
[, 00) if and only if the matrix M, 3 in (2.46) does not depend on the choice of the conjoined
basis (Xg,Ug) for each § > a.

(ii) Let B > o be fixed. If (X, Up) is representable by (X,U) on [, ), then expression
(2.45) in Definition 2.3.1 together with (2.47) in Theorem 2.3.3(ii) yield

Xo=XMg+XgPN, Uy=UMg+UgPN on [a,co).

Thus, representation (2.45) contains the uniquely determined solution (XﬁP, U gP). More-
over, with the aid of formulas (2.37) we get on [, o)

Xo = X (Mg +SgN), (2.50)
Up=UMp+SgN)+X"N+U(I—-P)XzX"N, (2.51)

where Sg is the S-matrix associated with (X,U). These expressions generalize the corre-
sponding formulas in [6, Proposition 1 in Chapter 2] and [31, Theorem VII.2.2] to abnormal
systems (H). At the same time, they justify the notion “being representable” introduced
in Definition 2.3.1, because the matrices Xy and Up in (2.50) and (2.51) are expressed
only in terms of conjoined basis (X,U) on [a,o0). Moreover, one can see that the last
term in equality (2.51) arises from the abnormality of (H), which allows P # I, as we also
comment in Remark 2.2.8(i). In addition, formulas (2.50) and (2.51) atr = 8 with (2.25)
and Sg(B) = 0 imply

Xo(B)=X(B)Mg, Uo(B)=U(B)Mg+X"(B)N. (2.52)

The following corollary contains an important property of conjoined bases of (H) with
eventually constant kernel.
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Corollary 2.3.5. Let (X,U) be a conjoined basis of (H) with eventually constant kernel
and (Xo,Uy) be a solution of (H). Then the following statements are equivalent.

(i) The inclusion ImXo(t) C ImX(t) holds on some subinterval [ot,0), where (X,U)
has constant kernel.

(ii) The inclusion ImXy(t) C ImX (¢) holds on every subinterval [o.,o0), where (X,U)
has constant kernel.

Proof. The assumptions of the theorem imply that we may choose & > a so that (X, U ) has
constant kernel on [¢t,0). The equivalence of assertions (i) and (ii) then directly follows
from Theorem 2.3.3. n

In the following definition we extend the concept of representability of solutions of
(H) in Definitions 2.3.1 to arbitrary interval [, o), where the conjoined basis (X,U) has
constant kernel.

Definition 2.3.6. Let (X,U) be a conjoined basis of (H). We say that a solution (Xo, Up)
of (H) is representable by (X,U), or (X,U) represents (Xo,Uy), if there exists o € [a, )
such that (X,U) has constant kernel on [a,0) and (Xp,Up) is representable by (X,U) on
[, 00) in the sense of Definition 2.3.1.

Remark 2.3.7. (i) Assume that the Legendre condition (1.1) holds and that system (H)
is nonoscillatory. Then every conjoined basis of (H) has eventually constant kernel, see
Section 1.5. From Theorem 2.3.3 and Corollary 2.3.5 it follows that in this case a solution
(Xo,Up) of (H) is representable by a conjoined basis (X,U) of (H) if and only if the
inclusion ImXj(¢) C Im X (7) is satisfied on some (and hence every) interval [@, o), where
(X,U) has constant kernel. Moreover, formulas (2.50) and (2.51) hold on every such
interval [@, o).

(ii) In particular, when the function X (z) is eventually invertible, the conjoined basis
(X,U) represents any solution (X, Up) of (H), because in this case we have ImX (f) = R"
for large ¢.

In the second main result of this section we describe a mutual representability of
conjoined bases (X,U) of (H) with constant kernel on [¢t,e0). In particular, this result
is a generalization of [6, Propositions 1, 3 in Chapter 2] and [31, Theorem VII.2.2] to
abnormal systems (H).

Theorem 2.3.8. Let (X1,U)) and (Xp,U,) be conjoined bases of (H) with constant kernels
on [ot,) and let P, and P, be the projectors defined in (2.2) through the functions X,
and X3, respectively. For a given B > a let (X,,U,) be expressed in terms of (X1,U)) via
matrices Mg, Ny and let (X1,Uy) be expressed in terms of (Xa,U>) via matrices M,g, N,
that is,

X\ _ (X1 Xig\ (Mg X1\ _ (X2 Xp)\ (M _
(UZ)_(Ul U]ﬁ)(Nl ’ U o U, UZﬁ N, on [a7 )7 (253)

where (X,5,U,5) and (X,5,Usp) are conjoined bases of (H) satisfying (1.16) and (2.25)
with regard to conjoined bases (X1,U ) and (Xa,U,) as in Theorem 2.2.5. Then (X,,U,) and
(X2,U,) are mutually representable on [@, o) if and only if the equality Im X, (1) = Im X ()
holds for some (and hence for every) t € [@,). Moreover, in this case we have that
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(1) MlTﬁNl and MzTBNZ are symmetric and Ny —|—N2T =0,
(ii) Mg and M,g are nonsingular and Mg Mg = Mrg Mg =1,
(111) Ile g ImP1 and ImN2 g ImP2.

Proof. The first part of the theorem directly follows from Theorem 2.3.3 while part (i)
is a consequence of the facts that (X;,U;) and (X,,U,) are conjoined bases and that
the matrices N; and N, are the Wronskians of (X1,U), (X»,U;) and (Xz,U>), (X1,U)),
respectively. Moreover, the equalities

X(B) =Xi(B)Mig, Ua(B) =Ur(B)Mig+ X" (B) NI, (2.54)
X1(B) = Xa(B)Map.  Ui(B) = Ua(B)Map +X]" (B) N2, (2.55)
hold, by (2.52). For part (ii) we calculate the product M5 M,5. From (2.46) we know that

Mg =Uls(B)X2(B) = X[5(B)U2(B), Mo =Uss(B)Xi(B)—Xj5(B)UL(B). (2.56)
By using the first equality in (2.56), condition (1.16), and formulas (2.55) we get

Mg Myp = 13([3) 2(B) Mg — Xﬁ(ﬁ) 2(B) Mg
075 (B)X1(B) — XT(B) [U1(B) — X1 (B) Mo
= [015(8)x1(B) — X[3 (B) U1 (B)] + X5 (B) X, (B)N:

(201 X (B)X]T ()N (2.57)
Since ImX; () =ImX;(f), by the first part of the theorem, the orthogonal projectors Ry ()
and R, () onto sets ImX; () and ImX;(f3), which are are defined in (2. l) satisfy Ry (B) =
R>(B). In patricular, we have that X;(B)Xlﬁ = (B)RQ(B)Xlﬁ = (B)Rl(B)Xlﬁ =
0, by Theorem 2.2.11(ii1). Therefore, the equahty in (2.57) then ylelds Mg My = I.
Similarly, we obtain that Mg Mg = I, showing (ii). Finally, part (iii) follows from
Theorem 2.3.3(ii). The proof is complete. |

Remark 2.3.9. (i) If Syg(¢) and Spg() are the S-matrices associated with the conjoined
bases (X1,U;) and (X,U;) in Theorem 2.3.8, then the formulas

X =X (Mlﬁ +SlﬁN1)7 X = XZ(Mzﬁ —f-SzﬁNz) (2.58)

hold on [a,), by (2.50). Moreover, the matrices Mg + S1gN1 and Mpg + SHgN, are
invertible on [@, o). Indeed, from conditions (i) and (iii) in Theorem 2.3.8 we obtain that
IleT C ImP,, so that KerX, = KerP, C KerN; on [@,c). If for some vector v € R”
we have (Mg +S;gN1)v = 0, then v € KerX; by (2.58). In turn, v € KerNy, and so
v € KerM 3. But since Mg is invertible by (ii) of Theorem 2.3.8, it follows that v = 0.
Similarly, one has that M,g + SN is invertible on [, ).

(i) Formulas (2.54) and (2.55) together with the identities X T(,B)Xl (B) =P and
X5 (B)X2(B) = P> imply that PiM;5 = X, (B) X>(B) and PyM,5 = X3 (B) X1(B). Conse-
quently, the matrices PiM 5 and P,M,g satisfy

Im(PMp)" =ImPy, Im(PaMyp)" =ImPy, PaMyg = (PiMyp)T, (2.59)
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which one can verify by using the above expressions for PiM g and P,Mpg and the
invertibility of the matrices Mg and M,g. In addition we note that the matrix Ny is
the Wronskian of (X1,U;) and (X,,U,) while the matrix Ny = —N[ is the Wronskian of
(X2,U,) and (X;,U;), as we comment in the proof of Theorem 2.3.8.

(iii) From the first part of Theorem 2.3.8 it follows that if the equality ImX; () =
ImX;(f) is satisfied for some 8 € [a,0), then Im X () = Im X, (¢) holds for all t € [, o).

Combining the results in Theorem 2.3.8 and Remark 2.3.7(1) with Definition 2.3.6 we
immediately obtain the following statement.

Corollary 2.3.10. Assume that (1.1) holds and that system (H) is nonoscillatory. Let
(X1,U,) and (X5,U,) be conjoined bases of (H). Then (X1,U,) and (Xa,U,) are mutually
representable if and only if the equality Im X (t) = ImX;(¢) holds on some (and hence on
every) subinterval (@, ), where (X1,U) and (X,,U,) have constant kernel.



Chapter 3

Construction of conjoined bases with
constant kernel

The following chapter is focused on a construction of conjoined bases of system (H). This
topic is closely related with the abnormality of system (H), which discussed in Section 3.1.
The main results of this chapter are formulated in terms of the relation “being contained”
for conjoined bases of (H) established in Section 3.2. Finally, in Section 3.3 we introduce
a special class of conjoined bases of (H) with constant kernel called minimal conjoined
bases. We note that the construction of conjoined bases via the relation “being contained”
together with the concept of minimal conjoined bases represent fundamental tools for the
theory of principal and antiprincipal solutions of (H) at infinity.

3.1 Abnormality and equivalence of solutions

In this section we study in details the abnormality of system (H). Our results, in particular
Theorem 3.1.2 and Remark 3.1.3, extend the theory established in [30, Section 3] and [31,
Section 3 in Chapter VII].

We use a standard notation from [30, Section 3], that is, for a nondegenerate subinterval
& C la,o), the symbol A(.#) denotes the linear space of n-dimensional vector-valued
functions u € Cr]> which satisfy the equations ' = —AT(t)u and B(t)u =0 on .#. It
is easy to see that u € A(.¥) if and only if the pair (x = 0,u) is a solution of (H) on .#.
Obviously, A(.#) is finite-dimensional with d(.# ) := dim A(.#) < n. For completeness we
put A(.#) :=R" and d(.¥) := n, when the subinterval .# is degenerate. The number d(.¥)
is called the order of abnormality of system (H) on .#. If d(.#) = 0, then (H) is said to be
normal (or controllable) on .# . Moreover, the system (H) is said to be identically normal
(or completely controllable) on .#, if d(_#) = 0 for every nondegenerate subinterval
J C 7. For brevity we write A, B] and d[a, B] instead of A([o,]) and d([o,B])
when .# = [a,B]. Similar notation is used for other types of bounded or unbounded
intervals.

Let o € [a,). By Ag|or,0) we denote the subspace of R” consisting of the initial
values of functions u € Afo, ), that is,

Aglat,00) :={ceR", u(a)=c forsomeuc Alo,)}. (3.1

_27—



28 3.1. Abnormality and equivalence of solutions

Clearly, Ag[ct, ) is finite-dimensional and dim Ag[ot,0) = d[a, o). In [30, Section 3] it is
shown that the integer-valued function d[a,] is nonincreasing and piecewise constant in ¢
on [a,e0) with at most n points of discontinuity, at which d|a, ] is left-continuous. On the
other hand, the integer-valued function d|[t, ) is nondecreasing and piecewise constant in
t on [a,e0), and it has at most n points of discontinuity, at which it is right-continuous.
Therefore, there exists the maximal order of abnormality d.. of (H) defined by

ds := lim d[t,o0) = max d|t,o0). (3.2)

oo t€la.e0)

Moreover, the above properties of the function d[t,0) imply that 0 < dw < n and there
exists a point @ € [a,0) such that

d[t,o0) = d.. (3.3)

The subintervals [¢, o) with the property in (3.3) are extremely important for the study of
the S-matrices and consequently, for the construction of (anti)principal solutions at infinity
in Chapter 5.

The following theorem provides a basic connection between the subspaces Ao, ] for
t > a and the principal solution (Xa, Ua) of (H) at the point . We recall from Section 1.3
that (X,,Uq) is defined by the initial conditions X (&) = 0 and Ug (o) = 1I.

Theorem 3.1.1. Let (Xy,Uqy) be the principal solution of (H) at the point o. Then

Aolo,t] = ﬂ KerXq(s) foreveryt € o). (3.4)

s€la]

Proof. If ¢ € Ag[at,t], then (x = 0,u) is a solution of (H) for some u € Ala,t] withu(a) =c.
By the uniqueness of solutions of system (H), it follows that (x,u) = (Xqc,Ugc) on [, 1].
Hence, X (s)c = 0 for all s € [, ¢]. The opposite direction is trivial. [

In the first main result of this section we establish an exact relation between the rank of
the S-matrix corresponding to a conjoined basis (X,U) with constant kernel on [@, ) and
the order of abnormality of (H). We also derive a representation of the subspaces Ag[f3,1]
for t > B > o in terms of some orthogonal subspaces associated with the initial values

X(B)and U(B).

Theorem 3.1.2. Assume (1.1). Let (X,U) be a conjoined basis of (H) with constant kernel
on [, ) and Sg(t) be its corresponding S-matrix in (2.8) for a given B > a. Furthermore,

let P and Py, (t) be the matrices defined in (2.2) and Remark 2.1.5(i). If (Yﬁ,ljﬁ) is the
principal solution at B, then the equality Xﬁ (t) =X(1)Sg(t) X" (B) holds on [ot,) and

X n—d[t,B], tela,p]
rank Sg (1) = rank Xg (t) = (3.5)

Moreover, for t € [3,00) we have

Ao[B,1] =Im[X™(B) (I = P, (1)) @ Im[U(B) (I - P)]. (3.6)
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Proof. Let (X,U) be as in the theorem and for a fixed > « consider the conjoined basis
(Xﬁ,Uﬁ) satisfying (1.16) and (2.25). Moreover, as in (2.45), assume that ()A(ﬁ,l?ﬁ) is
represented in terms of (X,U) and (Xg,Ug) via the matrices Mg and N, i.e.,

X X X3\ (/M
B-EHE) wen
From (1.20) and (3.7) at r = B we obtain
My = U (B) X5 (B) — X1 (B) Up(B) = —X5 (B). (3.8)
Ng =X"(B)Up(B)—U"(B)Xg(B) = X" (B). (3.9)

Since InNg =ImX” (B) = Im P, the principal solution (XB U ) is representable by (X,U)
on [a,o0), by Theorem 2.3.3. Furthermore, inserting expressions (3.8) and (3.9) into the
formula in (2.50) with (Xo,Up) := ()?ﬁ,ﬁﬁ) and using the definition of P and the first
equality in (2.37) yield for all € [, o)

Xg(t) =X (1) [-X§ (B)+Sp(1) X" (B)] = —X (1) PX§ (B) + X (1) Sg(t) X" (B)
P2 X (1) Sp(B)XT(B)+X(1)Sp() X" (B) =X(1)Sp() X" (B).  (3.10)
On the other hand, since by (2.9) the equalities PSg(t) = Sg(t) P = Sg(t) hold, (3.10) gives

(3.10)

X (1) ()X T (B) L7 XT (1) X (1) Sp (1)) XT (B) X7 (B) = PSp (1) P=Sp(t)  (3.11)

for all t € [@, o). The expressions in (3.10) and (3.11) then show that
rank Sg (1) = rankXﬁ (t) on [o, o). (3.12)

By Proposition 1.5.2, condition (1.1) and the constancy of the kernel of (X,U) on [a, o)
imply that the principal solution (Xg,Ug) has no proper focal point in (8, o). This means
that the kernel of Xﬁ (t) is nonincreasing on [f3, ), see also [24, Definition 1]. Using (3.4)
we obtain

Ao[B,1] =KerXg(r) foralls € [B,oo) (3.13)

and hence, the formula rank Sg(7) = rank)?ﬁ (t) = n—d[B,t] holds on [B,0), by (3.12).
Now let 7 € [, B] be fixed and consider the principal solution (X;,U;) of (H) at z. Since
(X,U) has constant kernel on the interval [¢,0), by mutual changing the arguments 3 and
t in formulas (3.13) and (3.12) we get the equalities Ag[t, 8] = KerX;(B) and rank S;(B) =
rankX;(B) = n—d[t,B]. But S,(B) = —Sp(t) by (2.8) and hence, using (3.12) once more
we obtain rank Xg () = rank Sg (t) =rank S;(B) = n —d[t, B], which completely establishes
equality (3.5). In order to prove (3.6), fix r € [B,) and let v € Ag[B,]. By (3.13) and
(3.10) we then have X (1) Sg(¢) X” (B) v = 0 and using (2.9) we get

Py () XT (B)v = Sp(t) PSp(1) XT (B)v = Sp() X" (1) X (1) Sg (1) X" (B) v = 0.

Hence, X7 (B)v = [I — Py, (1)]v« for some v, € R". The vector v can be uniquely
decomposed as v = v; +v, with vi € ImX(B8) = ImX'"(B) and v, € [ImX(B)]* =
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KerX”(B) = KerR(B) = Im[U(B) (I — P)], by (2.1) and Theorem 2.1.2(i). Conse-
quently, X7 (B)v; = [ = P, (1)] v« whichimplies that vy € Im [XTT(B) (I—Pg,(1))]. Thus,
v Im[X'T(B) (I =Py, (1)) @ Im[U(B) (I —P)]. Conversely, every w € Im [XTT(B) (I -
Py, (1))l ®Im[U(B) (I — P)] has the form

w=X"T(B) [ =Py (1)]w1 +U(B)(I—P)wy for some wy,wp € R".
We show that XB (t)w = 0. This follows, by the aid of (3.10), from the equality

Rg (1) w =X () S5()) X" (B)XT (B) [ — Py, ()] wy
£ X(1)Sp() X" (BYU(B) (I~ P)wa

The first term in the last formula is zero, because Sg (X7 (B)XTT(B) [ = Pyy(1)] =
Sp(t) [I = P, (1)] = 0. And the second term is zero too, because XT(BU(B)(I—P) =

UT(B)X(B) (I—P)=0. Thus w € KerXg(t) = Ao[B,] by (3.13) and the proof of (3.6) is
complete. |

Remark 3.1.3. Formula (3.5) shows that for a conjoined basis (X, U) of (H) with constant
kernel on [, ) the rank of its corresponding matrix Sg depends only on the rank of XB
and hence, on the abnormality of (H) on [ct, ), but not on the choice of (X,U) itself. This
means that the changes in ImXﬁT (t) and Im Sg(¢) occur at the same points, i.e., according
to Theorem 2.1.2(ii) there exists a finite partition ¢ = T_; < T < - <B=7 <+ <
71 < Ty < o of [o,00), which does not depend on Sg, such that ImSg(¢) is constant on
each subinterval (7y,Ty+) and

ImSﬁ(t) = ImSﬁ(T‘7+1) 2 ImSﬁ(Tv+1> forall r € [TV,TV+1), Ve {—k,...,—]},

ImSg(ty) S ImSp (1)) =ImSp(r) forallt € (Ty,Ty11], ve{0,...,[—1},
ImSg(7) S ImSg(7,") =ImSg(¢) forallz € (7,00).

On the last subinterval (7;,%0) we then have rankSg(t) = n —d[B,e). This means, by
Remark 2.1.5(1), that the orthogonal projector Ryﬁw defined in (2.12) satisfies

rank Py, .. =n—d[f,e). (3.14)

We stress that the partition {T_4, T ¢, ..., T/_1, T;} of [0,0) defined above depends on
the choice of the point B > o. In addition, for B = & we have k = 0.

Remark 3.1.4. Theresults in Theorem 3.1.2 lead to a set of admissible values which may be
attained by the rank of conjoined bases of (H) with constant kernel on [ct, ). According to
(3.10) for B = a, any such a conjoined basis (X, U) has the property rank Xy (¢) < rank X (¢)
for each ¢ € [, ), where (Xy,Uy) is the principal solution at o. Since the rank of the
matrix X () is constant on [, o0) and since n — d[ot, ) is the maximum of rank X, (¢) on
[, 00) by (3.5), we get from the above the estimates

n—d[a,) <rankX () <n on [a,co). (3.15)
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In addition, by using the maximal order of abnormality d.. of (H) defined in (3.2) estimates
(3.15) then yield
n—de <rtankX(t) <n on [o,c). (3.16)

In the next section we will give a precise analysis of conjoined bases (X,U) with constant
kernel on [, o) satisfying (3.15) and (3.16).

Remark 3.1.5. When the system (H) is completely controllable on [¢t, ), then the indices
k and [ from Remark 3.1.3 are necessarily zero, i.e., B = 7_; = 7; for all B > . In this
case d(.#) = 0 for every nondegenerate subinterval .% C [8,0) and so the matrix Sg(t)
is invertible on [, ) U (B, 0). Moreover, from (3.15) it follows that the only conjoined
bases (X, U) of (H) with constant kernel on [, o) are those which have X (¢) invertible on
[a,00).

In the following definition we introduce the concept of equivalent solutions of system
(H), which can be viewed as an extension of the equality of two solutions with respect to
the abnormality of (H), see Remark 3.1.9 below.

Definition 3.1.6. Let (X;,U;) and (X»,U>) be solutions of (H). We say that (X;,U;) and
(X2,U,) are equivalent on [o,o0) and write (X;,U;) ~ (X2,Us) on [at, ) if X (1) = X»(¢)
forallz € [o,00).

Obviously, the relation ~ is an equivalence on the set of all solutions of (H). Moreover,
itis straightforward to see from the definition of Ag[@, e0) in (3.1) that two solutions (X, U) )
and (X,,U,) of (H) are equivalent on [, ) if and only if

X(a)=Xi(a) and Im[Ux(a)—Ui(a)] C Ag[a,o). (3.17)

In the next theorem we establish a criterion for the equivalence of two such solutions under
an additional condition, which is satisfied for nonoscillatory (and possibly abnormal)
systems (H).

Theorem 3.1.7. Assume that the Legendre condition (1.1) holds and there exists a con-
Jjoined basis (X ,U) of (H) with constant kernel on [0, ). Let P and Py, ., be the orthogonal
projectors defined in (2.2) and (2.12). Then two solutions (X1,U;) and (X2,U>) of (H) are
equivalent on [a,0) if and only if there exist unique n X n matrices G and H such that

X () =X () and Uy(a)—Ui(a) =X"T(a)G+U(a)H, (3.18)
ImG CIm(P—PFPs,e.) and ImH CIm(I—P). (3.19)

Proof. The existence of matrices G and H satisfying (3.18) follows from (3.17) and
from the representation of Ag[ot,0) in (3.6) in Theorem 3.1.2. The latter reference also
gives the second property in (3.19) and the inclusion ImG C Im (I — Ps,,..). However, the
matrix G can be chosen so that Im G C Im P, because in (3.18) we may take X TXTXTTG =
X' PG instead of X' G, by the properties of the Moore—Penrose pseudoinverse. Equation
(3.19) then also implies the uniqueness of G and H, because (X,U) is a conjoined basis.
Conversely, the conditions in (3.18) and (3.19) imply that (3.17) holds, and thus (X;,U))
and (X»,U,) are equivalent. |
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Remark 3.1.8. Let (X,U) be a conjoined basis of (H) with constant kernel on [¢t, ).
From Theorem 2.2.5 it follows that conjoined bases of (H), which satisfy conditions (1.16)
and (2.25) for a given B > a, are mutually equivalent on [¢t,o0) in the terminology of
Definition 3.1.6, see also Remark 2.2.10. The corresponding classification of all such
conjoined bases displayed in Theorem 2.2.9 then can be viewed as a special case of the
result in Theorem 3.1.7, where the matrix G = 0 and the matrix H is symmetric.

Remark 3.1.9. Note that the system (H) is completely controllable on [, <o) if and only
if the equivalence of solutions of (H) implies the equality of solutions of (H) on every
subinterval .# C [, ).

Based on the result in Theorem 3.1.7 we provides a classification of all mutually
equivalent conjoined bases of (H) with constant kernel on [a, o).

Corollary 3.1.10. Assume (1.1). Let (X,U) be a conjoined basis of (H) with constant
kernel on [@,) and let P and Py, .. be its corresponding matrices defined in (2.2) and
(2.12). Moreover; let (Xq,Uy) be the conjoined basis of (H) satisfying (1.16) and (2.25).
Then a solution (Xo,Up) of (H) is a conjoined basis which is equivalent with (X,U) on
[, 00) if and only if the matrices M,N € R"*" defined by

(@)= (& 50) (5) e o

M is nonsingular, PM =P, M'N=N"M, ImNCIm(P—Pgy,.). (3.21)

satisfy the properties

Proof. 1f (Xp,Up) is a conjoined basis of (H) such that (X,U) ~ (Xo,Up), then the equal-
ity X(¢) = Xo(t) holds for all 7 € [&,o0), by Definition 3.1.6. In particular, this means
that (Xop,Up) has constant kernel on [o,%0) and that (X,U) and (Xo,Up) are mutually
representable on [, o), by Theorem 2.3.8. From the same reference we also have that
M is nonsingular and M7 N is symmetric. Moreover, according to Theorem 3.1.7 with
(X1,U)) := (X,U) and (X,U,) := (Xp,Uy) we have

Xo(a)=X(a), Up(a)—U(a)=X"T(a)G+U(a)H, (3.22)

with G,H € R"" satisfying InG C Im (P — Py,.) and InH C Im (/ — P). We show that
the identities M =1+ H and N = G hold. Indeed, by using (1.20) and (1.16) att = «
together with equalities (3.22) and X' (o) Xo () = 0 we have that

M = U% () Xo(at) - X2 (@) Uo(e)

C2 0T () X (@) — XL (@) [U () + X T (o) G+ U () H]
— 0l (a)X(o) - X () U () — XL () U (o) H "2 1 - XL (o) U () H

L 41— 0 (@)X ()| H =1+H— UL (o)X () H =1 +H, (3.23)
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since the identities X () = X () P and PH = 0 hold. The similar arguments together with
symmetry of X7 U and the equalities X’ X'" = P and PG = G yield

N=X"(a)Uy(a) —UT () Xo(cx)

C2XT (o) [U(0) + X T (@) G+ U (o) H] - UT () X ()
=X ()X () G+XT () U(x)H=PG+UT ()X () H=PG=G. (3.24)

Formulas (3.23) and (3.24) then prove the second and fourth condition in (3.21), because
PM =P(I+H)=P+PH =P and InN =ImG C Im(P — Py,..). Conversely, suppose
that the matrices M andN satisfy (3.21). The first and third condition in (3.21) then imply
that the solution (X, Up) given by (3.20) is a conjoined basis of (H), while the last condition
in (3.21) yields that (Xp,Up) is representable by (X,U) on [@,c0), by Theorem 2.3.3.
Therefore, the equalities

Xo(a)=X(o)M, Uy(a)=U()M+X'T(a)N (3.25)

hold, by (2.52). By using the second equality in (3.21) the first equation in (3.25) becomes
Xo(a) = X(o0t) PM = X(a¢). Moreover, the second formula in (3.25) yields Up(a) —
U(a)=X"T(a)N+U(at)(M—1I). Set G:=N and H := M — 1. Then Up(a) —U(a) =
X' () G4 U (&) H and the properties of M and N in (3.21) imply that the matrices G and
H satisfies inclusions (3.19), since InG = ImN C Im (P — Py,..) and PH = PM — P = 0.
Thus, the conjoined basis (Xp,Up) is equivalent with (X,U) on |, o), by Theorem 3.1.7,
and the proof is complete. [

3.2 Relation ‘“‘being contained” for conjoined bases

In this section we develop tools for the construction of conjoined bases of (H) with
constant kernel on a given interval [¢t,). In particular, the main results of this section
(Theorems 3.2.5, 3.2.7, 3.2.8, 3.2.10, and 3.2.11) are closely related with the relation
“being contained” for conjoined bases of (H) with constant kernel on [¢, o) presented in
Definition 3.2.1. These results play a crucial role in the theory of principal and antiprincipal
solutions of (H) at infinity discussed in Chapter 5. In the following definition we introduce
one of the central notions of this chapter.

Definition 3.2.1. Let (X,U) and (X.,U,) be two conjoined bases of (H) such that (X,U)
has constant kernel on [, ). Let P and Py, .., be the associated orthogonal projectors for
(X,U) defined in (2.2) and (2.12). We say that (X, U,) is contained in (X,U) on |a, o) (or
that (X,U) contains the conjoined basis (X.,U;) on [a,)) if there exists an orthogonal
projector F. satisfying

ImPy, . € ImP, C ImP (3.26)

such that (X,,U,) ~ (XP.,UP.) on [@,). In this case we also say that the conjoined basis
(Xs,Us) is contained in (X,U) on [, ) with respect to the projector P..

In the following theorem and remark we state a basic property of the relation “being
contained” for conjoined bases of (H) with constant kernel from Definition 3.2.1.
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Theorem 3.2.2. Assume (1.1). Let (X,U) be a conjoined basis of (H) with constant kernel
on [o,o0) and let P and Py, .. be the matrices corresponding to (X,U) in (2.2) and (2.12).
If (X, Us) is a conjoined basis of (H) which is contained in (X,U) on [@, ) with respect
to the orthogonal projector P, satisfying (3.26), then

X.(1)=X(t)P, KerX.(t)=KerP., X.)(t)=X"(t)R.(t) onlo,),  (3.27)
where R.(t) is the orthogonal projector associated with (X,,Uy) in (2.1).
)i

Proof. Let (X,U) and (Xi,Us) be as in the theorem. If (X,,U;) is contained in (X,U) on
[, 00) with respect to P, then we immediately have X, (1) = X (¢) P for all € [, 0), by
Definition 3.2.1. Moreover, by using the identities X () X (¢) = P on o, ) and PP. = P.
we obtain that

KerX, (1) = KerX (1) P. = KerX' (1) X (t) B. = Ker PP, = Ker P,

for t € [@,o0). In particular, the last formula shows that (X.,U,) has constant kernel on
[, 00) with P. being its corresponding orthogonal projector in (2.2). Hence, the equality
X,/ (t) = B.X.’(¢) holds on [c,c0). Finally, the last formula in (3.27) is established by the
calculation

X' =RXx"=PRXT =X"XP.X"=X"X. X" =X"R, on[a,c). (3.28)

Note that in (3.28) we use only the fact that (X,U) and (X,, U, ) have constant kernel on
[, 00), the inclusion Im P, C Im P, and the formula X P, = X, on [a, o). [ |

Remark 3.2.3. Formulas (3.27) in Theorem 3.2.2 imply that any conjoined basis (X, Us),
which is contained in a given conjoined basis (X,U) with constant kernel on [¢t, ), has
constant kernel on [, o) too. Moreover, we have the inclusions

ImX,(r) CImX(r), ImX[(r) CImXT(r), 1€ [a, o).

These results reveal two significant interpretations of Definition 3.2.1. On the one hand,
the relation “being contained” introduced therein induces an ordering on the set of all
conjoined bases of (H) with constant kernel on [of,e0). This topic will be discussed in
more detailed and more general way in Chapter 6. On the other hand, Definition 3.2.1
provides a tool for a construction of new conjoined bases (X,,U,) of (H) with constant
kernel on [0, ) from a given conjoined basis (X,U) of the same type with the aid of the
orthogonal projectors P. satisfying (3.26). In addition, all such conjoined bases (X, Us)
are representable by (X,U) on [¢t, ), by Theorem 2.3.3.

In the next theorem we show that the relation “being contained” for conjoined bases of
(H) preserves the corresponding S-matrices. This is one of the main properties needed for
the construction of (anti)principal solutions of (H) at infinity in Chapter 5.

Theorem 3.2.4. Assume (1.1). Let (X,U) be a conjoined basis of (H) with constant kernel
on [o,0) and let Sg(t) be its corresponding matrix defined in (2.8) for a given B > a. If
(X«, Us) is any conjoined basis of (H) which is contained in (X,U) on [a,o0) and if S, (t)
is its corresponding S-matrix, then S,g(t) = Sg(t) for all t € [a, ).
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Proof. Suppose that (X, U,) is contained in (X,U) on [@, o) and let R.(¢) be the orthogonal
projector onto ImX.(7) in (2.1). Then (X.,U,) has constant kernel on [, o), by (3.27).
Moreover, by using (2.8), the last formula in (3.27), and Theorem 2.1.2(i1), we get that for
any given 8 > « the equality

S,p(1) = /ﬁ X (5) B(s) X7 (5) ds O /B X (s)R. (s) B(s) Ru(s) X7 (5) ds
_ /ﬁ X (5)B(s) X7 (s) ds = S5 (1)

holds on [, o). The proof is complete. [

The next result classifies all the conjoined bases of (H) which are contained in a given
conjoined basis (X,U) with constant kernel on [, o) with respect to the fixed orthogonal
projector P, in (3.26). Here we use the set Z(P.«, P., P) from (1.11).

Theorem 3.2.5. Assume (1.1). Let (X,U) be a conjoined basis of (H) with constant kernel
on [a,) and let P and Py, .. be defined in (2.2) and (2.12). Consider an orthogonal
projector P, satisfying (3.26). Then a solution (X.,U,) of (H) is a conjoined basis which
is contained in (X,U) on [o,°0) with respect to P. if and only if

X.(o) =X(a)P. and U o) =U(a)B+X"T(a)G+U(a)H (3.29)
for some (G,H) € B(Py,c0, P, P), where the set (P, o, P, P) is defined in (1.11).

Proof. Let (X, U,) be a conjoined basis of (H) which is contained in (X,U) on [a, o) with
respectto P.. Then (X,U) ~ (XP.,UP.) on [, ), by Definition 3.2.1. From Theorem 3.1.7
(with (X1,U,) := (XB,UP,) and (X3,U;) := (X;,Us)) it follows that (X,,Us) satisfies the
initial conditions in (3.29) with the matrices G and H such that Py .G =0, PG = G, and
PH = 0. We will show that (G,H) € %(Py,..,P.,P). Multiplying (3.29) by X[ («) we
get

X' (o) Us(a) =P XT () U()P.+B.XT ()X () G+P.XT (@)U (a)H. (3.30)
The symmetry of X7 (o) U(ct) and the identities X () P = X (&) and PH = 0 yield
EBXT(a)U(a)H=PUT (a)X(a)H=P.UT (a) X (o) PH = 0. (3.31)
Inserting (3.31) into (3.30) and using X7 (&) X7 (&) = P and PG = G we obtain
PG=PPG=PXT ()X (a)G=X!(a)U.(a) —P.XT () U () P..

This shows that the matrix P, G is symmetric, i.e., P.G = GT P.. Furthermore, if v € R” such
that v € Ker GNKer H NKer P, then (3.29) implies that v € Ker X,.(a) NKer U, (o) = {0},
because (X, U,) is a conjoined basis. Therefore, Ker GNKerH NKerP. = {0}, which is
equivalent with rank (G7, H”, P,) = n. The above properties of G and H imply that (G, H) €
B(P,0, P, P). Conversely, it is easy to see that for any pair (G,H) € B(Py,e,P:,P)
the solution (X, Us) of (H) satisfying the initial conditions in (3.29) is a conjoined basis,
which is contained in (X,U) on [at, o) with respect to P.. |
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Remark 3.2.6. (i) It follows from Theorem 3.2.5 that there exists a one-to-one correspon-
dence between the set of all conjoined bases of (H) which are contained in (X,U) on [, o)
with respect to a fixed P, and the set #(Py, ., P, P), because the matrices G and H in
(3.29) are uniquely determined, by Theorem 3.1.7. We thus adopt the terminology that
the conjoined basis (Xi,Us) is contained in (X,U), or (X,U) contains (X.,U,), through
a pair (G,H) if the associated projector P, satisfies (3.26), the pair (G,H) belongs to
B(P,00, P, P), and (3.29) holds.

(i) The matrix G in (3.29) is in fact equal to the Wronskian of the conjoined bases (X, U)
and (X.,Us), that is, G = X7 (¢t)U,(t) — U (t) X.(¢) on [o,). Indeed, the Wronskian is
constant on [o,o0) and the latter equality is satisfied at 7 = o, which follows from (3.29)
and the properties of the matrices G and H in (1.11).

The following theorem guarantees the existence of a conjoined basis of (H), which is
contained in a given conjoined basis (X,U) with constant kernel on [0, ) with respect to
any orthogonal projector P, satisfying (3.26).

Theorem 3.2.7. Assume (1.1) and let (X,U) be a conjoined basis of (H) with constant
kernel on [0,o0). Furthermore, let P and Py, ., be the orthogonal projectors which
correspond to (X,U) in (2.2) and (2.12). Then for any orthogonal projector P. satisfying
(3.26) there exists a conjoined basis (X, Us) of (H) which is contained in (X,U) on [at,o0)
with respect to P..

Proof. Let (X,U), P, Py,., and P, be as in theorem. By Remark 1.2.2, the pair (P —
P.,I—P) is an element of the set (P, c, P, P). According to Remark 3.2.6(i), there then
exists a conjoined basis of (H) which is contained in (X,U) on [ot,0) with respect to P..
Moreover, by Theorem 3.2.5 with (G,H) := (P — P.,I — P), the solution (X, U,) of (H)
with the initial conditions

X(a) =X(a) P, Ua)=U(a)P+X"(a)(P~P)+U(a)(~P)
is an example of such a conjoined basis of (H). ]

In the next theorem we provide a construction of all conjoined bases of (H) with
constant kernel on [, o), which contain a given conjoined basis (X;,Uy) on [@,0). The
corresponding result is formulated in terms of the solvability of the following system of
five algebraic matrix equations

XoXo =Ra, Xo Xo = Pu, (3.32)
XeP.=X(0), XdUy=UdXo, Xod'G+Ugy(P.+H)=U(t) (3.33)

for unknown matrices Xy, Uy € R™*" (see also Remark 3.2.9 below). Here P, and R, are
given orthogonal projectors with

ImP. CImPy, ImR.(t) CImRy, rankPy =rankRy, (3.34)

and the pair (G,H) € R x R belongs to the set B(Py, oo, P, Py).
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Theorem 3.2.8. Assume (1.1). Let (X.,U,) be a conjoined basis of (H) with constant
kernel on [o,o0) and let P, R.(t), and Py, .. be its corresponding orthogonal projectors
in(2.2), (2.1), and (2.12). Then a solution (X,U) of (H) is a conjoined basis with constant
kernel on [ot,) which contains (X.,U,) on [a,o0) if and only if the matrices X () and
U(a) solve system (3.32)—(3.33) for some orthogonal projectors Py and Ry satisfying
(3.34) and a pair (G,H) € B(Py,c, P, Py). In this case (X,U) contains (X.,U,) through
the pair (G,H) and the orthogonal projectors P and R(t) associated with (X,U) in (2.2)
and (2.1) satisfy P = Py and R(¢t) = Ry

Proof. Let (X, U,) be as in the theorem. Assume that (X,U) is a conjoined basis of (H)
with constant kernel on [, o) which contains (X.,U,) on [a,). Moreover, let P, R(t),
and Py, ., be the matrices in (2.2), (2.1), and (2.12) and set Py := P and Ry, := R(ct). The
matrices Fy and R then satisfy conditions (3.34), by (2.3), (3.26) and Remark 3.2.3. Fur-
thermore, from (3.29) in Theorem 3.2.5 and from the symmetry of X7 U we obtain that the
matrices X (&) and U (o) solve system (3.32)—(3.33) for some (G,H) € B(Py,c0, P, Par).
Consequently, by Theorem 3.2.4 the equality Py, .. = Py,. holds, which gives that
(G,H) € B(Py, 0, P, Py). Conversely, let By, Rq, G, and H be matrices satisfying
(3.34) and (G,H) € B(Py, 00, P, Px). Moreover, as in Theorem A.2.7 and (A.20), we set
G:=G+Hand G, :=G(I—P.). Let X, and Uy, solve system (3.32)—(3.33) and consider
the solution (X,U) of (H) given by the initial conditions X (¢t) = Xy and U(at) = Uy.
In order to show that (X,U) is a conjoined basis it suffices to check the two defining
properties of a conjoined basis only at f = o. As the symmetry of Xg Uy, is guaranteed by
the second equation in (3.33), it remains to show that rank (X4 , Uq ) = n, or equivalently
that KerXoq NKerUy = {0}. If v € R" is such that X, v =0 and Uy v = 0, then Pyv =0
and also P, v = 0, by the first inclusion in (3.34). Therefore, the vector w := G, v satisfies
weImG T =Im(I—P,),by(A21),and G,w =G, G,'v= (I—P.)v=v, by (A.22). Using
the third equation in (3.33) and the identities w = (I — P.)w and G = F, G from (A.25) we
get that

Us(@)w =XgTGw+Uq (B.+H)w 2" XJT P, Gw+ Uy (B. + H)w

=Xo PyG(I—P)w+UyHw=Xq PyGiw+UgHw
= X Pyv+UgHG,"v =U,HG,'v =0, (3.35)

because by (A.26) the last term becomes Uy HG v = Uy (I — Py) v = Ug v = 0. And since
X.(a)w =X, (o) B.w = 0, the equality in (3.35) yields that w € KerX,(a) NKerU,(a) =
{0}. Thus, v = G, w = 0, showing that (X,U) is a conjoined basis. Further we note
that the matrix —G” is equal to the Wronskian of (X.,U,) and (X,U), i.e., —GT =
XI()U(t) UL (t)X(¢) on [o, ). Indeed, the Wronskian is constant on [, ) and the
latter equality is satisfied at # = «, which follows from (3.32) and (3.33) and the properties
of G and H in (1.11). Using this observation and formula (2.22) with (X,U) := (X, Us),
(Xo,Up) := (X,U), and W := —G we obtain

X(t) = ®(t, ) [Xo — X () Ssa(t) GT]  on [0, ), (3.36)

where S.q(f) is the S-matrix associated with (X,,U,) and ®.(r, ) is the fundamental
matrix of the equation Y’ = (A + BQ,)Y with Q,(¢) defined in (2.5) by (X,,U;) such that
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®, (o, ) = I. Moreover, by using X, (&) = Xq P. and P. S.q (1) = S«q(t) for ¢ € [o,0) the
formula in (3.36) reads

X(1) = @1, @) [Xo — X () B Sua(t) GT] = ®u(t,00) Xq [I — Suar(1) G ] (3.37)

on [@, o). By using (3.37), we now show that the matrix X () has constant kernel on [a, o)
and that Ker X () = Ker P, on this interval. Fix ¢ € [a, o). The inclusion Ker Py C Ker X ()
holds trivially, because G’ P, = G by (1.11). Conversely, assume that v € KerX (¢). Then
equality (3.37) implies that Xy [Py — S«q (t) GT] v = 0. Multiplying this equation by X4 and
using the inclusions Im S, (1) C ImP. C By, we get [Py — Sxq(t) GT]v = 0. This means that
Pyv = S.q(t)GTv = S.q(t) GT Pyv. The vector w := Py v then satisfies w = S, (t) G w,
which shows that w € Im S, (7) C ImPgy, .., by (2.13). Thus, Py, .. w = w and so

w =S40 (t) GT Py, oo = Suqt(t) (P7,yoe G) T w = 0,

since Py, ,..G = 0 by the second condition in (1.11). Therefore, we have Fyv =w = 0,
which shows that v € KerF,. In addition, the orthogonal projector P in (2.2) in this
case satisfies ImP = ImX7 (t) = Im P, on [c,o0), which yields that P = P,. Similarly,
for the orthogonal projector R(¢) in (2.1) we have R(a) = Ry, by the second equation
in (3.32). In the remaining part of the proof we show that the conjoined basis (X,U)
contains (X, U,) through the pair (G,H). Let S¢(#) be the S-matrix which corresponds
to (X,U). By Remark 3.2.6(i) and Theorem 3.2.5, it suffices to prove that the orthogonal
projectors Py, .. and Py, ., defined in (2.12) through the matrices S (¢) and Sq (¢) satisfy
Py, o =Py, ... We will show a stronger statement that S, (f) = S¢/(t) on [¢t,e0). First we
establish the equalities

X(P.=X.(t), X' (t)R.(t) =X (1) (3.38)

on [, ). The first equality in (3.38) follows from formula (3.37) by using the properties
of the matrix G in (1.11). Namely, the equality Py P, = P, the symmetry of G’ P,, and the
identity Sy (f)P. = S«q(f) on [@, o) imply that

X(1)P. = (1, 00) X [B. — Ss(1) GTR] = @, (1, 0) Xt [P — S (£) G. (3.39)

Since S.q(t) G = S« (t) Py, G = 0, equation (3.39) and the first condition in (3.33)
yield X (1) P. = ®@.(t,0) X P. = O, (t, @) X () = Xi(¢) on |, 0), by the first part of Re-
mark 2.2.2 with (X,U) := (X,,U,) and ®(¢, &) := D, (¢, ). The second formula in (3.38)
then follows from the first one and from P = P, see formula (3.28) and the comment
at the end of the proof of Theorem 3.2.2. Finally, by exactly the same calculation as
in the proof of Theorem 3.2.4 we obtain that S, (t) = S¢(¢) for all 7 € [@,0). There-
fore, Py, 0o = Py, 0o and ImPy, .. = ImPy o, C ImP, C ImFy = ImP. This shows that
(G,H) € B(Py,e, P, P). Moreover, the first and third equations in (3.33) mean that for-
mulas (3.29) hold. By Theorem 3.2.5 and Remark 3.2.6(i) we may conclude that (X, Us)
is contained in (X,U) through the pair (G,H). |

Remark 3.2.9. The resultin Theorem 3.2.9 shows that the existence and the construction of
all conjoined bases (X, U) with constant kernel on [, o), which contain a given conjoined
basis (X, U,) of the same type on [@,c0), is completely characterized by the set of all
solutions of the algebraic system (3.32)—(3.33). In Chapter 6 we will provide a detailed
analysis of the solvability of this system.
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In the following theorem we establish the existence of a conjoined basis (X,U) of (H)
with constant kernel on [, e<), which contains a given conjoined basis (X, Us) of the same
type. Moreover, we show that (X,U) can be chosen with an additional property on the sets
ImX” (a) and ImX (). For the proof we refer to Section 6.2 in Chapter 6.

Theorem 3.2.10. Assume (1.1) and let (X,,Us) be a conjoined basis of (H) with constant
kernel on [ot,o0). Furthermore, let P, R.(t), and Py, .. be the matrices which correspond
to (X.,Uy) in (2.2), (2.1), and (2.12). Then for any orthogonal projectors Py and Ry
satisfying (3.34) there exists a conjoined basis (X,U) of (H) with constant kernel on
[, 0), which contains (X.,Uy) on [0t,o0) such that the associated matrices P and R(t)
defined in (2.2) and (2.1) satisfy P = Py, and R(a) = Ry

Combining the results in Theorems 3.2.7 and 3.2.10 with estimate (3.15) yields a con-
struction of conjoined bases (X,U) of (H) with constant kernel on [ot, ), which have the
rank of X(¢) equal to any integer value between n — d[o,o) and n. This construction is
based on the suitable choice of the orthogonal projectors P. and Fy in (3.26) and (3.34).

Theorem 3.2.11. Assume (1.1) and let (X,,Us) be a conjoined basis of (H) with constant
kernel on [o,). Then for any integer value r between n — d|a,o) and n there exists
a conjoined basis of (H) with constant kernel on [, o) and with rank of its first component
equal to r. Moreover, such a conjoined basis can be chosen so that it is contained in (X, Uy)
on [a,o0) when r < r, or it contains (X,Us) on [a,o0) when r > r,, where r, := rank X, (t)
on [a,o).

Proof. Let P., R.(t), and Py, . be the associated orthogonal projectors from (2.2), (2.1),
and (2.12). If r < rankP., then we choose an orthogonal projector P, satisfying (3.26)
(with P := P, and P. := P.,) and rankP,, = r. From Theorems 3.2.7 and 3.2.2 with
(X,U) := (Xi,Us) it then follows that there exists a conjoined basis (X, Uss) of (H)
such that (X., U ) is contained in (X,, U, ) and Ker X,..(t) = Ker P., fort € [@, ). Hence,
(Xix, Usx ) has constant kernel on [¢, o0) and rank X, () = rank P, = ron [@,0). Similarly,
for r > rank P. we choose orthogonal projectors Fy and R, such that conditions (3.34) hold
and rank Py = r. According to Theorem 3.2.10 there exists a conjoined basis (X, U) of (H)
with constant kernel on [, o), which contains (X.,U,) on [a,c0) such that the equality
KerX (1) = Ker Py holds for all # € [¢,e0). Thus, rank X (¢) = rank B, = r on [¢t,0) and the
proof is complete. |

The following result shows that the relation “being contained” for conjoined bases of
(H) with constant kernel on [, o) is invariant under suitable change of the interval [ct, ).
Namely, the point & can always be moved forward, and under some additional conditions
also backward. Here we use the maximal order of abnormality d. defined in (3.2). We
recall from Section 3.1 that d(t, o) is the order of abnormality of system (H) on the interval
[t,e0) and that by [30, Section 3] the integer-valued function d[t,e0) is nondecreasing,
piecewise constant, and right-continuous on [a, ).

Theorem 3.2.12. Assume (1.1). Let (X,U) and (X.,U,) be two conjoined bases of (H)
with constant kernel on [&t,o0). Then the following statements hold.

(i) If (X,U) contains (X.,Uy) on [®,o0), then (X,U) contains (X.,Us) also on [B,0) for
all B > a.
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(i) Assume (3.2), i.e., that d[0,o0) = dw. If (X,U) contains (X,,U,) on [B,) for some
B > a, then (X,U) contains (X,Us.) also on [a,0), and hence on [y,) for every
=2

Proof. Fix fB € [a,o0). We denote by Sy (t), S(t), resp. S« (), S.p(t), the S-matrices
corresponding to (X,U), resp. (X,,U;). Let P and P, be the orthogonal projectors in (2.2)
defined by the functions X (¢) and X, (). Moreover, let Py, ., Pyﬂw, Py, o0 Py*ﬁm be the
orthogonal projectors associated with the matrices Sq(t), Sg(t), Sxa(t), S.p(t) through
(2.12). From (2.14) we then have

Il’l’lpyﬁo<7 CImPgy, ., Ingﬂ*ﬁoo CImPy, co. (3.40)

For part (i) we suppose that (X,U) contains (X, Us) on [¢, ), that is, (3.26) holds and
(X, U,) ~ (XP.,UP.) on [, ) by Definition 3.2.1. Then Im P00 C ImP, C Im P as well,
by the first inclusion in (3.40), and (X, U) ~ (XP.,UP.) on [B, ), by the definition of ~
in Definition 3.1.6. Therefore, (X,U) contains (X,,U.) also on [f, ), by Definition 3.2.1.
For the proof of part (i) we assume that d[&,o0) = dw. Then d[0t,0) = d[f3,°) and by
(3.14) and (3.40),

Psyee = Ppoo; P poe = P, oo (3.41)

Now suppose that (X,U) contains (X,,U,) on [,e). Moreover, let (X..,U.:) be a con-
joined basis of (H) with constant kernel on [, o) such that (X,U) contains (X, U.x) on
[, 00) with respect to the projector P.. Such a conjoined basis always exists, by Theo-
rem 3.2.7. According to part (i) of this theorem, (X,U) contains (X.,Usx) also on [f,e0)
with respect to P. and hence, (X,,U,) ~ (X.x,Uss) on [B,o0), by the transitivity of ~.
This means that X, () = X, (¢) on [,0). We will show that the assumption d[¢t, ) = dw
allows to extend the latter equality to the whole interval [ot,0). Let N, be the Wron-
skian of (X, U,) and (X., U, ), that is, N, = X,/ U,, — Ul X,,. By Corollary 3.1.10 (with
o:=B,X,U):=X,U), (Xo0,U0p) := Xes;Uss), P =P, Py o0 := Py*ﬁoo, and N :=N,),
it follows that ImN, C Im (P, — Py*ﬁoo). Consequently, ImN, C Im (P, — Py, ), by the
second equality in (3.41). On the other hand, the equality X, (#) = X...(¢) on [f,0) implies
that Im X, () = ImX..(f) on [0, ), by Corollary 2.3.5. Therefore, from Theorem 2.3.8 it
then follows that the conjoined bases (X, Us) and (X, Us) are mutually representable on
[at,00). In particular, we have on [ot, )

X** _ X* )g*a M*(x

U** U* U*Oc N* ’
where (X.q,Usq) is a conjoined basis of (H) satisfying (1.16) and (2.25) with respect to
(Xi,U,) and where M., € R"*" is a constant invertible matrix. In addition, the matrix

M*TOCN* is symmetric, because (X..,U,s) is a conjoined basis. By using (2.58) with
(X1,U) := (X, Uy) and (X2,U) := (Xsx, Usx) We obtain the formula

But S.q(t) Ny = Sia(t) P, ,00Ne = 0 on [@,0). Therefore, (3.42) becomes X..(f) =
Xi(t) M. on |[a,00). At the same time we have X..(f) = X.(r) on [B,e), which gives
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the formula X, (¢) M., = X,(¢) on [B,e). Multiplying the latter equation by X,'(¢) from
the left and using the identity XX, =P, on [B,0), we get P.M,q = P.. Hence, (X.,U,)
and (X..,U.) are equivalent on [a,e0), by Corollary 3.1.10. Consequently, the relations
(Xe,Uy) ~ (Xis,Uss) ~ (XP.,UP,) on [@,co) then yield that (X,U) contains (X.,Us) also
on [o,e0) with respect to P, by Definition 3.2.1. Finally, the fact that (X,U) contains
(X, Uy) on [y,00) for every ¥ > o now follows from part (i) of this theorem. |

The following result contains a similar statement as in Theorem 3.2.12 in a certain
sense, namely it gives conditions which guarantee the invariance of the constant kernel
of a conjoined basis of (H) with respect to the change of the interval [@, o). In the proof
we utilize the properties of the set A, o) defined in Section 3.1. Namely, we recall that
a vector function u belongs to Ala,0) if and only if the pair (x,u) = (0,u) is a vector
solution of (H) on [@, o). Moreover, dimA[a, o) = d|[a, ) and for every B > a we have
Alar,0) € A[B, o).

Theorem 3.2.13. Assume (1.1). Let (X.,U,) be a conjoined basis of (H) with constant
kernel on |[a,o0) with d[0t,0) = dw. Then the following statements hold for every B €
[0, 20).

(i) If (Xux,Uss) is a conjoined basis of (H) with constant kernel on [,o0) and it is
contained in (X,,U,) on [B,0), then (Xix,Usx) has constant kernel also on [, o).

(i) If (X,U) is a conjoined basis of (H) with constant kernel on [B,) and it contains
(X, Us) on [B, o), then (X,U) has constant kernel also on [ot,o).

Proof. Fix B € [@,0). The condition d[a,o) = d. implies that d[a,o) = d[f3,°) and
consequently, the equality A[or,o0) = A[B, o) holds by the properties of A[r,o0) discussed
above. For part (i), let (X, Us) be a conjoined basis of (H) with constant kernel on
[B,°0), which is contained in (X.,U,) on [,e). If P.. is the orthogonal projector in (2.2)
defined by X.(7) on [B,00), then (X.x, Uss) ~ (Xi Pex, Ux Bux) On [B,00) by Definition 3.2.1
and Theorem 3.2.2 with (X,U) := (X,,U,) and (X, Ux) := (X,Us). This means that
Xex(t) = X, (t) P on [B,). Now we put (X,U) := (Xex — Xi Pus, Usx — U, P..) and let
v € R™. Then (Xv,Uv) is a vector solution of (H) satisfying X (t)v =0 on [§,c0). Therefore,
Uv € A[B,) = A[a, ). But this means that X (¢)v = 0 also on [a, ). Since the vector
v was chosen arbitrarily, the latter equality yields X(¢) = 0 on [¢t,o0) and consequently,
Xex(t) = Xi(t) Py On [0t,0). Thus, according to Definition 3.2.1 the conjoined basis
(Xix, Usx ) s contained in (X,,U,) on [or,o0) with respect to the orthogonal projector P..
In turn, (X.«,Us) has constant kernel also on [@,0), by Theorem 3.2.2. For part (ii), let
(X,U) be a conjoined basis of (H) with constant kernel on [3,0). We denote by S, () and
S,p(t) the S-matrices corresponding to (X;,Us), and by Sg(¢) the S-matrix corresponding
to (X,U) on [B,0). Let P. and P be the orthogonal projectors in (2.2) defined by X, (7)
and X (). Moreover, let Py, cos Py*ﬁoo, and Pyﬁw be the orthogonal projectors defined
in (2.12) through S.q(t), S.g(t), and Sg(z). Then the second equality in (3.41) holds,
that is Py, jeo = P, 0. Now if (X,U) contains (Xi,Us) on [3,0), then Ppeo = Py, goo bY
Theorem 3.2.4. Furthermore, from Theorem 3.2.5 and Remark 3.2.6(ii) with o := 8 we
know that the (constant) Wronskian G := X (t) U, (t) — U (t) X.(¢) of (X,U) and (X, U;)
satisfies InG C Im (P — Pyy..) and hence, InG CIm (P — Py o) = Im (P — Py, ,0). Since
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(X.,U.) has constant kernel on [, %) and since the matrix —G is the Wronskian of (X, Ui)
and (X, U), formula (2.22) and the equalities X.(8) = X (f3) P. and P, S,g(t) = S.g(t) yield

222 4

X(r) = @ (t,ﬁ){X(B) X.(B)S.p(1)G" }

@, (1,8) {X(B) —X(B)P.S.p(1)G" }
@.(1,8)X(B) {I S*ﬁ GT}
. (1,B)X(B) {1 S«a(B)]G"} on[a,0), (3.43)

where @, (¢,) is the fundamental matrix of the equation Y’ = (A + BQ,)Y with Q.()
defined in (2.5) by (X, U, ) such that ®,(f3,8) = I. With the aid of (3.43) we show that
KerX(t) = Ker P on whole interval [a,0). Fix t € [ot,o). Similarly, as in the proof of
Theorem 3.2.8, we have that Ker P C KerX (¢) and that Pv = [S.q () — S« (B)] GT Pv for
every v € KerX(¢). Now putting w := Pv and using the identity Py, o [Sxa(t) —S«a(B)] =
Sia(t) — Sia(B) yields that w = [Six(t) — Sia(B)] GTw and w € Im Py, ... Consequently,
w = [Sia(t) = Sva(B)]|GT Py, w = 0, because G' Py, oo = (P, G)T = 0. Therefore,
Pv =0 and hence, KerX () C KerP. Thus, (X,U) has constant kernel on [o,e) and the
proof is complete. [

3.3 Minimal conjoined bases

The concept of minimal conjoined bases (Definition 3.3.1) is intimately connected to the
abnormality of system (H) and it is essential for the subsequent development of the theory
of (minimal) principal and antiprincipal solutions of (H) at infinity. One of the central
results of this section is a generalization of the classical result in [6, Formula (12), pg. 41],
which reads in the notation of Section 2.1 as

Sy ey =M] [S; (6)My +Ny] forallt € [a,00),

to the case of minimal conjoined bases of (H) and hence, to abnormal linear Hamiltonian
systems, see formula (3.50) in Theorem 3.3.6. Motivated by Remark 3.1.4, we now define
a minimal conjoined basis of (H) on [, ). We shall see that any conjoined basis of (H)
with constant kernel on [, o) determines some minimal conjoined basis and conversely,
every minimal conjoined basis can be obtained from some conjoined basis of (H) with
constant kernel on [, o).

Definition 3.3.1. A conjoined basis (X,U) of (H) with constant kernel on [, o) is called
minimal on [, o) if the equality rank X (1) = n — d[ot, ) holds on [o, ).

The notion “minimal” is natural, because in view of inequalities (3.15) the number
n—d|a, o) is the minimal value which may be attained by the rank of any conjoined basis
of (H) with constant kernel on [a, o).

Remark 3.3.2. Let (X,U) be a conjoined basis of (H) with constant kernel on [ot, ) and
let P and Py, .. be the orthogonal projectors defined in (2.2) and (2.12). Itis straightforward
to see that the conjoined basis (X., U.), which is contained in (X,U) on [, o) with respect
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to Py, ., is a minimal conjoined basis of (H) on [a, ) according to Definition 3.3.1.
This follows from the identity KerX, () = KerPy, ., on [¢t,o0) obtained from (3.27) in
Theorem 3.2.2, and from formula (3.14) in Remark 3.1.3. On the other hand, every minimal
conjoined basis (X, U, ) is contained in itself, since by Definition 3.1.6 the solutions (X, Us)
and (X.P.,U.P.) = (X, U.P,) are equivalent on [, ) where P. is the orthogonal projector
defined in (2.2) through the function X, (¢). Therefore, minimal conjoined bases of (H)
can be effectively constructed via the relation of “being contained” in Definition 3.2.1 and
Theorem 3.2.7.

Remark 3.3.3. Another equivalent definition of a minimal conjoined basis of (H) is the
following. Let (X,U) be a conjoined basis of (H) with constant kernel on [, 0). Then
(X,U) is minimal if and only if Py . = P. This result is a simple consequence of
Remark 2.1.5.

The next result is essentially a consequence of Theorems 3.1.2 and 3.1.7 for the case
of minimal conjoined bases of (H). It gives a characterization of the subspace Ag|a,0)
and a criterion for the equivalence of two minimal conjoined bases of (H).

Theorem 3.3.4. Assume (1.1). Let (X,U) be a minimal conjoined basis of (H) on [, )
and let P be the orthogonal projector defined in (2.2). Then

Aola,0) = Im[U(ax) (I — P)). (3.44)

Furthermore, if (X1,U;) and (Xa,U,) are two minimal conjoined bases of (H) on [o,0)
with their corresponding orthogonal projectors Py and P, defined in (2.2) through the
functions X; and X, respectively, then (X1,U;) and (X»,U,) are equivalent on @, o) if
and only if

P=P and Xz(l‘)le(l)M, UQ(I)ZUl(l)M, te [OC,OO), (3.45)
where M is a constant nonsingular matrix satisfying PLM = P.

Proof. Since (X,U) is aminimal conjoined basis of (H) on [¢t, «), we have by Remark 3.3.3
that Py, ., = P, where the matrix Py, .. is defined in (2.12). Therefore, X7 (a) (I —
Py,.) = 0 and using formula (3.6) from Theorem 3.1.2 we obtain equality (3.44). Using
Theorem 3.1.7, the fact (X;,U;) ~ (X2,U,) on [@,) means that X,(a) = X; () and
Im [Us () —Uj(@)] € Ag[a, o), while from (3.44) we get Ag[at, o) =Im [U; (o) (I —Pp)].
Therefore, the projectors Py and P, satisfy P, = P; and U>(a) — U (o) = U () H with
PiH = 0. Consequently, with M := 1+ H, we have X;(a)M = X,(a) and U; ()M =
U, (). This completes the formulas in (3.45) by the uniqueness of solutions of (H). In
addition, the constant matrix M is nonsingular, because rank (XzT , U2T ) = n. Finally, LM =
P, follows by the definition of M. Conversely, if the minimal conjoined bases (X, U;) and
(X2, U, ) satisfy the equalities in (3.45) with a nonsingular matrix M such that P\M = Py, then
they are equivalent on [o,e0). This follows from equalities X»(a) = X; (&) PAM = X (&)
and Up(a) — Uy (o) = Uy (o) (M —1), where Im(M —1) CIm (I — Py). |

Remark 3.3.5. According to Remark 3.3.2 and Theorem 3.2.4, every S-matrix correspond-
ing to a conjoined basis (X,U) of (H) with constant kernel on [¢t,o) arises from some
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minimal conjoined basis of (H) on [, o). Furthermore, the formula in (3.44) implies that
for any minimal conjoined basis (X,U) the image of the matrix X () does not depend on
the choice of (X,U). More precisely, with the aid of Theorem 2.1.2(i), we obtain

ImX (o) = ImR(at) = (Im[U () (I— P)]) " = (Ao[et,)) ™. (3.46)

Now, Theorems 2.3.3 and 2.3.8 imply that every pair of minimal conjoined bases (X,U;)
and (X»,U>) of (H) on [a,) is mutually representable on [¢t,c), i.e., (X;,U;) and
(X2,U,) can be expressed in terms of one another, by Definition 2.3.1. As we will show
in Theorem 3.3.6, the same can be done with the associated S-matrices Syg(¢) and Syg(?),

as well as with their Moore—Penrose pseudoinverses SI 8 () and S; 8 (t) for a given B > a.

Note that the condition ImX; (@) = ImX, () required for Theorems 2.3.3 and 2.3.8 is
satisfied as a consequence of (3.46). Hence, these results indicate that minimal conjoined
bases of (H) represent one of the key tools for the comparison of the S-matrices.

The next theorem completes Theorem 2.3.8 in a sense that it provides a relation-
ship between two S-matrices, which correspond to a pair of mutually representable con-
joined bases (X1,U;) and (X»,U) of (H) with constant kernel on [@,c0). In addition,
if (X1,U;) and (X»,U,) are minimal on [ct, o), then one can also compare the Moore—
Penrose pseudoinverses of its S-matrices on a certain subinterval of [&,e0). The results
generalize [6, Proposition 3 in Chapter 2] and [6, Corollary to Proposition 3, pg. 41] to
abnormal linear Hamiltonian systems. They are also essential for the construction of the
minimal principal solution of (H) at infinity in Chapter 5. Here we use the notation from
Theorem 2.3.8 and its proof and from Remarks 2.3.9 and 3.1.3.

Theorem 3.3.6. With the assumptions and notation of Theorem 2.3.8 and Remark 2.3.9,
if the conjoined bases (X1,U,) and (Xa,U,) are mutually representable on [¢t, ), then we
have

[PlMlﬁ —i—Slﬁ(t)Nl]T:PQMzﬁ —{-Szﬁ(l)Nz, (3.47)
Im [P] MIB +S1ﬁ(f)N1] =ImP;, Im [P2M2[3 +SZB (l‘)Nz] =ImpP,, (3.48)
Sap(1) = [PLMyp +S15(t) N1 )7 S5 (1) Mg ' Po. (3.49)

forallt € [or,). Moreover, if (X1,U;) and (X»,U,) are minimal on [0t,) and o0 = T_j <
T g1 <+ <PB=1<--<1_1 <7 <oois the partition of [@,) from Remark 3.1.3,
then

Sig(t) = Mg S} (1) Mg +M{g Ny forall t € (1;,09). (3.50)

Proof. Fix B,t € [@,o0). From Theorem 2.3.8 we know that the equality ImX;(z) =
Im X5 (¢) holds. This means that the orthogonal projectors R;(¢) and R;(¢) satisfy Ry (¢) =
R>(t). Using (2.9) in Theorem 2.1.4(ii) and (2.58) we have
P1M1B —}-Sllg(t)Nl =P [Mlﬁ —I—S]ﬁ(l‘)Nl] :X;-(Z‘)Xl(t) [Mlﬁ +Slﬁ(l‘)N1]
=X (1) X2(0), (3.51)
PyMog +Syp(t) Ny = Py [Mog + S (t) No] = X5 (1) Xa () [Mag + S (t) No]
=X (1) X1 (1). (3.52)



Chapter 3. Construction of conjoined bases with constant kernel 45

Expressions (3.51) and (3.52) then imply formula (3.47) by the verification of the four
equalities in (1.13). In particular, the third and fourth identity in (1.13) read as

[Py My + S15(t) N1 [Py Mag + Sap (1) No] = X{ (£) Ra(£) X1 (£) = X, (1) Ry (1) X1 (1)

=P, (3.53)
[Py My + Sa5 (1) N2 [PL Mg+ S15(1) N1 = X5 (1) Ry (1) Xa (1) = X, (1) Ra (1) Xa (1)
=P, (3.54)

which imply the relations in (3.48). The proof of formula (3.49) is slightly more compli-
cated. It can be carried out by the same way as in [6, Proposition 3 in Chapter 2]. Since by
(2.59) and Theorem 2.3.8(1),(ii1) we have P Mg P, Myg = Py and N; P, = Ny, from (3.53)
we get [Py Mg +S5(t) N1]Sop(t) Na = —S;8(t) N1 Myg. Using (3.54), the fact ImS,5(¢) C
Im P, and (3.47) we then obtain 52[3 (t)Ny = —[P, Mlﬁ —l—Sllg(l‘)Nl]TSlﬁ (1) N Mzﬁ. From
Theorem 2.3.8 we know that N, = —NIT » Mrp = Ml_ﬁl, and NZT Myg is symmetric. This

implies Ny Mg = —MITB*INQ, so that

Sap()NT = [PLMyg+S15(1) Ni]" Sy (6) Mg "N . (3.55)
We show that the matrix NIT in (3.55) can be cancelled. Indeed, if IleT =ImN, =ImP;,
then it suffices to multiply equality (3.55) from the right by the matrix N.T, because
NITN;LT = NlTNl = P, and ImS,5(¢) € ImP,. But in general we only have ImN] =
ImN; C Im P, which shows that more analysis is required in order to cancel NIT in (3.55).

Let us denote G := MlT[3 Ni. The matrix G is symmetric, ImG C Im P, and N| = MIT[;lG.

According to Lemma A.1.3 in Appendix A, there exists a sequence {G(¥) }o_, of symmetric
matrices with InG(Y) = Im P, for all v € N such that GY) — G for v — 0. Furthermore,

with N(V) .= MlTﬁ*IG(") wehave N(V) — MlTﬁ*IG = N, for v — o and in addition, InN(V) =

ImP; and ImNWT = Im P, forall v € N, because P MlTﬁ_le = MlTﬁ_le. By verifying the
identities in (1.13) it follows that N\V)T = G(")TMlT[3 Py, and in particular NVINWIT = p
and NWTNW) = P, hold. Since M1Tﬁ N = GV), the matrix MlTﬁ NW) is symmetric. For

each v € N we now define the solution (X(V), U(V)) of system (H) by

xW) X, X M
(om)= (ol o) (W) vt w0

Since M{z N (V) is symmetric and rank (Mg, (N WNT) = n (as M,z is invertible by The-

orem 2.3.8), it follows that (X (V),U (")) is a conjoined basis of (H). Moreover, the
sequence {(X(V),U"))}%_, converges locally uniformly on [c, o) to the conjoined basis
(X2,U,), which follows from (2.53) and from the convergence of {Nl(v)}‘zj’:1 to N;. Since
ImN() = Im Py, the function X(*) in (3.56) will have the form as in (2.58). That is, we
have X(V) = X, (Mg +SlﬁN(")) on [o,) for every v € N. Thus, for each ¢ € [o, )

we have ImX ) (1) C ImX; (1) = Im X5 () and ImX ™7 (2) C Im [M{; P+ NMT$,5(1)] C
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ImP, = ImX7 (¢) for all v € N. Now fix ¥ > 8. By Lemma A.1.5 and Theorem A.1.4 in
Appendix A, there then exists vy € N such that for all v > v

ImXY (1) =ImX(r), ImXMT(t) =ImXx] (1) foralls e [a,7], (3.57)
XWT(r) = XJ(t) for v — oo uniformly on [et, Y], (3.58)

Fix now v > V. From the second equality in (3.57) it follows that KerX (") (1) =
KerX;(t) = KerP; on [a,], so that (X(),U(")) is a conjoined basis of (H) with con-
stant kernel on [a,7] and InX(V)(a) = ImX;() = ImX, (). Hence, Theorem 2.3.8

can be applied and the first formula in (3.48) proven above holds for the pair (X;,U;),
(XM UMy, ie.,

Im[P M5 +S,5(t)NV] =ImP on[a,7]. (3.59)

Let ng)(t) be the S-matrix corresponding to the conjoined basis (X(Y),U(V)). Then
according to (3.55) we have S;;V) (HNWT = [PL Mg +S1ﬁ(t)N(V)]TSlﬁ(t)MlTﬁ*IN(V)T for

all t € [a,y]. Since InN™7 =ImP,, the matrix N(V)T can be cancelled as we showed
above, and then we obtain

Sy (1) = [P Mg+ 815 ) NV S1g () M5 Py forall 1 € [a,7]. (3.60)

Assertion (3.58) yields that Sév) (t) — S,p(t) pointwise on [c,7]. Since we have that
P Mg +Slﬁ(t)N(") — PLMg + S;5(t) Ny for v — oo uniformly on [e,7] and (3.59)
holds, it follows from Theorem A.1.4 in Appendix A that [P Mg +Slﬁ(t)N(")]T —
[P1Mg+Sip(t)N 1]T for v — co uniformly on [a, 7]. In turn, equation (3.60) implies that
Sév) (t) = Spp(t) for v — oo even uniformly on [e,y]. Upon taking v — o in (3.60) we
obtain

Sap(t) = [Pi Mg +Slﬁ(z)N1]Tslﬁ(z)M]Tﬁ—1P2 for all ¢ € [, 7]. (3.61)
Since ¥ > B > a was chosen arbitrarily, formula (3.61) immediately implies (3.49). For

the proof of formula (3.50) suppose that (X;,U;) and (X;,U,) are minimal conjoined bases
on [¢t,o). From Remarks 3.1.3 and 3.3.3 it then follows that

ImS;g(t) =ImP; and ImSyg(t) =ImP, forallt € (1;,). (3.62)

Fix t € (1,°0). Multiplying the equation in (3.49) by M 1T[3 P, from the right and using the

identities MITI;IPZMITﬁ Py =Py and S;5(r) P = S;5() on [a,0) we get

Sop(t)M{g P = [PLM1g+S18(1) 1] Sy8(1). (3.63)

Moreover, with the aid of Remark 1.2.3(iv), the equalities in (3.62) and Im [P} M, g+
S1p(t) N1|™T = Im P, and the properties of Py M, g and P, M,p in (2.59), the Moore—Penrose
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pseudoinverse of each side of (3.63) is equal to
NY: (l)M1T/3 P = (PZMlTﬁ P [Syp(t) Po]" = MzTﬁ PZS;ﬁ (t)

[Pimip +550MT 8100} = 1PSigO] {IPig 4515001 P
= S{5(1) My +Ni.

Finally, combining the last two equalities with (3.63) yields the identity
ML S (1) = ST (t)Myg +N
2B°2p 18 18 1

If we now multiply the latter equation by MlTﬁ from the left and use MlT B MzTﬁ =1, by
Theorem 2.3.8(i1), then formula (3.50) follows and the proof is complete. [ |

Remark 3.3.7. Let Tjg and T, be the T-matrices, which correspond to the matrices Sy (1)
and S,4(t), by Remark 2.1.6. Formula (3.50) then allows to derive a mutual relationship
between the matrices 715 and T,5. More precisely, upon taking the limit as 7 — oo in
formula (3.50), we get

Typ = Mz Tyg Mg +M{g Ny (3.64)

Moreover, using identity (3.64) back in (3.50) yields that

Sig(t) —Top = M{g [ST5(1) = Tig| Mg on (7,00). (3.65)

Since Mg is invertible, the equality in (3.65) then implies that rank [S}LB (t) —Tgl =
rank [Szﬁ (t) — Tog] on (1,00). Thus, if (X,U) is a minimal conjoined basis of (H) on
[a,0) and Sg(#) and Ty are its corresponding matrices defined in (2.8) and Remark 2.1.6
for a given B > «, then for ¢ € (7;,0) the quantity rank [S}; (t) — T3] does not depend for
on the matrix Sg (¢) itself, and hence, it does not depend on the choice of (X,U). As we
shall see, this observation is crucial for a deeper analysis of the S-matrices in Chapter 4.
We also note that by Theorem 3.2.4 and Remark 3.3.2 the statement holds even when the

assumption that (X,U) is minimal on [a,0) is dropped and we suppose only that (X,U)
has constant kernel on [o, ).

The last result of this section is based on the fact that by Remark 3.3.5 any two
conjoined bases (X.1,U,) and (X2, Usz) of (H), which are minimal on [, o0), are mutually
representable on [0, ). Here we use notation (2.15) introduced in Remark 2.1.7. Namely,
if P# . and Py, . are the orthogonal projectors in (2.12) defined by the functions X, (¢)
and X, (1), then there exist matrices M,j, N, My», N,» such that the conclusions of
Theorem 2.3.8 and Remark 2.3.9 hold with 8 := o, (X;,U;) := (X, Usi), P := Pi = P, c0,
My := M,;, and N; :== N,; fori = 1,2, i.e.,

X* ((X) :X*l(a)M*h U*Z((x> :U*l((X)M*l +X*TT(O‘)N*I; (366)
X*l(“) :X*Z(O‘)M*% U*l(a) U*2<a)M*2 +X*£T(a)N*2- (367)
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Theorem 3.3.8. Assume (1.1). Let (X,,U,) and (Xp,U,) be conjoined bases of (H) with
constant kernel on [0,o0) and let P, P> and Py, P,e be the corresponding orthogonal
projectors defined in (2.2) and (2.12) through the functions X (t) and X»(t). Moreover, let
(Xe1,Us1) be a minimal conjoined basis of (H), which is contained in (X;,U}) on [0, )
with respect to Py, and similarly, let (X.2,Uy2) be a minimal conjoined basis of (H)
which is contained in (X»,U>) on [@, ) with respect to Py,... Suppose that (X1,Uy) and
(X2,Us) are mutually representable on (@, o) through the matrices My, N1, M, N, as in
Theorem 2.3.8 with B := o. If My, Ny and M,,, N.o are the matrices corresponding to
(Xe1,Us1) and (X2, Usz) in (3.66)—(3.67), then

(i) PiM| Py = PyiwM,y and PyMs Py . = Pyos Mo,

(11) N*IM*TI :Pylelelelw and N*ZM*EI :PyszzMgle2w~

Proof. If Py, . and Py ., are the orthogonal projectors in (2.12) defined by X, (¢) and
X2(t), then Py, oo = Py oo and Py, 0o = P00, by Theorem 3.2.4. By using Theorem 3.2.5
we have

X (&) = X1 (0) Prren, Ui (@) = U1 (@) P+ X, (00) Gy + Ur () Hy,  (3.68)

Xa(0) = X2 (@) Pro, Ui (@) = Un(0) Porpoo + X, () Go+ U () Hy  (3.69)
with (Gi, H;) € B(P e, P70, P;) for i € {1,2}. Inserting the first equality from (3.68) and
from (3.69) into the first formula in (3.66) gives Xo (&) Py,co = X1 () P oo M1, from which
we obtain by (2.54) that X; (o) M| Py,eo = X1 (@) P,0e My1. Consequently, multiplying the
latter equality by XlT (o) from the left and using the identities XlT (o)X, (cx) = Py and
P Py,oo = Py,o, we get the first formula in part (i). The second one follows in a similar
way upon considering (X»,U,) instead of (X;,U) ). For the proof of part (ii) we recall from

Remark 2.3.9(ii) that the matrices N| and N are the Wronskians of (X;,U;), (X2,Us) and
of (Xi1,Us1), (Xi2,Usz), respectively. In particular, at the point = o we have

Ny =X () Usr(a) = Ul ()Xo (), Ny =X (@) Unr(a) = U (o) Xip (). (3.70)
Combining (3.70) with (3.68)—(3.69) leads to the expression
Nit = Poe N1 Pgyoo + P X[ (00) X7 (00) G + Pyyoo X[ () Un(02) Hy
—GIX () X2 () Py — HIUT (@) Xa (0t) Py (3.71)

We now calculate the last four terms on the right hand side of (3.71) separately. By the first
equality in (2.55) and part (1) and by the symmetry of XZT U, and the identities X, (o) Hy =0,
XZT((X)XZTT((X) =P, and Py,.. Go = 0, we have

PooXT () X7 (00) Gy = Py MIXT () XIT () G
= Pyee M3 PGy = M3 Pyoe Gy = 0,
Poe X1 (0) Un (@) Hy = Py M X3 () Un(0t) Ho
=Py oMl U] (@) Xa(a) Hy = 0.
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Similarly, it follows by using the first equality in (2.54) and part (i) and by the symmetry
of XT Uy and the identities X (a) H; =0, XIT(OC)Xl (&) = Pi, and Py, G1 = O that the last
two terms in (3.71) are equal to zero. Therefore, we have N,; = Py, N1 Pyyo. Now we
use the properties M, = Mgl M, = Mfl, N1 P, = N; from Theorem 2.3.8 and part (i) to
get

NaMi' = PgeoNi Pyyes Mz = Poyyoe Nt PAM2 P = Py e NY My ' Py,

This shows the first equality in (ii). The second one can be proven analogously. |






Chapter 4

Analysis of S-matrices

In this chapter we deal with the matrices Sy (7) in (2.8) associated with conjoined bases
of (H) with constant kernel. In Section 4.1 we present some asymptotic properties of
these matrices and consequently, in Section 4.2 we apply these results in order to obtain
a classification of all conjoined bases of (H), which are minimal on given subinterval. In
the last section we study some properties of corresponding 7-matrices. All results obtained
in this chapter will be effectively utilized in Chapter 5.

4.1 Asymptotic properties of S-matrices

In this section we discuss important properties of the S-matrix S¢(¢) defined in (2.8) in
a more detailed way. More precisely, we present several results concerning the asymptotic
behavior of the matrix S(Tx(t) and its relation with the abnormality of (H) on certain
subintervals in [o,e). In addition, in Theorem 4.1.12 we derive a key result, which is
utilized for the existence (and hence a correct definition) of the minimal principal solution
at infinity in Chapter 5. Note that by replacing a by 8 € [, ), all statements remain true
on the interval [3,e0). Moreover, we put

r(t) :=rankSq(t), € [or,0),
oo :=Tank Py o = r(t), t€ (7,%),
where the matrix Py, ., is defined in (2.12) and where the point 7; comes from the partition

of the interval [o¢,o0) for B = a in Remark 3.1.3. The following theorem completes the
basic results about the S-matrices displayed in Sections 2.1 and 3.1.

Theorem 4.1.1. Assume (1.1). Let (X,U) be a conjoined basis of (H) with constant
kernel on [o,00) and let Sy (t) be its corresponding S-matrix. Then there exists a constant
orthogonal matrix V € R™" such that for all t € (@, )

o (Eat) O ) T oy (Z&l(f) 0 > T
Se(t) =V v, Sha)=v VT, 4.1
(t> ( 0 Onfr(t) (t) 0 On—r(t) ‘.

where (1) € R"O*"0) is symmetric and positive definite.

_5]—



52 4.1. Asymptotic properties of S-matrices

Proof. By Theorem 2.1.4(ii) and Remark 3.1.3, the set Im Sy (¢) is piecewise constant and
nondecreasing on [&,0). Hence, there exists a constant orthogonal matrix V € R"*" such
that for each ¢ € (o, o0) its first r(¢) columns form an orthonormal basis of Im Sy (¢). This
means that for each 7 € (,c0) the matrix V has the block form (V.4 V,_,()), where
Vo) € R™>r(t) and Voer(r) € R (=) are such that Im S (1) = ImV, ) and KerSq(t) =
ImV,_,). Then

VinSaOVi)  ViySa(t) Vi Zal) 0
VISu(t)V = [ 4070 T r(t) n—r(t) :( @ ) 4.2
OC( ) <VnTr(,)Sa(l) Vr([) Vn];r([)Sa(t) anr(t) 0 Onfr(t) ( )

where X4 (1) := V,?;)Sa(f)vr(r) e R"0xr(0) is symmetric and positive definite with non-
decreasing rank (i.e., dimension). The formulas in (4.1) now follow from (4.2) and
Remark 1.2.3(iii). n

Remark 4.1.2. (i) Using the identities in (4.1), the orthogonal projectors P, (f) and Py, o
defined in Remark 2.1.5 and (2.12) can be expressed as

I 0 I 0
_ r(t) T oo _ Too T
Py (1) =V ( 0 On—r(t)) Vi, te(a,»), Pyoo=V < 0 Onroo) vi.  4.3)

Similarly, the second equality in (4.1) implies that the matrix 7y, introduced in Remark 2.1.6
as the limit of S{,(¢) for 1 — oo, has the form

*
Ty =V (% 8) vl where T := lim >, (1), (4.4)
with 7y € R"™=*"= being symmetric and nonnegative definite.

(ii) From Remark 3.1.3 with B = o, we know that ImS(¢) and hence, KerSq(?) is
constant on (7;,o0) and rank Sy (t) = 1w for ¢ € (7;,0), see the notation at the beginning of
this section. Thus, the matrix S} (t) is nonincreasing on (7;,00), by Theorem 2.1.4(iii), and
the definition of 7y in Remark 2.1.6 then yields

SL()>T, forall re(7,00). (4.5)

This result can be also expressed in terms of the 7., X r. matrices X' (¢) and 7, defined
in (4.1) and (4.4). More precisely, inequality (4.5) is equivalent with

Y, (t) > Ty forall 1€ (1,0). (4.6)

Next we discuss the monotonicity properties of the matrix functions L4 () and X! ()
from Theorem 4.1.1. We recall the notation (M), for the k-th leading principal submatrix
of the matrix M, which we introduced at the beginning of Section 1.2.

Theorem 4.1.3. Assume (1.1). Let Sq(t) be the S-matrix corresponding to a conjoined
basis of (H) with constant kernel on [ot,) and let Xy(t) be the function defined in
Theorem 4.1.1. Then for all t,t; € (@, o) such that t; <t we have

(Za(12)) ) = Zaltn) >0, (4.7

£ (1) > (55! (0)),) > (Zaln)) ) > 0. (4.8)
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Proof. Fix t1,t € (o, 0) with t; < t,. The functions S¢(¢) and VIS¢ (¢)V with V defined
in Theorem 4.1.1 are nondecreasing on (¢, o). Using the first equality in (4.1) we then get

La() 0 ) (Za(ll) 0 ) 4
< ) S 0 Ouri)/” 49

In particular, all corresponding leading principal submatrices in (4.9) satisfy the same
inequality. Since the function r(¢) is nondecreasing, by Theorem 2.1.4(ii), we have
1 <r(t) < r(rz) <n. Consequently, inequality (4.7) follows directly from (4.9) by
considering the leading principal submatrices of the size r(¢;). Similarly, considering the
leading principal submatrices of the size r(r,) we obtain from (4.9) that

La(t1) O Za(t1) 0
Yolt2) > ( “ ) :( > 0. (4.10)
¢ 0 Ourit)/ 0 Op)—r(ey)

From Theorem 4.1.1 we know that the matrix X4 (#,) is invertible and the matrix

O.Z(Eam) 0 )(Zal(n) 0 ):<Ir<z]> 0 )
0 Orpry)—r(ay) 0 Oy —r(n) 0 Opip)—r(sy)

is the orthogonal projector onto diag{X (1), 0,(;,)—r(;,) }» by Remark 1.2.3(ii). According
to Lemma A.1.2 in Appendix A with G := diag{Z¢(t1), Or(1,)—r(1)}> H := Za(f2), and
R := O, the inequalities in (4.10) then imply that

Z&l(l‘l) 0 ) (Ir(t ) 0 ) 1 <Ir(, ) 0 )
> [l Yl ! > 0.
( 0 Oriry)—rn)) 0 Ory)—r(n)) ) "o 0r(1y)—r(n)

Performing the matrix multiplication in the last inequalities we get

(Z&I(tl) 0 )2 Eo')y 0 Voo @
0 Orpry)—r(ay) 0 O0r(1y)—r(ty)

Consequently, by taking the leading principal submatrices of size r(z;) in equality (4.11)
we obtain £!(z) > (£, (tz))r( ,)- This proves the first inequality in (4.8). The second
inequality in (4.8) follows from Lemma A.1.1 in Appendix A. |

Motivated by the results in Theorem 4.1.3, we now define for each fixed € (a, ) the
matrix functions Xy (,s) and XV(¢,s) by

Talt,s) = (Z“(S))r(z) and Zi&lv(t,s) = (Z&I(s))r(t), § € [t,00). (4.12)

As we shall see, these functions can be effectively utilized for a deeper study of the S-
matrices. The subscript “inv” in the notation X} (z,s) refers to a certain connection with
the inverse of Xq(,s5). More precisely, according to Lemma A.1.1 the functions Xq(t, )
and XIV(z,s) satisfy the relation ZIV(¢,s) > X' (¢,s) on [t,). The following theorem
provides basic properties of the functions L(7,s) and X5V(¢,s).
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Theorem 4.1.4. The functions Lo(t,s) and TN(t,s) defined in (4.12) are symmetric,
invertible, monotone, and continuous in s on [t,0). In particular, £o(t,s) is nondecreasing
and L(t,s) is nonincreasing in s on [t,o) and the inequalities

iV, 5) > (Ta) ) 2 0 (4.13)

hold in s on [t,o) for eacht € (ot,0), where the matrix T} is defined in (4.4).

Proof. The symmetry and the invertibility of the matrices Lq(,s) and ZiIV(¢,s) follows
from Theorems 4.1.1 and 4.1.3 and from the definitions in (4.12). For the proof of
monotonicity of Xy (t,s) and ZifV(z,s) fix 1 € (&,) and let 51,57 € [t,%0) be such that
s1 < s2. According to the first inequality in (4.7) we then have that

(Za(sz))r(s1> > Yo (s1). (4.14)

Since 1 < r(r) < r(sy), by taking the leading principal submatrices od size r(¢) in inequality
(4.14) and using (4.12) we get

(4.14)
za(t,sz):(za(m)r([):((za(sz»r(m) B Gl g = el @19

Similarly, the first inequality in (4.8) with #; := s1 and #; := s, implies the inequality
o' (51) = (o' (52)) ) (4.16)

which by taking the leading principal submatrices od size r(¢) with (4.12) yields

. (4.16) .
=5 (s1) = (2o (51)) ) 2 <( &1(S2))r(sl)) - (Za' (52) = 2@ (t:52). (4.17)

r(t

Inequality (4.15) then shows that the function X(7,s) is nondecreasing in s on [£,0), while
inequality (4.17) proves that the function ZI¥(¢, s) is nonincreasing in s on [¢,0). For the
proof of continuity of the functions X(#,s) and ZIV(¢,s) we note that the matrix Sq(?) is
continuous on [, e0) and the matrix S}, (¢) is left-continuous on (ot,e0), by Remarks 3.1.3
and 1.2.4(i). From Theorem 4.1.1 and from the left-continuity of the function r(¢) on
(o, 00) it then follows that the matrices X4 (f) and X' (¢) are left-continuous on (¢, ).
Moreover, the right-continuity of Sy (7) and the fact that r(r) is nondecreasing yield for all
t € (o, 00) the equality

Zq(t), it r(t) =r(t™),
lim q(7) = (4.18)
Tt La(t) 0 :

( 0 0r(z+)—r(z)>’ it r(t) <r(th),

where r(t™) represents the right-hand limit of the function r(7) at the point . Therefore,
considering the leading principal submatrices od size r(¢) in (4.18) we obtain

lim (£4(7)) ., =Za(f) and lim (Z4(7)) " =T (1), (4.19)

Tt r() Tt r(r)
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because the matrix L(7) is invertible on (a,0). Now let7 € (a,0) and s > t be fixed. By
using the first formula in (4.19) with ¢ := s together with (4.12) we get

: @.12) . L
)g& o(t,T) = Tlgg (Za(":»r(t) = Tlgg ((Za('L'))r(A;))r(t)
—( (4.19) _
— (}5& <Z“(T))”<S))r(t) = (Za(s))r(,) =Xq(t,s). (4.20)

On the other hand, from (4.8) we have that the inequalities
_ _ ~1
Yol (s) > (z:al(r))r(s) > (Za(1)) (4.21)
hold for every 7 > s. Upon taking T — s the second formula in (4.19) with  := s implies
(Za(‘c));(;) — X4 (s) and by the aid of (4.21) we may conclude that

lim (Z&l(f))r@ =3 (s). (4.22)

T—st

Combining (4.12) and the equality in (4.22) yields that

lim 2, 1) 2 lim (55!(1)) ) = lim ((2&1<r>)r<s>)

T—st T—st T—st

Y 1 (422) 1 i
- (I a0y ) 2 @) T @2
Thus, formulas (4.20) and (4.23) show the continuity of the functions X4 (2, s) and Tinv(t,s)
in s. Finally, for any 7 € [s,00) N (7;,°0) the monotonicity of X3"(z,s), inequality (4.6), and
the nonnegative definiteness of 7j, by Remark 4.1.2(i), imply

| . (4.6)
Zges) 2 2 1) = (5 (0) 4 2 (Td) 20,

which establishes (4.13). The proof is complete. |

Remark 4.1.5. The results in Theorem 4.1.4 allow to extend inequality (4.6) to the whole
interval (a,0). Namely, by the aid of (4.12), the choice s = in (4.13) immediately implies
the inequality

() > (7)) forall 1€ (a,e). (4.24)

In Section 3.1 we introduced the maximal order of abnormality d. by (3.2) and showed
that there exists a point & > a, for which the order of abnormality of (H) on [ot,0) is
dw, 1.€., condition (3.3) holds. Thus, in the remaining part of this section we consider the
interval [a, o) with such a property. In particular, one can easily see that condition (3.3),
that is, d[0t,0) = dw, is equivalent with

djo,e0) = d[t,0) forallt € [a,00). (4.25)

This is in a similar spirit as in Reid’s construction of the principal solution in [30, pg. 402],
in which the common quantity in (4.25) is also denoted by d... The next theorem, which
is the first main result of this section, shows how condition (4.25) affects the asymptotic
properties of the S-matrix corresponding to a conjoined basis of (H) with constant kernel
on [0, o).
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Theorem 4.1.6. Assume (1.1) and (4.25). Let (X,U) be a conjoined basis of (H) with
constant kernel on [0¢,o0) and let Sq(t), Py, e, and Ty be its corresponding matrices in
(2.8), (2.12), and (2.1.6). Then there exists B > o such that

Im [ij(t) - Ta} —ImPy,.. forallte[B,oo). (4.26)

Proof. Theresults in Theorem 3.2.4 and Remark 3.3.2 imply that without loss of generality
we may assume that (X,U) is a minimal conjoined basis of (H) on [a,). Let P be
the orthogonal projectors defined in (2.2). Then rank P = n—d[a, ) and Py, ., = P, by
Definition 3.3.1 and Remark 3.3.3. Furthermore, consider a conjoined basis (X,U) defined

by
X X XOC i X _XOC TOC
(0> = (U U(x) (_Ta) - <U_UOC Ta) on [O@oo)’ 4.27)

where (X4, Uy ) is a conjoined basis associated with (X,U) through Theorem 2.2.5. By
Remark 2.1.6, the inclusion Im7; € Im Py, ., = Im P holds. Hence, from Theorem 2.3.3
we conclude that (X,U) is representable by (X,U) on [o,) and its representation in
(4.27) does not depend on the choice of (X, Uy ), by Definition 2.3.1. Consequently, from
(4.27), (2.37), and the definition of P in (2.1) we obtain the equality X = X (P — S Ty,)
on [&,). This implies that Ker (P — Sq Ty) € KerX on [a, ). The opposite inclusion
follows from the identities XTX = P and PSy = Sy, so that KerX = Ker (P—SqTy) on
[et,00). Moreover, recalling Remarks 3.1.3 and 4.1.2, we have Im Sy (1) =Im Py, . = ImP

for all 7 > 7;. This yields that P = S¢S}, = SSq on (7;,00) and consequently,
Ker [P — Sy (1) Ty] = Ker S}, (1) — Ty forallt € (17,00).

Since (X,U) has constant kernel on [, o), it has no proper focal point in (¢t,). By
Proposition 1.5.2, the conjoined basis (X,U/) has only finitely many proper focal points
in (or,0) and hence, the kernel of X (¢) is constant on [, ) for some B > 7;. The above
analysis then implies that

KerX (1) = Ker[S! (1) —Tp] forallt € [B,o0). (4.28)

Let P be the orthogonal projector defined in (2.2) through the conjoined basis (X,U)
on the interval [3,0). We show that ImP =ImP, ie., P =P, by the uniqueness of
orthogonal projectors. One inclusion follows from the fact that for ¢ € [3,0) we have
ImP = ImX7 (¢) = Im[S},(r) — Tp] C ImP, because ImS}, (1) = ImP and Im Ty C ImP.
On the other hand, by assumption (4.25) and the first inequality in (3.15) with X := X on
[B,°), we obtain that

4.25) (3.15)
='n

rank P = n —d|[ot, ) —d[B,%) < rankP.

Thus, ImP = Im P follows. Since P is the orthogonal projector onto ImX7 (z) on [B, )
and since P = P as we just proved, the equality in (4.28) reads as Ker [S(Tx (1) — Ty] = KerP
for all € [B,0) or equivalently, Im[S},(r) — Ty] = ImP. Finally, substituting P = Py
into the last equality we obtain formula (4.26) and the proof is complete. |
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Remark 4.1.7. Since rank Py, ., = n—d[a, ), by (3.14), the result in Theorem 4.1.6, i.e.,
equality (4.26), can be equivalently formulated as

rank [ij(r) . Ta} —n—d[a,=) forallt e [B,oo). (4.29)

Moreover, from Remark 3.3.7 we know that for 7 € (1;,0) the rank of the matrix S}, (r) — Ty,
does not depend on the choice of the conjoined basis (X, U ) with constant kernel on [¢t, ).
Therefore, we may conclude that under condition (4.25) formula (4.29) holds for every
S-matrix S¢/(1).

In the following theorem we interpret the result in Theorem 4.1.6 in terms of the
matrices Xjy"(¢,s) and T from (4.12) and (4.4).

Theorem 4.1.8. With the assumption and notation of Theorems 4.1.5 and 4. 1.6, if condition
(4.25) is satisfied, then fort € (a,o0) we have

TV s) > (Tg),;y Jorallset,o). (4.30)

(1)

Proof. According to (4.4) and the second formula in (4.1) on [,0), we have

—1 T
L) —Ty=V Lo (1) =Ta O vl forallz € [B,e0).
0 On—r..

Since B > t;, formula (4.29) and inequality (4.6) then imply that the r. X re, matrix
¥, (t) — T} is positive definite on[B,),i.e., Yo' (t) > T forallt € [B,o0). This property
means, in terms of the function X7Y(¢,s) introduced in (4.12), that for every t € (o, 0) we
have

v s) > (Tg),, forallse[r,e0)N[B,e0). (4.31)

(1)

Moreover, from Theorem 4.1.4 we know that the function XiV(z,s) is nonincreasing in s
on [t,o0), which allows to extend (4.31) to the whole interval [¢,o). |

Remark 4.1.9. (i) From Theorem 4.1.8 it follows that condition (4.25) strengthens in-
equality (4.24) in Remark 4.1.5. That is, if (4.25) holds, then

.l (1) > (7)) forall 1€ (a,e). (4.32)

This is a direct consequence of inequality (4.30) in Theorem 4.1.8 for s =¢.

(ii) When the system (H) is completely controllable on [c, o), then the matrix Sy(?)
is invertible on (o, ), by [6, Proposition 2, pg. 38]. Therefore, in this case () = n and
we may take V = I. Consequently, Lq(t,s) = Sq(s) and ZiIV(¢,5) = Sz ' (s) on [t,), and
T;* = Ty. In addition, the inequality S (¢) > Ty, holds for all # € () in this case.

The next results extend inequality (4.5) and Theorem 4.1.6 in the sense that the max-
imal orthogonal projector Py,_., is replaced by the orthogonal projector Py, (¢) and the
statements are considered for 7 in the whole interval [0, ) instead only for large 7, see
also Remark 4.1.11 below.
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Theorem 4.1.10. Assume (1.1). Let S¢(t), Py, (t), P,e, and Ty be the matrices which cor-
respond to a conjoined basis of (H) with constant kernel on [a,0) in (2.8), Remark 2.1.5(i),
(2.12), and Remark 2.1.6. Then

Sh(t) =Py, (1) Ty Py, (1) > 0, on [a,). (4.33)

Moreover, if the condition in (4.25) holds, then for all t € [@, o) we have
I [S{(1) = P (1) T P, (1) =TmPos, (), (4.34)
IM [Py, o — So(t) To] = IM Py oo = Im [Poy, o — S, (1) T . (4.35)

Proof. When t = «, all the formulas in (4.33), (4.34), and (4.35) hold trivially, because
Sa(a) =0= Py, (a) and the matrix Py, o, is symmetric. Fix now 7 € (o,o0). With the aid
of the expressions in (4.1), (4.3), and (4.4) we have

>l — (T 0
St (t) =Py, (t) Ty Py, (1) =V [ ¢ ()= (Té) vT. (4.36)
0 On—r(t)
By (4.36) and (4.24) we get inequality (4.33). Moreover, if condition (4.25) is satisfied,
then the equality in (4.36) and (4.32) imply that

rank | S, (¢) — Py, (t) Ty Py, (t)} = rank [E&I(I) — (T;)r(t)} =r(1).

This equality together with the identities St (£) = Sk (1) Py, (t) and rank Py, (t) = r(t) then
yields the formula in (4.34). In order to prove (4.35), we partition the 7. X e matrix 7

into the refined block structure in the dimension r(¢) 4 ¢(t), where ¢(t) := reo — r(t) > 0.
From (4.1), (4.3), and (4.4) we then obtain

Ly O 0
Pyow—Sa(t)Tu=V| 0 Iq(t) o |vT

0 On—r.,

t 0 (7&),,) E O
0 ET F o |V,
On—r.. 0 0 Onr.
where E € R"()*4(1) and F € R40) Performmg the matrix multiplication, we get

Ir(t) _Za(t) (Towr(,) —Zoc(t)E 0

Py Sa(t) Ty =V 0 L o |vT. (4.37)
0 0 0.

From (4.32) we know that X '(z) — (Tg) (1) is positive definite and hence, the matrix

L) — Zalt) (Tg)r([) = Yq(t) (Z&l(t) — (Tof)r([)) in (4.37) is invertible. Equality (4.37)
then implies that rank [Py, . — So(f) To] = n — d[t, ), which together with the identities
Sa(t) = Py, Sa(t), Ty = P00 Ty, and rank Py, o, = n — d[0t,0) yields formulas (4.35).
The proof is complete. |
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Remark 4.1.11. We note that inequality (4.33) in Theorem 4.1.10 is an extension of (4.5) in
Remark 4.1.2 to the whole interval [¢, ), because Py, (t) = Py, and Py, (t) Ty Py, (1) =
P oo To Psyoo = Ty, ON (T7,00), by Remarks 3.1.3 and 2.1.6. In a similar way, formula
(4.34) extends equality (4.26) to the interval [, o).

In the last result of this section we prove the equivalence of the condition on the
maximal order of abnormality in (4.25) and conditions (4.34) and (4.35).

Theorem 4.1.12. Assume (1.1) and let there exists a conjoined basis of (H) with constant
kernel on [a,0). Then each of the equalities (4.34) and (4.35) holds for some (and hence
for any) S-matrix Sy (t) associated with a conjoined basis of (H) with constant kernel on
[@,00) if and only if condition (4.25) is satisfied.

Proof. We have already proven in Theorem 4.1.10 that (4.25) implies (4.34) for any S-
matrix S (f) which corresponds to a conjoined basis of (H) with constant kernel on [ct, ).
We now assume that (4.34) holds for some such a matrix Sy () associated with a conjoined
basis of (H) with constant kernel on [o,0). We will prove that (4.35) is satisfied, by
showing the equality

Ker [Py oo — S (t) Tu) = KerPy, .. on [a, o). (4.38)

First we observe that Ker Py, .. C Ker [Py, — Sq(t) Ty] on [, ), because Ty, = Ty P oo,
by Remark 2.1.6 and the symmetry of Ty and Py, ... In order to show the opposite in-
clusion, fix t € [&,0) and let v € Ker[Py, . —Sa(t) Ty]. Then the vector w := Py, oV
satisfies w = Sq (1) To v = S (t) Ta P#yeo v = Sq(t) T w, which yields that w € ImSq (1) =
ImPy, (t), by Remark 2.1.5. Moreover, multiplying the last equality by S(E(t) from
the left and using the identities S}, (¢) Sq () = Py, (t) and w = Py, (t)w we get Sh(H)w=
Py, (t) Ty P, (t)w. Therefore, the vector w satisfies w € Ker [S& (t) =Py, (t) Ty Py, (t)] =

KerPy, (t), by taking the orthogonal complements on both sides of equality (4.34).
Thus, w € ImPy, (t) "KerPy, (t) = {0}. This implies that v € KerPy, .. Conse-
quently, the inclusion Ker [Py, .. — Sq(f) Ty| C Ker Py, ., holds and the equality in (4.38)
is established. One can easily check that formula (4.38) is equivalent with the equal-
ity Im [Py, o — Sq(t) Ty)" = Im Py, on [@r,00), as well as with Im [Py, ., — S¢ (1) Ty] =
ImPgy, .. on [&,%). The second equivalence follows from the identity Py, oS¢ (t) = Se ()
on [¢t,%0) and from the fact that the matrices Py, co — So () Ty and [Py, co — Sa(2) To)" have
the same ranks. Therefore, the formulas in (4.35) holds.

We now suppose that (4.35) holds for some matrix Sy (#), which corresponds to a con-
joined basis (X, U) of (H) with constant kernel on [, ). Fix any y € [at,0). We will prove
that d[y, o) = d[a, ), by showing that the S-matrix Sy () satisfies ImS, (1) = ImS(z) for
large 7. Clearly, the formula Sy(t) = S¢(f) — Sq(y) holds on [¢,0), by (2.8). From in-
clusions (2.13) in Remark 2.1.5(1) we get ImSq(y) € ImPy, o and ImSqy(t) = ImPy, ..
for large 7. This implies that S¢(Y) = Py, Sa(Y) = Sa(Y) P#,, by the symmetry of
Sa(y) and Py, o0, and Py, o, Sq,(t) = Sg (1) With Poy o = St (1) S (1) = S, (£) S (¢) for large
t. Consequently, for large r we have

Sy(0) = P Sa(t) = Sa(1) S (1) Sa(t) = [P = Sa0) S5 (0)] Salt). 439)
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If we now let 1 — oo, then Py, o, — S (7) SH(t) — Py, —Sa(Y) Ty. By using assumption
(4.35), this limiting matrix then satisfies

IM [Py o —Se(Y) Tyl =ImPy .. and  Im [Py e —Sq(Y) Ty]" =ImPy ..
Moreover, we have that Im [Pyaw — Sa(y) Sk (t)} CImPy e =Im[Py e —Sa(Y) In] and

T
Im [Pyaoo —Sa(y) S} (t)} CIm Py, = Im [Py, — Se(y) To]” for all 1 € [, ). There-
fore, by Lemma A.1.5 and Corollary A.1.7 in Appendix A, we obtain that

T
Im [Pyaw — Sa(7) Sz,(t)] ~Im [Pyaoo — Sa(7) S;(t)] —ImPy,.. forlarges, (4.40)

as well as we get the convergence

T
[Py = SN S0)] = [P~ S Te] fort —m
With the aid of Remark 1.2.3(iv) and equalities (4.39) and (4.40) we now calculate

S}0) = [Pre Sal0)] { [P~ Sa(1) S50 P}

= S4(0) [Pro—Sa () S0)]| @a1)

for large t. By using Remark 1.2.3(ii), the matrix Sy(t)S;L,(t) is the orthogonal projector
onto ImS,(¢). Thus, by (4.39) and (4.41) we have for large  that

S50 S50) = [P = Sa(1) S0 Sa) S50) [P — Sal0) 1))

= [P = Sa(0) SL(0)| [P = S SE(1) B (4.42)

where we used the identities S (1)S) (1) = Py, . and ij(t)Pyaw = S§,(¢) for large 1.
But since by Remark 1.2.3(ii) the matrix in (4.42) is the orthogonal projector onto

Im [Pyaw — Sa(y) Sk (:)}, we conclude from (4.40) and (4.42) that Sy(r)Si(t) = Py,

for large ¢. This means that the two projectors onto ImSy(¢) and ImSq(¢) are the same for
large ¢ (they are equal to Py, ..). Therefore, ImSy(#) = ImSq () for large ¢, which implies
through Remark 3.1.3 that n — d[y,o0) = rank Sy(t) = rank S¢(¢) = n — d[ct, o) for large
t. This shows that d[or,0) = d[y,e). Since the point y € [@,o0) was chosen arbitrarily,
condition (4.25) holds and the proof is complete. |

4.2 Classification of minimal conjoined bases

The content of this section is a complete classification of all conjoined bases of (H) which
are minimal on given subinterval [&, o) with maximal order of abnormality. This turns out
to be one of the crucial results of this chapter. It will be utilized in the characterization of
the matrices Ty, in the next section, as well as in the construction of minimal antiprincipal
solutions of (H) in Chapter 5. We recall that by Definition 3.3.1 a conjoined basis (X,U)
of (H) is minimal on [, o) if the matrix X (¢) has constant kernel on [0, ) and its rank is
equal to n — d[a, ), see estimate (3.15).
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Theorem 4.2.1. Assume (1.1). Let (X,U) be a minimal conjoined basis of (H) on [, o)
with its corresponding matrices Py, ., and Ty in (2.12) and Remark 2.1.6. Moreover,
assume that d[0,>) = dw.. Then a solution (X,U) of (H) is a minimal conjoined basis on
[@,00) if and only if there exist matrices M,N € R"*" such that

X(a)=X()M, U(a)=U(a)M+XT(a)N, (4.43)
M is nonsingular, MIN=N"M, ImNC ImPgy, ., NM~'+1,>0. (4.44)

Proof. Let (X,U) and o be as in the theorem. Since (X, U) is a minimal conjoined basis on
[@,00), from Remark 3.3.3 it follows that the orthogonal projector P defined in (2.2) satisfies
P =Pgy,... Let (X,U) be another minimal conjoined basis on [¢,). Then, according
to Remark 3.3.5, (X,U) and (X,U) are mutually representable on [@,). Therefore, by
Theorem 2.3.8 and its proof with  := «a, (X1,U;) := (X,U), and (X2,U,) := (X,U), there
exist matrices M,N € R"*" such that (4.43) and the first three conditions in (4.44) hold.
Moreover, let T be the T-matrix defined in Remark 2.1.6 through the function S (¢) in
(2.8), which is associated with (X,U). By using formula (3.64) with Ty := Ty, Thp := Ty,
Mlﬁ :=M, and Ny := N, we have

Ty =MTTuM+M'N, ie, NM '+T,=M""'T,M'>o0, (4.45)

since Ty, > 0. This shows the fourth condition in (4.44). Conversely, let (X U ) be
a solution of (H) satisfying (4.43) and (4.44). The first three conditions in (4.44) together
with the identity X7 (a) X'T (&) = P = Py,.. and the fact that (X,U) is a conjoined basis
imply that (X U ) is also a conjoined basis of (H) and that the matrix N is (constant)
Wronskian of (X,U) and (X,U). In addition, (X,U) is representable by (X,U) on [, ),
by Theorem 2.3.3. Let Sq(¢) be the S-matrix in (2.8) corresponding to (X,U). By using
formula (2.50) in Remark 2.3.4(ii) with B := «a, X := X, Mg =M and the identities
X(t)=X(t)P=X(t)Pyyo and Py, 0. S (t) = Su(t) for t € [, 0), we obtain that

X(t) =X(t) [PyyM~+Sq(t)N] on[a,oo). (4.46)

We will show that (X,U) has constant kernel on [o,%) with KerX(¢) = KerPy, .M
on [,0). First we note that the symmetry of M’ N and the identity Py N =N give
NM~'Py =M INTPy . =MT~INT = NM~!. Hence, by (4.46),

X(t)=X(t) [PyyeM +Sq(t)NM'M] =X (t) [ +Sq(t)NM | Py, M (4.47)

on [a,0). Therefore, Ker Py, .. M C KerX () on [a,0). Fix now ¢ € [a,0), v € KerX (¢),
and set w := Py, .. Mv. Then X (¢) [w+Sq (t) NM~!'w] = 0 by (4.47). Multiplying the latter
equality by X7 (¢) from the left and using the identities X (t) X () = Py, c0, P00 Sa(t) =
Sa(t) and w = Py, .ow, we get w = —Sq(t)NM~1w. This implies that w € ImSg(t) =
ImPy, (t), by (2.13) in Remark 2.1.5(i), and consequently,

wl'Sh(t)w = —wl'SL (1) Se(t) NM~'w = —wT Py, (t)NM Py, () w. (4.48)

Combining the equality in (4.48) and the last condition in (4.44) then yields the inequality
wT S, (t)w < wT Py, (1) Ty Py, (1) w, or equivalently

wh |S5(1) = Por, (1) Tu P (1) | w < 0.
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But Sfx(t) — Py, (1) Ty P, (t) > 0 according to (4.33) in Theorem 4.1.10 and thus, w €
Ker | S5, (1) — Py, (1) Ty Py, (t)} = KerPy, (1), by the formula in (4.34). Hence, we obtain

that w € Ker Py, (1) N\Im Py, (1) = {0}. This shows that v € Ker Py, ..M, i.e., KerX(t) C
KerPgy ..M. Finally, the first formula in (4.43) and the invertibility of M imply that
rank X (¢) = rank X (o) = rankX (&) = n — d[@, ) on [,o0). Consequently, (X,U) is
a minimal conjoined basis of (H) on [, ) and the proof is complete. [

Remark 4.2.2. From the proof of Theorem 4.2.1 it follows that the matrices T, and Ty,
which correspond to the conjoined bases (X,U) and (X,U) in Remark 2.1.6, satisfy (4.45).
In particular, this implies that

rank 7y = rank (NM_1 +Ty). (4.49)

Formula (4.49) will be important for the construction of principal and antiprincipal solu-
tions of (H) at infinity in Chapter 5.

Remark 4.2.3. Let (X,U) be a conjoined basis of (H) with constant kernel on [0, o). From
Remark 2.1.5(i1) we know that the set ImPyﬁw, where Pyﬁm is the associated orthogonal
projector defined in (2.12), is nonincreasing in 8 € (@, ). Moreover, by the aid of equality
(3.14), we obtain that the set Im Py, is constant in B € [ot,e0) if and only if condition
(4.25) holds. In this case, the matrix Py, is the same for all points 8 € [0, o). Therefore,
under the condition in (4.25) we will sometimes drop the index 3 in the notation Pyﬁw and
use only Py.., highlighting the uniqueness of the orthogonal projector Py .., on [, o).

4.3 Properties of T-matrices

In this section we complete the information about the matrices 73 in Remark 2.1.6, which
correspond to conjoined bases of (H) with constant kernel on [@, ). In particular, in the
following theorem we derive monotonicity properties of the set Im 73 for 8 € [, ).

Theorem 4.3.1. Assume (1.1). Let (X,U) be a conjoined basis of (H) with constant kernel
on [ot,) and let Ty be its corresponding matrix defined in Remark 2.1.6 for B € [a,).
Then the following statements hold.

(i) The set ImTg is nondecreasing in B on [0, ).
(ii) The set Im1Tg is constant in 3 on [at,00) if and only if condition (4.25) holds.

Proof. Let (X,U) be as in the theorem. Fix B,y € [a, ) so that B <y. Let Sg(t), Sy(t),
Pgons Pspo, and T3, Ty be the matrices in (2.8), (2.12), and Remark 2.1.6, respectively,
which correspond to (X,U). Then Sy(t) = Sg(t) —Sg(y) on [@,) and the inclusion
ImPyyw C ImPyﬁw holds, by Remark 2.1.5(ii). Moreover, choose 6 > o so that the
equalities ImSg(#) = Im Pyeo and ImSy(¢) = Im Py, are satisfied for all 7 € [§, o). This
yields the identities Sy(t) = Sy(f) Pye0 = P Sy(t) and Py = S;(I)Sy(t) on [J,0).
Consequently, we have

Sg(t) Popo = Sy(t) Pgoe + Sp (1) Proo = |Poroo + Sp () S3(2) | Sy(2) (4.50)
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for all t € [0,). Furthermore, by using (4.50) together with the equalities S;(,(t) =
P SY(1) = S}(1) Ptpns Prpe = Pfyon Pitons Prgen = S (1) Sp (1), and Sy(1) S3(t) = Pyeo
on [6,0), we get that

SY(1) = Pa S}(1) = Pipyes Poryea S3(1) = S (1) Sp (1) Pryen Sy(1)
L S5(1) [P+ S5 () S} S50 8340)
= S4(0) [Pyym +5S(7) S;(t)] 4.51)
for all t € [§,00). Finally, upon taking t — oo in (4.51) we obtain

T, =T [Pyyoc +S5(7) Ty] , (4.52)

which yields Im7, C Im 7, showing (i). For the proof of part (ii) we note that equality
(4.52) is equivalent with the formula

Ty [P = Sp (1) Ty | = P T, (4.53)

as one can easily verify by using the symmetry of Py, ., Ig, and 7y together with the
identity 7y = T Py,... Now, if the set Im 7} is constant in s on [, ), then Im73 =Im7,. In
particular, we have the inclusions Im7 =Im7, C ImPy ., and Im7, = Im7g C Im Pyﬁw
and consequently, the identities Py o Ig = T3 Py = Tp and Pyb"x’E = ]}Pyﬂw =T,
Combining these observations with (4.53) we get that

T [Pyﬁoo —Sp(¥) Tﬁ} =Py = hSp(N Ty =Ty =TSN T
4.53
=T [P = SpN T | 2 P Ty =15 459)
We will show that Ker [Ryﬁm —Sp () 7}3} = Ker Pyﬁoo. Indeed, the identity 75 = Tg R%w
yields the inclusion KerPyﬁw C Ker [Pyﬂw —Sp (7) 7}3} . On the other hand, every vector
v € Ker |:Pyﬁoo —8p(7) 72;] satisfies 73 v = 0, by (4.54) and consequently, v € Ker Pyc.

T
And since Sg(¥) = Sp(7¥) Pspe and def [Pyﬁoo —Sp(7) ]b] = def [Pyﬁoo —Sp () Yb} , we
may conclude that

T
Ker | Py = Sp(1) Ty | = KerPoyee = Ker [Py =S50 75| . 455

With the choice 8 := a and arbitrary ¥ > «, the condition in (4.55) is then equivalent with
(4.35) in Theorem 4.1.10. Thus, condition (4.25) holds, by Theorem 4.1.12. Conversely,
suppose that (4.25) is satisfied. Then the equality Py o = Pyﬁw holds, by Remark 4.2.2.

Moreover, the formula in (4.53) then reads as 7, [P_yﬁoo —Sp(7) Tﬁ} = PyyeTp = Tp, be-
cause Pyﬁm I =1p. Therefore, the inclusion Im Iy CImT, holds, which together with the

result of part (i) gives the equality Im 7, = Im 5. Since 3 and y were chosen arbitrarily so
that B > v > a, the last equality implies that the set Im 7§ is constant in s on [0,0). W
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In the main result of this section we establish a criterion for the classification of all
T-matrices, which correspond to conjoined bases of (H) with constant kernel on [, o)
satisfying condition (4.25).

Theorem 4.3.2. Assume that (1.1) holds and that system (H) is nonoscillatory. Then
a matrix D € R™" is a T-matrix of a conjoined basis (X,U) of (H) with constant kernel
on [a,00) with d[0t,o0) = d if and only if

D is symmetric, D >0, rankD <n—d. (4.56)

Proof. Let (X,U) be aconjoined basis of (H) with constant kernel on an interval [¢t, o) with
dlo,%0) = deo. Fix B € [0t,0) and let Sg(1), Pye0, and T be the matrices in (2.8), (2.12),
and Remark 2.1.6, which correspond to (X,U). We will show that the matrix D := T
satisfies conditions (4.56). From Remark 2.1.6 we obtain that D is symmetric, nonnegative
definite, and ImD C Im Py But since rank Py oo = n—d|[f,00) =n—d[a, ) = n—de.,
by (3.14) and (4.25), the condition rankD < n — d. follows. Conversely, assume that
D € R™" gatisfies (4.56). From the third condition in (4.56) we have that there exists
an orthogonal projector O such that ImD C ImO and rank O = n — d... Furthermore, let
(X,U) be a conjoined basis of (H). The nonoscillation of (H) implies that (X,U) has
eventually constant kernel, i.e., there exists an interval [, o) such that (X, U) has constant
kernel on [a,0). Without loss of generality, we may assume that d[¢t,) = d.. and that
(X,U) is a minimal conjoined basis on [&,). Let Sg(f), Py, ., and Ty be the matrices
associated with (X,U) in (2.8), (2.12), and Remark 2.1.6. Since d[ct,) = d.., we have
rank Py, .. = n — d. = rank O and hence, there exists an invertible matrix E satisfying
ImEPy,.. =ImO. The matrix E can be obtained e.g. from the diagonalization of Py,
and O or from Theorem A.2.2 in Appendix A with B, := 0. In particular, we then have
ImE~'0 =ImPy,.., ie., Py,oE 'O =E"'0. Define now the matrices M,N € R™" by

M:=E", N:=E 'D-T,E". (4.57)

We show that these matrices satisfy conditions (4.44) in Theorem 4.2.1. The matrix M is
invertible by its definition. The symmetry of D and Ty, implies that M' N = D — ET, ET is
also symmetric. Moreover, the equalities OD = D, Py, . E “-1o0=E~10, and PyoTy =Ty
yield

Py oN=Py  E'OD-T,E' =E"'OD-T,E" =E"'D-THE" =N.

This means that InN C ImPy, ... Furthermore, the inequality D > 0 implies the fourth
condition in (4.44), since NM~! + Ty = (E™'D -~ T ET)ET"' + T, = E"'DET~! > 0.
Therefore, we proved that for a given D satisfying (4.56) and for any minimal conjoined
basis (X,U) on [a,c0) the matrices M and N in (4.57) satisfy the conditions in (4.44).
Consider now the solution (X U ) of (H) given by the initial conditions (4.43). From
Theorem 4.2.1 it follows that (X, U) is a minimal conjoined basis on [¢t,e0). Moreover, the
matrix 7y associated with (X,U) in Remark 2.1.6 then satisfies Ty, = M Ty M +MT N, by
(4.45). Finally, by using (4.57) we then obtain that Ty, = D. Therefore, the matrix D is a T-
matrix associated with the minimal conjoined basis (X,U) on [¢t,o0) withd[®, ) = d... W
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Remark 4.3.3. The result in Theorem 4.3.2 implies that the property of D being a T-matrix
for a conjoined basis (X, U) of (H) with constant kernel on [, ) with d[@, o) = dw does
not depend on the particular choice of such a point @ € [a,). This follows from the
fact that the conditions in (4.56) do not depend on ¢. At the same time, the proof of
Theorem 4.3.2 shows that the existence of a conjoined basis of (H) with constant kernel
on [a,0) with d[at, ) = d.. is equivalent with the existence of a conjoined basis of (H)
of the same type, which is associated with any 7T-matrix satisfying conditions (4.56).






Chapter 5

Principal and antiprincipal solutions at
infinity

In this chapter we introduce the concepts of principal and antiprincipal solutions at infinity
for possibly abnormal linear Hamiltonian systems and establish their existence, construc-
tion, and basic properties. In addition, in Section 5.3 we provide some applications of
these new results.

5.1 Principal solutions at infinity

In this section we define the principal solution at infinity for a nonoscillatory system (H).
We prove two main results about the principal solutions of (H) at infinity: (i) the existence
of principal solutions and their classification depending on their rank (Theorem 5.1.5), and
(i1) the construction of principal solutions (Theorem 5.1.10). The minimal possible rank
in the first item above then corresponds to minimal principal solutions of (H) at infinity,
which are discussed in Theorems 5.1.6 and 5.1.7. In contrast with the commonly accepted
fact, the principal solution is now not unique (up to a right nonsingular multiple), when its
rank is strictly greater than the rank of the minimal principal solution. By (3.16), the latter
quantity is equal to n — dw, Where d.. is the maximal order of abnormality of (H) on [a, o)
defined in (3.2).

Definition 5.1.1 (Principal solution at infinity). A conjoined basis (X,U) of (H) is said to
be a principal solution at infinity if there exists o € [a,oo) such that (X,U) has constant
kernel on [, o0) and its corresponding S-matrix S (¢) defined in (2.8) through the function
X (1) satisfies Siy (1) — 0 as 1 — oo, that is,

t
lim §3,(1) =0, where $q(1) = / Xt (s) B(s) X' (s5) ds. 5.1)
0 a

When it is clear from the context, we will drop the term “at infinity””. The two properties
of (X,U) in Definition 5.1.1, namely that (X,U) has constant kernel on [a,0) and that
St.(t) — 0 as t — oo with 8¢ (¢) in (5.1), are required to hold simultaneously.

Remark 5.1.2. Let (X, U) be a principal solution of (H) at infinity and let r be its rank from
(2.3). If r = n — dw, then the principal solution (X' U ) is called minimal, while if r = n, then

—67—
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(X,0) is called maximal. This terminology corresponds to the two extreme cases in formula
(3.16), which holds for the rank of any conjoined basis of (H) with constant kernel. We
will use a special notation (Xpin, Unmin) and (Xmax, Umax ) for the principal solutions of (H)
which are according to the above definition minimal and maximal, respectively. Moreover,
if n —d.. < r < n, then the principal solution (X,U) is called intermediate (of the rank
r). We note that the principal solution (Xmax, Umax) corresponds to the principal solution
developed by Reid in [30]. For this reason, the maximal principal solution (Xpax, Umax) is
sometimes also denoted as (Xz, Ug).

The following theorem shows that the property of being a principal solution of (H)
is inherited (in both directions) by the relation “being contained” introduced in Defini-
tion 3.2.1. This fact will later be utilized for the construction of principal solutions of (H)
at infinity.

Theorem 5.1.3. Assume (1.1). Let (X,U) be a principal solution of (H) at infinity with
respect to the interval [®, o). Then every conjoined basis of (H) with constant kernel on
[at,00), which is either contained in (X,U) on [o,) or which contains (X,U) on [a,),
is also a principal solution of (H) at infinity with respect to the interval (@, o).

Proof. The statement follows directly from Theorem 3.2.4 and Definition 5.1.1, since
the relation “being contained” for conjoined bases of (H) with constant kernel on [o, )
preserves the corresponding S-matrices. |

In the next result we show that a principal solution of (H) is necessarily associated with
an interval [¢t,0), on which the order of abnormality of (H) is maximal and that the initial
point & can be moved to the right side.

Theorem 5.1.4. Assume (1.1). Let (X,U) be a principal solution of (H) at infinity with
respect to the interval [0,). Then d[®,) = dw. and (X,U) is a principal solution also
with respect to the interval [3,0) for every B > c.

Proof. Let (X,U) be as in the theorem and let Sy (t), Ty and Py ., be the matrices in
(2.8), Remark 2.1.6, and (2.12) associated with (X,U) on [o, ). Then Ty = 0 and hence,
Im[P,  — Sa(t) Ty] = Im [Py o= Sa(t) Ty)" = ImP,,  forallt € [a, ). Therefore, the
condition in (4.35) is satisfied for conjoined basis (X,U) on [a,). Consequently, we
get d[ot,o0) = d|t,o0) for all 1 € [, ), or equivalently, d[c,0) = dw, by Theorem 4.1.12.
Finally, from Theorem 4.3.1(ii) we then know that the set ImTB is constant in f on [o, ).
Since Ty = 0, we have Tﬁ =0 for every B > a as well. Thus, (X,U) is a principal solution
of (H) at infinity with respect to [§,0) for every B > a, by Definition 5.1.1. [

In one of the main results of this work we establish the existence of principal solutions
of a nonoscillatory system (H). In fact, the nonoscillation of (H) is equivalent with the
existence of a principal solution with some (and hence with any) rank r between n — d..
and n.

Theorem 5.1.5. Assume (1.1). Then the following statements are equivalent.

(1) System (H) is nonoscillatory.
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(11) There exists a principal solution of (H) at infinity.

(iii)) For any integer r satisfying n —d- < r < n there exists a principal solution of (H)
at infinity with rank equal to r.

Proof. If (H) is nonoscillatory and Legendre condition (1.1) holds, then every conjoined
basis of (H) has eventually constant kernel. Without loss of generality, we assume that
o € [a,o0) is such that condition (3.3) holds and there exists a conjoined basis of (H) with
constant kernel on [, o). The results in Theorem 4.3.2 and Remark 4.3.3 then guarantee
the existence of a conjoined basis (X,U) of (H) with constant kernel on [c, ) such that
its corresponding matrix Ty in Remark 2.1.6 satisfies 7, = 0. Thus, (X, ) is a principal
solution of (H) at infinity, by Definition 5.1.1. Assume (ii) and let (X,U) be a principal
solution of (H) at infinity. According to Definition 5.1.1, there exists & € [a, o) such that
(X,U) is a conjoined basis of (H) with constant kernel on [, o) and its associated S-matrix
S« (1) satisfies (5.1). From Theorem 5.1.4 we get d[c, %) = d... Thus, by Theorem 3.2.11
for any integer r between n — d. and n there exists a conjoined basis (X,U) of (H) with
constant kernel and rank X (¢) = r on [0, ), such that (X, U) is either contained or contains
the principal solution (X,U/) on [e,). In turn, Theorem 5.1.3 implies that (X,U) is also
a principal solution of (H), i.e., condition (iii) holds. Finally, condition (iii) yields the
existence of a conjoined basis of (H) with eventually constant kernel, i.e., nonoscillatory
conjoined basis. This implies that system (H) is nonoscillatory as well. |

The following two theorems contain basic results about the minimal principal solutions
of (H) at infinity, which is a proper generalization of Reid’s (or Hartman’s, or Coppel’s)
principal solution to possibly abnormal linear Hamiltonian systems. In particular, in
Theorem 5.1.6 we show the uniqueness of the minimal principal solution. We remark
that this property is in a full agreement with the previous result in Theorem 3.3.4, namely
with (3.45), where we considered minimal conjoined bases of (H). Furthermore, in
Theorem 5.1.7 we provide a construction of the minimal principal solution at infinity from
a minimal conjoined basis of (H) on interval [o, o) satisfying condition (3.3).

Theorem 5.1.6. The minimal principal solution of (H) at infinity is unique up to a right
nonsingular constant multiple. More precisely, if (Xmin,Unin) is a minimal principal
solution of (H) at infinity, then a solution (X,U) of (H) is also a minimal principal solution
of (H) at infinity if and only if there exists a constant nonsingular matrix M € R™" such
that X(t) =X (t)M and U(t) = U (t) M on |a,).

Proof. Let (Xmin, Unin) and (X,U) be minimal principal solutions of (H) at infinity. Let
a, 0 € [a,%0) be such that (Xpin, Unin) is a minimal principal solution with respect to
[a,0) and (X,U) is a minimal principal solution with respect to [@p,ec). Without loss
of generality we may assume that oy = ¢, because shifting the initial point to the right
preserves the property of being a minimal principal solution at infinity, by Theorem 5.1.4.
In particular, (Xyin, Unin) and (X, U) are minimal conjoined bases on [, ). Let 2 and P be
the corresponding orthogonal projectors defined in (2.2) through Xin and X, respectively.
By (3.46), we have Im X, () = ImX (), which implies through Theorem 2.3.8 (with
(X1,U1) = (Xmin» Umin) and (Xo,Us) = (X,U)) that (Xpmin, Umin) and (X,U) are mutually
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representable on [, o) and

X Xmin Xla M
=5 - - on |, ),
()= (e o) (§) omlee
where the matrix M is constant and nonsingular, and ImN C ImP. Now, if §min(t) and
S(t) are the S-matrices corresponding to (Xmin, Unmin) and (X,U) on [o, o), then (3.50)
becomes

Sty =m"S!

L (OM+M'N forallt € (1;,00). (5.2)
Upon taking the limit as 7 — oo in (5.2) and using the fact that (Xpin, Unmin) and (X,U)
are minimal principal solutions at infinity, we get M’ N = 0 and consequently, N = 0.
This means that X (¢) = Xyin(t) M and U (t) = Upin (t) M on [e, ) and hence, on [a, ) by
uniqueness of solutions. Conversely, the solution X (¢) := Xpin (1) M and U (¢) := Upyin (t) M
with M constant and nonsingular is obviously a minimal conjoined basis on [, o) with
ImX (&) = ImXpip (). In particular, the (constant) Wronskian N of (Xpin, Unin) and
(X,U) satisfies N = 0. 1In turn, by (3.50) in Theorem 3.3.6 with B := «, (X{,U;) =
(Rumin, Umin)» (X2,Un) = (X,U), M5 := M, and N := N, we get that S (r) = M7 ST, (1) M

for t € (17,°0). Here S(¢) is the matrix in (2.8) corresponding to (X,U) on [o,0). Since

§;in(t) — 0 as t — oo, we get that ST(r) — 0 as t — o as well. Therefore, (X,U) is
a minimal principal solution of (H) at infinity. ]

Theorem 5.1.7. Assume that condition (1.1) holds and system (H) is nonoscillatory. Let
o € |a,o0) be such that d[o, ) = dw and there exists a conjoined basis of (H) with constant
kernel on [ot,). Then a solution (X,U) of (H) is a minimal principal solution at infinity
with respect to the interval [a,0) if and only if

-G men e

for some minimal conjoined basis (X,U) of (H) on [®,). Here (Xy,Uq) is a conjoined
basis of (H) satisfying (1.16) and (2.25) with B := a and the matrix Ty is defined in
Remark 2.1.6.

Proof. Let o be as in the theorem. If (X,U) is a minimal principal solution of (H) at
infinity with respect to the interval [, ), then it is a minimal conjoined basis on [¢t, o),
by Definitions 5.1.1 and 3.3.1 and Remark 5.1.2. Moreover, the associated matrix Ty, in
Remark 2.1.6 satisfies 7, = 0. Formula (5.3) then holds trivially with (X,U) := (X,0).
Conversely, let (X,U) be a minimal conjoined basis of (H) on [0,e0) and let S¢ () and Ty
be its corresponding matrices in (2.8) and Remark 2.1.6. Furthermore, let P and Py, ., be
the associated orthogonal projectors defined in (2.2) and (2.12). In particular, Py, ., = P,
by Remark 3.3.3. Consider the solution (Y U ) of (H) in (5.3). As we showed in the proof
of Theorem 4.1.6, (X,U) is a conjoined basis of (H) and KerX () = Ker [P — Sy (1) Ty]
on [a,0). Moreover, from Theorem 4.1.10 we then know that Ker [P — Sy (¢) Tp,] = Ker P
on [a,), because d[®, =) = d... Therefore, KerX = KerP on [&,0) and hence, the
conjoined basis (X,U) has constant kernel on [o,) and the corresponding orthogonal
projector P onto ImX” on [a,) satisfies P = P. Consequently, (X,U) is a minimal
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conjoined basis of (H) on [&,0). Let S4(#) be its corresponding S-matrix. From equation
(3.50) in Theorem 3.3.6 (with B := a, (X;,U)) := (X,U), (X2,Us) := (X,U), Myg =1,
and N1 = —T1j) we obtain the equality

St(1)=S8},(r) — Ty, forlarger. (5.4)

Finally, formula (5.4) implies that Y (t) — O fort — oo. This shows that (X, U/) is a minimal
principal solution of (H) at infinity with respect to the interval [0, ). |

In Theorem 5.1.6 we guarantee the uniqueness of the minimal principal solution of (H)
at infinity. In the following remark we show that the minimal principal solution is the only
one for which this property is satisfied. This result also indicates that nonunique principal
solutions of (H) will always exist as long as de > 1.

Remark 5.1.8. Let (X,U) be a principal solution of (H) with rank r satisfying n — d., <
r < n. Then (X,U) is unique up to a right nonsingular multiple if and only if r = n — d..,
that is, (X,U) is a minimal principal solution of (H). We shall prove by construction the
implication “=", as the opposite direction “<=" is contained in Theorem 5.1.6. Let (X U )
be a principal solution of (H) at infinity with respect to the interval [a, o) with the projectors
P and P, _in(2.2)and (2.12). Thend[a,o) = d-, by Theorem 5.1.4. Set M :=2I — P and

N:=P-— P 4, and define the solution (X,U) := (X,U)M + (Xo,Uqy) N on [, 0), where
(Xq,Uy) is the conjoined basis of (H) associated with (X,U/) in Theorem 2.2.5. Obviously,
the matrix M is nonsingular and PM = P. Since Ppy?am =P ., by (2.13), it follows that
MTN =P— Py o is symmetric. Thus, the matrices M and N satisfy conditions (3.21). This
shows that the solutions (X,U) and (X,U) are equivalent on [a,0), by Corollary 3.1.10
with (X,U) := (X,U) and (Xo,Up) := (X,U). Therefore, (X,U) is also a principal solution
of (H) with respect to [a,o0) with the same rank r. Now if (X,U) is unique up to a right
nonsingular multiple, then necessarily N = 0. This means that P = P . and hence, (X,0)
is a minimal conjoined basis on [o,), by Remark 3.3.3. But then d[o/,%) = d., which
yields that (X,U) is a minimal principal solution of (H) at infinity.

In the remaining part of this section we will present a construction of principal solutions
of (H) with all admissible ranks from the minimal principal solutions. This method utilizes
the properties of the relation “being contained” derived in Sections 3.2. Thus, we now
assume that system (H) is nonoscillatory and that (Xpin, Unin) is @ minimal principal
solution of (H) at infinity. Define the point &y, € [a, ) associated with (Xyin, Unnin) by

Olinin = inf{oc € la, o), (Xmin» Umin) has constant kernel on [a,oo)}. (5.5)

It is obvious that (Xyin, Unmin) has constant kernel on the open interval (&yn,0) and since
by Theorem 5.1.6 the minimal principal solution (Xmina lA/min) 1S unique up to a right non-
singular multiple, the point 0y, does not depend on the particular choice of ()?min, Umin).
The construction of principal solutions (X,U) of (H) is based on the choice of a point
€ (Omin, o), for which (X, U) has constant kernel on [, =), as it is required in Section 3.2.
However, we will show that the outcome of this construction, i.e., the principal solution
(X,0), is independent of .
First we prove that the property of being a minimal principal solution with respect to
the interval [@, o) (see Definition 5.1.1) is preserved within the interval (Qpin, ).
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Theorem 5.1.9. Assume (1.1). Let (XrnimUmin) be a minimal principal solution of (H)
at infinity with Oy defined in (5.5). Then d[a,) = dw and (Xpin, Unin) is a minimal
principal solution with respect to the interval [0, ) for every o € (Opin, o).

Proof. In order to simplify the notation and avoid double indices, we put (X,U) :=
(Xmins Unin)- Fix & € (Gin, o). According to (5.5), the minimal principal solution (X,U)
has constant kernel on [@,0). Then n—d[a, ) < rankX (¢) holds on [a,o), by (3.15).
On the other hand, since (X,U) is a minimal principal solution, we have by (3.16) that
rank X (1) = n—dw on [@,0). Thus, de < d[0t,o0), which implies that de. = d[@,0) by
the definition of d. in (3.2). Furthermore, let Sy (¢) be the S-matrix in (2.8) corresponding
to (X,U) on [e,e0) and let Ty, € R"*" be such that S}, (1) — Ty for t — 0. The equality
d[ot, ) = d., implies that (X,U) is a minimal conjoined basis on [, o). This means by
Remark 3.3.3 that the orthogonal projectors and P and Py, ., in (2.2) and (2.12) satisfy
Py, .. = P. Consider the solution (X,U) defined in (5.3). From Theorem 5.1.7 and its proof
it then follows that (X,U/) is a minimal principal solution of (H) with respect to [, )
and that X (1) = X (¢) [P — Sq(t) Ty] on [et,%0). On the other hand, from Theorem 5.1.6 it
follows that X (t) = X (¢)M and U(t) = U(t) M on [, ) for some constant and invertible
matrix M. Thus, we obtain X () [P —S(¢)T] = X(t)M on [ct,°). Multiplying the latter
equality by XT(¢) from the left and using the identities X7 (¢) X (t) = P and PSq(t) = Sq(t)
we get the equality P — Sq(¢) Ty = PM on [, o). Since Sy () = 0, we have P = PM. But
then X (t) = X (t)M = X (t) PM = X (t) on [, ). Therefore, the S-matrices for (X,U/) and
(X,U) coincide on [¢t, ), which yields that 7o, = 0. Hence, (X, U) is a minimal principal
solution of (H) with respect to [, o). |

The following theorem describes the construction of principal solutions of (H) from
the minimal principal solutions.

Theorem 5.1.10. Assume that (1.1) holds and system (H) is nonoscillatory with Omin
defined in (5.5). A solution (X,U) of (H) is a principal solution at infinity if and only if
(X,U) is a conjoined basis of (H) with constant kernel on (Oyin, ), which contains some
minimal principal solution of (H) on |[a,0) for some (and hence every) o € (Opin, o).

Proof. Let (X,U) be a principal solution of (H) at infinity. According to Definition 5.1.1,
there exists & € [a, o) such that (X, U ) has constant kernel on [¢, o) and the corresponding
matrix Sq(¢) defined in (2.8) satisfies Si;(r) — O for r — co. From Theorem 5.1.4 we
know that this property of Sy(¢) is preserved under shifting the point ¢ to the right.
Therefore, we may assume that & > O,i,. By using Theorem 5.1.4 again we have
d[ot,) = d. Consequently, by Theorem 3.2.11 there exists a conjoined basis (X, Us)
of (H) with constant kernel on [a,%) and with rank X, (¢) = n — dw on [¢t,e) such that
(X,U) contains (X,,Us) on [a,). In turn, Theorem 5.1.3 and Remark 5.1.2 imply that
(X,,U,) is a minimal principal solution of (H) with respect to the interval [o,e0). From
Theorem 3.2.12(i) we then obtain that (X, U) contains (X, U, ) also on [3,00) forall B > a.
It remains to show that (X,U) contains (X,,U,) on [,00) for all B € (Omin, ). Let us
fix such a point B. By Theorem 5.1.9, we know that (X.,U,) is a minimal principal
solution with respect to the interval [,90). On the one hand, this means that d[f3,) = dw
(by Theorem 5.1.4) and that (X;,Us) has constant kernel on [f,o0) (by Definition 5.1.1).
Consequently, (X,U) has constant kernel on [, ) according to Theorem 3.2.13(ii). On
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the other hand, Theorem 3.2.12(ii) implies that (X,U) contains (X.,Us) also on [f3,00).
This completes the proof of the first implication. Conversely, suppose that (X,U) is
a conjoined basis of (H) with constant kernel on (mpin, ). Let (Xmin, Umin) be a minimal
principal solution of (H) at infinity, which is contained in (X,U) on [ag,e) for some
0o > Omin. Since (Xmin, Umin) is @ minimal principal solution with respect to [, o) for
every & € (Gipin,0), it follows that (Xpin, Umin) has constant kernel on (@yin,0) and
d[o,) = d.., by Theorem 5.1.4. Consequently, Theorem 3.2.12 implies that (Xin, Upnin)
is contained in (X, U) on [0, ) for every o € (Omin, o). The fact that (X,U) is a principal
solution of (H) at infinity now follows from Theorem 5.1.3. |

Remark 5.1.11. From Theorem 5.1.10 it follows that every principal solution (X,U) of
(H) at infinity is a principal solution with respect to [o,o0) for every o € (Qpin,°). In
particular, this means that (X,U/) has constant kernel on (@py,,0), by Definition 5.1.1.
In addition, the orthogonal projector P, _ in (2.12) associated with (X,U) through the

function §(t) in (5.1) is the same for all initial points ¢ € (Oin,0), compare with the first
equality in (3.41).

5.2 Antiprincipal solutions at infinity

In this section we introduce the antiprincipal solutions of (H) at infinity and study their
properties. In particular, similarly as for principal solutions, we prove the existence of all
antiprincipal solutions at infinity with their rank between n — d.. and n for a nonoscillatory
system (H), and provide a construction of all antiprincipal solutions from the minimal
antiprincipal solutions (see Theorems 5.2.7 and 5.2.8).

Definition 5.2.1 (Antiprincipal solution at infinity). A conjoined basis (X,U) of (H) is
said to be an antiprincipal solution at infinity if there exists & € [a, o) with d[0,) = dw
such that (X,U) has constant kernel on [, ) and its corresponding matrix 7, defined in
Remark 2.1.6 satisfies rank 7y, = n — d.

Similarly, as for principal solutions of (H), we will often drop the term “at infinity” in the
terminology of antiprincipal solutions. The properties of (X, U ) in Definition 5.2.1, namely
that (X, U) has constant kernel on [, o) with d[@, o) = d. and that rank Ty, = n — d.. with
1y in Remark 2.1.6, are required to hold simultaneously. We can see from Theorem 4.3.2
that the antiprincipal solutions of (H) are defined by the maximal possible rank of the
associated matrix 7y, while the principal solutions of (H) in Definition 5.1.1 were defined
by the minimal possible rank of 7y (hence Ty, = 0).

In the following remark we introduce an analogous terminology and notation as in
Section 5.1 for principal solutions at infinity.

Remark 5.2.2. Let (X,U) be an antiprincipal solution of (H) at infinity and let r be its rank
from (2.3). If r = n — dw, then (X, U) is called a minimal antiprincipal solution at infinity,
while if r = n, then (X,U) is called a maximal antiprincipal solution at infinity. This
terminology corresponds to the two extreme cases in formula (3.16). As before, we will
use the notation (Xpin, Unin) and (Xmax, Umax) for the minimal and maximal antiprincipal
solutions of (H). Moreover, if n —dw < r < n, then the antiprincipal solution (X,U) is
called intermediate (of the rank r).
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The first result of this section contains a characterization of the antiprincipal solutions
of (H) in terms of the limit of Sy (¢) as t — oo.

Theorem 5.2.3. Assume (1.1). Let (X,U) be a conjoined basis of (H) with constant kernel
on [0t,00) C (Btin, o) With Oy defined in (5.5). Let So(t) and Ty be the matrices defined
in (2.8) and Remark 2.1.6. Then (X,U) is an antiprincipal solution of (H) at infinity if and
only if .

tlggSa(t) =T,. (5.6)
Proof. Let (X,U) and a be as in the theorem. From the definition of Gy, in (5.5) it follows
that condition (3.3) holds, thatis d[l, o) = dw,. Since S&; (1) — Ty ast — oo and rank Sj, (f) =
rank Sy (1) = n — d for large ¢ by (2.12) and (3.14), it follows from Remark 1.2.4(ii), in
which we take M(r) := Si (1) and M := Ty, that (X,U) is an antiprincipal solution of (H)
at infinity if and only if (5.6) holds. |

Remark 5.2.4. Condition (5.6) in Theorem 5.2.3 can be replaced by the weaker (but
equivalent) condition, which is only the existence of the limit of S¢(#) for # — co. This can
be also seen from Remark 1.2.4(ii).

In the next statement we show that the initial point @ in Definition 5.2.1 can be
arbitrarily moved to the right side. This corresponds to the situation with the principal
solutions of (H) at infinity in Theorem 5.1.4.

Theorem 5.2.5. Assume (1.1) and let (X,U) be an antiprincipal solution of (H) at infinity
with respect to the interval [@,o0). Then (X,U) is an antiprincipal solution also with
respect to the interval [3,0) for every B > a.

Proof. Let (X,U) be as in the theorem and let 7y, be the matrix in Remark 2.1.6 associated
with (X,U) on [at,0). By Definition 5.2.1, we have that condition (3.3) holds and rank Ty, =
n — ds. Using similar arguments as in the second part of the proof of Theorem 5.1.4 we
obtain that rank 73 = rank 7, = n — d. for all § € o, ). This then shows that (X,U) is
an antiprincipal solution of (H) at infinity also with respect to [,0) for every B > a, by
Definition 5.2.1. |

Next we present an analogue of Theorem 5.1.3 for the antiprincipal solutions of (H) at
infinity. We omit the proof because it is based on exactly the same arguments as the proof
of Theorem 5.1.3.

Theorem 5.2.6. Assume (1.1). Let (X,U) be an antiprincipal solution of (H) at infinity
with respect to the interval [o,). Then every conjoined basis of (H) with constant kernel
on [@, o), which is either contained in (X,U) on [a, o) or which contains (X,U) on [0, ),
is also an antiprincipal solution of (H) at infinity with respect to the interval [, o).

In the following result we characterize the nonoscillation of system (H) in terms of
the existence of antiprincipal solutions of (H) at infinity with any rank between n — d..
and 7 in the same spirit as in Theorem 5.1.5 for the principal solutions. We note that
in contrast with the minimal principal solutions of (H) in Theorem 5.1.6, the minimal
antiprincipal solutions of (H) are not in general unique (up to a right nonsingular multiple),
see Remark 5.2.11 below.
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Theorem 5.2.7. Assume (1.1). Then the following statements are equivalent.
(1) System (H) is nonoscillatory.
(i1) There exists an antiprincipal solution of (H) at infinity.

(iii) For any integer r satisfying n — d.. < r < n there exists an antiprincipal solution of
(H) at infinity with rank equal to r.

Proof. 1f (H) is nonoscillatory, then by Theorem 4.3.2 for any symmetric and nonnegative
definite matrix D with rank D = n — d.. there exists a conjoined basis (X,U) of (H) with
constant kernel on [0, o) for some o € [a,o0) with d[&, o) = d. so that its corresponding
matrix 7y in Remark 2.1.6 satisfies 7, = D, i.e., rank Ty = n — dw. By Definition 5.2.1,
we then have that (X,U) is an antiprincipal solution of (H) at infinity. Suppose now that
(ii) holds and let (X,U) be an antiprincipal solution of (H) at infinity, i.e., there exists
o € [a,oo) such that (3.3) holds, (X,U) is a conjoined basis of (H) with constant kernel
on [a,c0), and its associated matrix T, satisfies rank Ty = n — dw. By Theorem 3.2.11,
for any integer r between n — d.. and n there exists a conjoined basis (X, ) of (H) with
constant kernel and rankX (t) = r on [@,) and such that (X,U) is either contained or
contains (X,U) on [@,). Therefore, (X,U) is also an antiprincipal solution of (H),
by Theorem 5.2.6, showing part (ii1). Finally, if (ii1) is satisfied, then system (H) is
nonoscillatory, by Proposition 1.5.3. [

In the next result we provide a construction of all antiprincipal solutions of (H) at
infinity from minimal antiprincipal solutions. This corresponds to Theorem 5.1.10, where
the principal solutions of (H) were considered.

Theorem 5.2.8. Assume that (1.1) holds and system (H) is nonoscillatory with Oy, defined
in (5.5). A solution (X,U) of (H) is an antiprincipal solution at infinity if and only if (X,U)
is a conjoined basis of (H), which contains some minimal antiprincipal solution of (H) at
infinity on [0, ) for some o € (Opin, o).

Proof. Let (X,U) be an antiprincipal solution of (H) at infinity. This means by Defini-
tion 5.2.1 that (X, U) is a conjoined basis with constant kernel on [¢t, «) for some ¢ € [a, )
satisfying (3.3) and the corresponding matrix 7y in Remark 2.1.6 satisfies rank 7y, = n — dw.
By Theorem 5.2.5, we may assume that & > @,j,. From Theorem 3.2.11 we know that
there exists a conjoined basis (Xi,Us) of (H) with constant kernel on [@,0) and with
rank X, (1) = n — d. on [@,c0) such that (X,U) contains (X,,Us) on [@,c0). In turn, by
Theorem 5.2.6 and Remark 5.2.2, we have that (X, U,) is a minimal antiprincipal solution
of (H) with respect to the interval [o;,0). Conversely, if (X,U) is a conjoined basis of (H)
with constant kernel on [o¢,o0) C (@min, o) and such that (X,U) contains some minimal
antiprincipal solution of (H) on [o,0), then (X, U) is also an antiprincipal solution of (H),
by Theorem 5.2.6. |

In the following result we present an interesting class of antiprincipal solutions at
infinity. In particular, the principal solutions at the points o > @i, are examples of
minimal antiprincipal solutions at infinity (see Examples 7.1.1-7.1.3). This observation
also reveals the complicated structure of the set of all antiprincipal solutions at infinity, see
Remark 5.2.11 below.
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Proposition 5.2.9. Assume that (1.1) holds and system (H) is nonoscillatory with Ouin
defined in (5.5). Then for every ot > Oy the principal solution (Xa, Ua) at the point o is
a minimal antiprincipal solution of (H) at infinity.

Proof. Let o > Oy, be fixed. From Theorem 5.1.5 we know that there exists the
minimal principal solution (Xpin,Unmin) of (H) at infinity with constant kernel on the
interval (@pin,o0). In order to simplify the notation, we put (X,U) := (Xq,Uy) and
(X,0) := (Xmin, Unin)- Let P, R(t), Sa (), and P, __ be the matrices in (2.2), (2.1), (2.8),
(2.12), and Remark 5.1.11 defined through the function X(¢) on [o, ). In particular,
P= Py - By Theorem 3.1.2 with 3 := a, we have

X(t) =X(t)Se(t) X7 (@), rankSy(r) =rankX (1) =n—dlo,1], t€[a,=). (5.7)

Let B > o be such that (X,U) has constant kernel on [3,e0) and d|a,t] = d|a, o) for all
t > B. Thenrank X (1) =n—d[ot, 0| = n—d. on [B, ), by Theorem 5.1.9. Therefore, from
the second formula in (5.7) we obtain that rank Sy (f) = 1 — dw on [B,0). Consequently,
ImSg (1) = ImP,  on [B,e°), by the definition of P, _ in (2.12). We will show that

X'0) =X ()8, X7 (1), 1€ [B,). (5.8)
Setting M := X (1) Sq (1) X7 (o) and N := X 17 (o) S}, (1) X ¥ (¢) for fixed 7 € [B,o0), we verify
that the four equations in (1.13) are satisfied. The identities X7 (¢)X(t) =P, X(t) X7 (¢) =
R(t), and S} (t) Sa(t) = Sa(t) Sh(t) = P, imply that NM = R(ct) and MN = R(t) are

symmetric. Moreover,

A

NMN = (VM)N = Ro) X7 (o) S} (1) =X (@) S} ' (1) = N,
MNM = (MN)M = R(t) (1) Sa) X7 (o) = X (1) Sut) £ (ct) = M.

It follows from Remark 1.2.3(i) that M" = N and hence, formula (5.8) holds. Now we
construct the matrix Sg(#) in (2.8) through the function X (¢), that is,

/XT (5)X T (5)ds, t€[B,oo). (5.9)

A

Inserting (5.8) into (5.9) and using the equality S, (t) = XT(t) B(t) X" (¢) on [B,) and
Remark 1.2.4(i) with M(t) := S, (t), we obtain

S5(1) =X (@ /S' $h(s)ds X ()

X (a) | [8i(5)]) ds XT(ax 5.10
()/B[(s)]s() (5.10)
on [3,00). Performing the integration in (5.10) yields the formula

Sp(r) =X (@) [S§(B) — $5,()]XT(e0), 1€ [B,). (5.11)

Finally, since 8}, (1) — 0 for r — oo, equality (5.11) implies that the function S 5(t) has the

limit X7 (o) §%,(B) X T (x) as t — co. Thus, according to Remark 5.2.4 and Theorem 5.2.3
the conjoined basis (X,U) is an antiprincipal solution of (H) at infinity. And since the
matrix X(¢) has the minimal rank n — dw on [B,%0), (X,U) is a minimal antiprincipal
solution, by Remark 5.2.2. |
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Remark 5.2.10. Note thatby (5.6) the matrix 7 in Remark 2.1.6 associated with (X, U ) sat-
isfies TﬁT = X' () 8},(B) X" (x) and hence, I = X(a)So(B)XT (o) by Remark 1.2.3(i).
This additional information is however not needed in the proof of Proposition 5.2.9.

Remark 5.2.11. The result of Proposition 5.2.9 shows that in contrast to the minimal
principal solution of (H) at infinity (Theorem 5.1.6), a minimal antiprincipal solution of
(H) at infinity is not uniquely determined. Thus, one cannot expect to have a unifying
classification of all minimal antiprincipal solutions at infinity in the spirit of Theorem 5.1.6.
Moreover, the nonuniqueness of minimal antiprincipal solutions implies the same property
for all antiprincipal solutions with higher ranks.

5.3 Applications

In the last section of this chapter we present several applications of the results about
(anti)principal solutions of (H) at infinity. First, we discuss a completely controllable and
nonoscillatory system (H). In this case dw = 0 in (3.2) and from (3.16) it follows that the
rank of conjoined bases of (H) with constant kernel can be equal to r = n only, compare
also with Remark 3.1.5. Thus, the notions of the minimal and maximal (anti)principal
solutions of (H) at infinity coincide. This means that there is only one type of (anti)principal
solutions of (H), i.e., the (anti)principal solutions (X,U) with X (¢) invertible for large 7,
see also Example 7.1.1. In this case we obtain the traditional concept of the principal
and antiprincipal solutions of a nonoscillatory system (H) displayed in Definition 1.4.3 in
Section 1.4, see Reid’s or Hartman’s or Coppel’s principal solution at infinity in [29], [31,
Section VII.3], [16, Section XI.10], or [6, Section 2.2] and Ahlbrandt’s antiprincipal
solution at infinity in [1], as well as the result in Proposition 1.4.4.

Corollary 5.3.1. Assume that (1.1) holds and (H) is completely controllable. Then the
Jfollowing statements are equivalent.

(1) System (H) is nonoscillatory.

(ii) There exists a principal solution (X,U) of (H) at infinity with rank equal to n, i.e.,
with X (t) eventually invertible.

(iii) There exists an antiprincipal solution (X,U) of (H) at infinity with rank equal to n,
i.e., with X (t) eventually invertible.

In this case, all principal solutions, as well as all antiprincipal solutions of (H) have rank
equal to n. The principal solution ()2 U ) is unique up to a right nonsingular multiple.

Proof. The results follow directly from Theorems 5.1.5, 5.2.7, and 5.1.6. [

The second application of Theorems 5.1.5 and 5.2.7 concerns the existence of principal
and antiprincipal solutions for two linear Hamiltonian systems. With system (H) we
consider another system

X =A)x+Bt)u, u =C@t)x—AT(t)u, t € [a,), (H)
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where A, B,C : [a,o0) — R"™ " are piecewise continuous functions such that B(¢) and C(t)
are symmetric on [a, ). We define on [a, o) the symmetric 2n X 2n matrices

_ (—C@) AT(r) 2. (—Ct) AT(1)
%(I)'_(A(t) B(t))’ %(’)'—(A(r) B(t))'

Corollary 5.3.2. Assume (1.1) and € (t) < H for all t € [a,). If system (H) has
an (anti)principal solution at infinity, then for every integer r between n — d- and n also
system (H) has an (anti)principal solution at infinity with rank r.

Proof. From (1.1) and the inequality .7 (t) < JZ(t) on |a,o) it follows that B(t) > 0
on [a,%). By Theorems 5.1.5 and 5.2.7 applied to (H), we know that system (H) is
nonoscillatory. In turn, by [40, Theorem 2.6], we get that system (H) is nonoscillatory as
well. The conclusion now follows from Theorems 5.1.5 and 5.2.7 applied to (H). ]

The last result of this section contains a construction of (anti)principal solutions of
(H) with given rank from the (anti)principal solutions of systems with lower dimensions
(see Example 7.1.5). Therefore, with system (H) we consider another linear Hamiltonian
system

X =A)x+Bt)u, u =C@t)x—AT(t)u, t € la,o), (H)
where A(t), B(t), C(t) are given n X n piecewise continuous matrices on [a, o) such that
B(t) and C(t) are symmetric and

B(t) >0 onJa,). (5.12)
From systems (H) and (H) we construct the “augmented” linear Hamiltonian system
X =A% +B. (s, U, =Co(t)xs —AL (Du.,  1€a,), (H.)

where A, By, C, € Cp are (n+n) x (n+n) matrices defined on [a, ) by

ai= ("0 0) mo=" 40) co=(% 4) 6

Theorem 5.3.3. Assume that the Legendre conditions (1.1) and (5.12) hold and that the
systems (H) and (H) are nonoscillatory. If (X,U) and (X,U) are principal solutions of
(H) of (H) at infinity with rank equal to r and r, respectively, then the pair (X.,U.) defined
by

R.(t) = (X(()t) X(()t))’ 0.(t) := <U(§’) Q?t))’ € [a,00), (5.14)

is a principal solution of system (H..) at infinity with rank equal to r+r. Similarly, if (X,U)
and (X,U) are antiprincipal solutions of (H) of (H) at infinity with rank equal to r and r,
respectively, then the pair (X.,U,) defined by

X.(1) = (X(()t> )_((()t)), Ui () = (Uét) Q(()l))’ tefa,»),  (5.15)

is an antiprincipal solution of system (H..) at infinity with rank equal to r +r. Moreover,
the principal and antiprincipal solutions (X*,U*) and (X.,U,) constructed in (5.14) and
(5.15) are minimal (maximal) if and only if the principal and antiprincipal solutions (X U ),
(X,0) and (X,U), (X,U) are minimal (maximal).
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Proof. We will focus only on the proof of the case of principal solutions, since for the case
of antiprincipal solutions one can use exactly the same arguments. Let (X,U) and (X,U)
be as in the theorem. By Definition 5.1.1 and Theorem 5.1.4, there exists ¢ > a such
that (X,U) and (X,U) are principal solutions of (H) and (H) with respect to the interval
[a,00) and that rank X (t) = r and rankX (¢) = r on [&,0). It is easy to see that the pair
(X, U.,) defined in (5.14) is a conjoined basis of (H.) with constant kernel on [ct, ) and
with rank X, (1) = r+r on [a,). Now, if S(¢), S(¢), S.(¢) are the matrices in (2.8) with

=

B := o corresponding to (X,U), (X,0), (X.,U.), respectively, then
a . SA(Z) 0 at . SAT(Z‘) 0
S*(t) - < 0 S(t)) ) S*(t) - < 0 S(I) , L€ [OC, ) (516)

Since §7(t) — 0 and §7(r) — 0 for  — oo, by Definition 5.1.1, it follows from (5.16) that
ST(1) — 0 for t — oo as well. Therefore, (X,,U,) is a principal solution of system (H,)
at infinity. Moreover, if d[o,0) and d[o, ) are respectively the orders of abnormality
of systems (H) and (H) on [ct, ), then the order of abnormality d[ct, o) of system (H.,)
on [or,) is equal to d[a,0) +d[o,e0). This follows from the block structure of the
coefficients A.(f) and B.(t) in (5.13), which implies that the space A.[o, ), defined in
Section 3.1 for system (H..), consists of the function u, = (u”,u’ )T with u € Ala, ) and
u € Ao, ). In particular, the maximal order of abnormality of (H..) is equal to the sum of
the maximal orders of abnormality of systems (H) and (H), i.e., dyo = dw +d... Therefore,
the conjoined basis (X*,U*) of (H.) defined in (5.14) is a minimal (maximal) principal
solution of (H.) if and only if (X, ) and (X,U) are minimal (maximal) principal solutions
of (H) and (H). [ |

Remark 5.3.4. Note that the converse in Theorem 5.3.3 does not hold in general, i.e.,
principal and antiprincipal solutions of (H.) at infinity do not need to have the block
diagonal form displayed in (5.14) and (5.15), see Example 7.1.4.






Chapter 6

Genera of conjoined bases and limit
properties of principal solutions

In this chapter we provide a completion of the theory of (anti)principal solutions of (H) at
infinity. In particular, a deeper study of the relation “being contained” in Section 6.1 reveals
an ordering on the set of all conjoined bases of (H) with constant kernel. Furthermore, in
Section 6.2 we discuss the solvability of a certain system of algebraic matrix equations,
which can be viewed as a continuation of the study in Section 3.2. Finally, in Section 6.3
we introduce a new concept of a genus of conjoined bases of (H), as a fundamental tool for
the classification of conjoined bases, as well as (anti)principal solutions of (H) according to
the image of their first component. These results are then utilized in a limit characterization
of principal solutions of (H) at infinity in Section 6.4.

6.1 Ordering between equivalence classes

In this section we study the relation “being contained” for conjoined bases of (H) in
Definition 3.2.1 in a more detailed way. In particular, we develop an extension of this
relation to certain equivalence classes of conjoined bases of (H) and provide its basic
properties. We show that the extended relation is an ordering (Theorem 6.1.9) and that the
minimal elements of this ordering correspond to equivalence classes of minimal conjoined
bases, while the maximal elements of this ordering are determined by the conjoined bases
(X,U) of (H) with invertible X (z) (Theorem 6.1.14).

Definition 6.1.1. Let (X,U) be a solution of (H). By the equivalence class corresponding
to (X,U) on [a,o) we mean the set denoted by [(X,U)] of all conjoined bases of (H)
which are equivalent with (X,U) on [ot,). By the kernel of the nonempty equivalence
class [(X,U)] we mean the kernel of the solution (X,U) on [, ). The set of all nonempty
equivalence classes of (H) with constant kernel on [, ) will be denoted by &'[a, ).

Remark 6.1.2. (i) It is easy to see that a solution (X,U) of (H) belongs to the equivalence
class [(X,U)] if and only if (X,U) is a conjoined basis.

(ii) If [(X,U)] is a nonempty equivalence class corresponding to a solution (X,U) of
(H) on [, o), then [(X,U)] corresponds also to each conjoined basis (Xo,Up) € [(X,U)],
because in this case Xy(z) = X(¢) on [o,%0). Therefore, we may assume without loss of
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generality that nonempty equivalence classes always correspond to conjoined bases of (H).
The kernel of the equivalence class [(X,U)] then obviously does not depend on the choice
of (X(),Uo) in [(X, U)]

(iil) If [(X,U)] € &[a,=), then we associate with [(X,U)] the unique orthogonal
projectors P and R(¢) in (2.2) and (2.1), the function S(f) in (2.8), and the orthogonal
projector Py, ., in (2.12), which are defined through any conjoined basis (Xo, Up) in [(X,U)].

The following lemma contains some auxiliary results about the equivalence of two
solutions of (H). In particular, we show the invariance of this relation with respect to the
multiplication from the right by a constant square matrix.

Lemma 6.1.3. Let (X;,U;) and (X2,U,) be two solutions of (H) with the corresponding
equivalence classes [(X1,Uy)] and [(X»,U;)] on [o,). Then for any constant matrix
M € R"™" the following statements hold.

() If (X1,U1) ~ (X2,U3) on [at,00), then also (X;M,UM) ~ (XoM,U,M) on |, o).
(i) If [(X1,U01)] = [(X2,U,)] # 0, then also (XM, UM)| = [(XoM,UM)].

Proof. Part (i) follows trivially from the definition of the relation ~ (see Definition 3.1.6).
In part (ii) there is a conjoined basis (X,U) such that (X,U) ~ (X;,U;) and (X,U) ~
(X2,U3) on [at,0). But since ~ is an equivalence, we get (X;,U;) ~ (X2,U) on [@, o).
Hence, (XM, U;M) ~ (XoM,U,M) on [, o), by part (i), and the equality [(X;M,U;M)] =
[(XoM,U,M)| follows from Definition 6.1.1. |

Note that in part (i) of Lemma 6.1.3 it is sufficient to assume that [(X;,U;)] N
[(X2,U>)] # 0 for the same conclusion. In the next theorem we prove that the relation
“being contained” for conjoined bases of (H) is preserved for the equivalence classes of
(H) with constant kernel on [, ), i.e., for the set &[0, ).

Theorem 6.1.4. Assume (1.1). Let [(X,U)] € &[ct,o0) and let P and Py, ., be the orthogonal
projectors defined in (2.2) and (2.12). Consider an orthogonal projector P, satisfying
(3.26). Then a conjoined basis (X.,Us) of (H) is contained in the conjoined basis (X,U)
on [ot, ) with respect to P. if and only if (X.,Uy) is contained in each element of [(X,U)]
with respect to P.. In addition, all conjoined bases of (H) which are contained in (X,U)
on [0, o) with respect to P, form a unique equivalence class in &[ot,).

Proof. Let (Xi,Us) be a conjoined basis of (H) which is contained in (X,U) on [o,)
with respect to P.. This means, by Definition 3.2.1, that (X,,Us) ~ (XP.,UP.) on [¢,).
If (Xo,Up) € [(X,U)] is any conjoined basis, then (Xo,Up) ~ (X,U) on [a,0) and conse-
quently, (XoP.,UpP.) ~ (XP.,UP.) on [o,) by using Lemma 6.1.3(i). Therefore, (X, U;)
is equivalent with the solution (XoP.,UpP.) on [, o), which implies that (X,,U,) is con-
tained in (Xo,Up) on [ar,o0) with respect to P.. The opposite direction follows trivially
from Remark 6.1.2(i). Furthermore, the transitivity of the relation ~ implies that if (X,U)
contains a conjoined basis (X, U;) on [¢, ) with respect to P, then (X,U) contains with
respect to P. every conjoined basis of (H) which is equivalent with (X, U,) on [¢t,o). This
fact also implies that every two conjoined bases of (H) which are contained in (X,U) on
[or,0) with respect to P, are equivalent on [¢r,c). Therefore, all conjoined bases of (H)
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contained in (X,U) on [, o) with respect to P. form a unique equivalence class of (H) on
[@,00). According to Theorem 3.2.7, this class is nonempty and has a constant kernel on
[@,0) and hence, it belongs to &[@, ), by Definition 6.1.1. |

Remark 6.1.5. The proof of Theorem 6.1.4 shows that the equivalence class of all
conjoined bases of (H) contained in (X,U) on [¢t,0) with respect to P. is equal to
[(XP.,UPR,)] € &|a,o=). Note that in the sense of Remark 6.1.2(iii) the orthogonal projector
P. is associated with the class [(XP.,UP.)| by (3.27) and (2.2), as well as the orthogonal
projector Py, is associated with [(XP,,UP,)] by Theorem 3.2.4.

The results in Theorem 6.1.4 allow to extend the relation “being contained” to the set
&a,00) in Definition 6.1.1.

Definition 6.1.6. Let [(X,U)] € &[a, ) and let P and Py, .. be the orthogonal projectors
in (2.2) and (2.12), which are associated with [(X,U)]. Consider an orthogonal projector
P. satisfying (3.26). We say that the equivalence class [(X;,Us)] € &|a,0) is contained
in the class [(X,U)] with respect to P, if [(X,,Us)] = [(XP.,UP.)]. In this case we write
(X, U)] = [(X,U)].

Alternatively, we say that the class [(X,U)] contains the class [(X., U, )] with respect to
P.. We will also drop the orthogonal projector P. when it is clear from the context which
projector P. is considered, as we comment in Remark 6.1.7(i1) below.

Remark 6.1.7. (i) Let (X,U), P, P, be as in Definition 6.1.6. Then for every orthogonal
projector P. satisfying (3.26) there exists a unique equivalence class [(X,,U,)] € &[ot, )
such that [(X,,U,)] = [(X,U)] with respect to P.. This is a direct consequence of Defini-
tion 6.1.6 together with Remark 6.1.5 and Theorem 6.1.4. These results also imply that with
respect to Remark 6.1.2(iii) the orthogonal projectors P, and Py, .. = Py, ., are associated
with the equivalence class [(X,, Uy )]. In particular, for P. = P we have [(X,,Us)] = [(X,U)],
since in this case the solutions (XP,,UP.) = (XP,UP) and (X,U) are equivalent on [ct, ),
i.e., they determine the same equivalence class in &'[a, ).

(ii) On the other hand, if [(Xi,Us)] is any equivalence class from &, o) with the
corresponding orthogonal projector P. defined in (2.2) through the function X, (¢), then the
relation [(X,,Us)] = [(X,U)] means that P. satisfies (3.26) and [(X,,Us)] = [(XP.,UR.)],
i.e. the equivalence class [(X., U;)] is contained in [(X, U )] with respect to the projector P..

Remark 6.1.8. The result in Theorem 3.2.10 in Section 3.2 implies that every equivalence
class from &[a@, o) is contained in some element of &', 0). More precisely, if [(X;,Us)]
is a nonempty equivalence class with constant kernel on [@,0) and P. and R,(t) are
the associated matrices in (2.2) and (2.1), then for any orthogonal projectors F, and Ry
satisfying (3.34) there exists an equivalence class [(X,U)] € &|a, ) such that [(X;, Us)] <
[(X,U)] and its corresponding matrices P and R(r) defined in (2.2) and (2.1) satisfy P = Py
and R(at) = Rg.

The next theorem shows that the relation “being contained” for equivalence classes of
conjoined bases of (H) introduced in Definition 6.1.6 is an ordering on &', ).

Theorem 6.1.9. Assume (1.1). The relation =< from Definition 6.1.6 is an ordering on the
set & [Oc , 00), i.e., it is reflexive, antisymmetric, and transitive on & [a, 00).
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Proof. Reflexivity: Let [(X,U)] € &[a,oo) and let P be the orthogonal projector defined
in (2.2). Then XP = X, so that (X,U) ~ (X,UP) = (XP,UP) and hence [(X,U)]| =
[((XP,UP)|. According to Definition 6.1.6 we then have [(X,U)] =< [(X,U)] with respect
to projector P.

Antisymmetry: Let [(X1,U))], [(X2,U>)] € &, o) and let P, and P, be the orthogonal
projectors defined in (2.2) through the functions X;(¢) and X,(¢), respectively. Sup-
pose that [(X1,U))] = [(X2,U>)] and [(X2,U>)] < [(X1,U;)]. From Definition 6.1.6 and
Remark 6.1.7(ii)) we get that P, = P, and consequently [(X;,U;)] = [(X2,U2)], by Re-
mark 6.1.7(1).

Transitivity: Let [(X1,Uy)], [(X2,02)], [(X3,U3)] € &[or,) and let Py, P, P3 and
Py, 00 Py 000 Py o0 bE their associated orthogonal projectors as in (2.2) and (2.12) with
the functions X (¢), Xa(¢), X3(¢), respectively. Suppose that [(X;,U;)] < [(X2,U>)] and
[(X2,U,)] = [(X3,U3)]. Then by Definition 6.1.6 and Remark 6.1.7 we have

ImPgy o =ImPy, o =ImPgy, . CImP CImP, C ImP5. (6.1)

This implies that P = P,P;. In addition, from Remark 6.1.5 we obtain the equalities
[(X],U])] = [(X2P1,U2P1)] and [(Xz,Uz)] = [(X3P2,U3P2)], which, by Lemma 613(11)
with M = Py, yield that [(X,Py,UsPy)| = [(X3PP1,UsPyPy)]. Therefore,

[(X1,U1)] = [(XaP1,UxP1)| = [(X3P2 Py, UsPPy)| = [(X3P, UsPy ).

And since ImPy, ., C ImP; C ImP3 by (6.1), we have that [(X1,U;)] = [(X3,U3)] with
respect to projector Py, compare with Remark 6.1.7(i1). ]

Remark 6.1.10. (i) Every principal solution (X,U) of (H) with respect to the interval
[at,00) defines a nonempty equivalence class [(X,U)] € &[a, ). Such equivalence classes
in &[a,0) will be called principal. The result in Theorem 5.1.3 then implies that the
equivalence classes from &'[o, ), which are either contained in [(X,U/)] or which contain
[(X,0)], are also principal equivalence classes. Therefore, if we denote by &p[ct, ) the
set of all principal equivalence classes from &', 0), then &p[at, o) is an isolated ordered
component of &[a, o).

(ii) Similarly, all antiprincipal solutions (X,U) of (H) at infinity with respect to [, oo)
generate antiprincipal equivalence classes in &[a,o0) which, by Theorem 5.2.6, form an
isolated ordered component &4 ¢, o).

The following theorem shows that the ordering of two classes of the set &’[a,oo)
with common upper bound is determined only by the ordering of the images of their
corresponding orthogonal projectors defined in (2.2) with respect to the inclusion.

Theorem 6.1.11. Let [(X,U)], [(X,Us)], [(Xix,Uss)] € &]0t,0) and let P, P. and P, be
the orthogonal projectors defined in (2.2) through the functions X (t), X, (t) and X..(t),
respectively. Furthermore, suppose that

(X, U] 2 [(X,U)] and - [(Xes, Un) ] 2 [(X,U))]- (6.2)

Then [(Xus, Ui )] = [(Xi, Uy )] if and only if Im P, C ImP..
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Proof. According to Definition 6.1.6 and Remark 6.1.5 the inequalities in (6.2) yield
(X, Un)] = [(XP,UR)] and - [(Xes, Usk)] = [(X P, UP). (6.3)

Now if [(Xix, Usx )] = [(Xi, Us)] then the inclusion Im P.. C Im P. holds, by Definition 6.1.6.
Conversely, the inclusion Im P, C Im P, means that P, = P.P... By using Lemma 6.1.3(ii),
the equalities in (6.3) then imply that

Finally, formula (6.4) means that [(X., U..)] = [(X.,U,)], by Definition 6.1.6. |
It is convenient to introduce the following notion.

Definition 6.1.12. An equivalence class [(X,U)] € &[ct,0) is said to be minimal (or it is
a minimal equivalence class) if (X,U) is a minimal conjoined basis of (H) on [ct, ).

Remark 6.1.13. Alternatively, an equivalence class [(X,U)] € &[, ) is minimal if and
only if the projectors P and Py, .. associated with (X,U) through (2.2) and (2.12) satisfy
Py, .. = P. This observation follows from Remark 3.3.3.

We now recall a standard terminology for ordered sets (.#,=), see e.g. [27, Sec-
tion XIV.1]. Namely, an element x € .# is minimal with respect to the ordering < if
y € A and y < x imply y = x. Similarly, an element x € .# is maximal with respect to the
ordering < if y € ./ and x <y imply x = y. In this context, the following theorem shows
that minimal equivalence classes correspond to the minimal elements of &[o, ), while
the equivalence classes [(X,U)] with X (¢) invertible on [a,0) correspond to the maximal
elements of & [, o) with respect to the ordering <.

Theorem 6.1.14. Assume (1.1). Then the following statements hold.

(i) An equivalence class [(X,U)] € &[a,0) is minimal if and only if it is a minimal
element of the set &[ot,) with respect to the ordering <. Moreover, for every
equivalence class [(X,U)] € &[a,0) there exists a unique minimal equivalence
class [(X.,U,)] € &, 00) such that [(X.,U,)] < [(X,U)].

(ii) An equivalence class [(X,U)] € &[at,0) is a maximal element of &[at,o0) with
respect to the ordering < if and only if the function X (t) is invertible on [, ).
Moreover; for every equivalence class [(Xi,U,)] € &[0, 0) there exists a maximal
element [(X,U)] € &[a,) such that [(X.,U.)] = [(X,0)].

Proof. (i) Let [(X,U)] € &]a,°) be a minimal equivalence class with the projectors P
and Py, defined in (2.2) and (2.12). Then Py, ., = P, by Remark 6.1.13. Furthermore,
let [(Xi,Us)] € &[a,0) be such that [(X;,U,)] < [(X,U)] and let P. and Py, ., be its
associated orthogonal projectors defined in (2.2) and (2.12) through the function X.(7).
Then ImPy, .. € ImP, C ImP = ImPy, ., by Remark 6.1.7(ii). Since rankPy, ., =
rank Py, .., we have Im P, = Im P and consequently P, = P. According to Remark 6.1.7(1),
the last equality implies that [(X.,U,)] = [(X,U)]. Therefore, [(X,U)] is a minimal element
of the ordered set &', o). Moreover, from Definition 6.1.6 and Remarks 6.1.5 and 6.1.13
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it follows that for any [(X,U)] € &[a, o) the equivalence class [(X,,U,)] € &]a, ) which
is contained in [(X,U)] with respect to the projector Py, ., is a minimal equivalence class.
The uniqueness of [(X., Ui )] is then guaranteed by Remark 6.1.7(i). In particular, if [(X,U)]
is a minimal element of the ordered set & [, o), then necessarily [(X.,U;)] = [(X,U)] and
hence, [(X,U)] is a minimal equivalence class according to Definition 6.1.12.

(ii) Let [(X,0)] € &, ) be a maximal element of &[a,). Set Py :=1 and Ry :=1.
By Remark 6.1.8 with (X,,U,) := (X,U), there exists an equivalence class [(X,U)] €
&|a,00) such that the associated orthogonal projectors P and R(¢) in (2.2) and (2.1) satisfy
P=Py=1R(a)=Ry=1,and [(X,U)] < [(X,U)]. From (2.3) we then obtain rank X (t) =
rank Py = n, i.e., the function X (¢) is invertible on [&,%0). Since [(X,U)] is a maximal
element of &[a, ), it follows that [(X,U)] = [(X,U)] and hence, the function X () = X (¢)
is also invertible on [a,). Conversely, suppose that the equivalence class [(X,U)] €
&|a,0) has X (¢) invertible on [0, ) and let [(X,U)] € &[a,) be such that [(X,0)] =<
[(X,U)]. Denote by P and P the corresponding orthogonal projectors in (2.2), which are
defined through X (¢) and X (¢). Then P =1 and R” = ImP C ImP, by Remark 6.1.7(ii)
with (X,,U,) := (X,U). Consequently, InP = ImP and thus P = P. This implies by
Remark 6.1.7(i) that [(X,U)] = [(X,U)] and hence, the class [(X, )] is a maximal element
of &[a,0) with respect to <. Therefore, the maximal elements (X,U) of &[a, o) are
exactly the classes with X (¢) invertible on [¢t,o0). The remaining part of the proof follows
from Remark 6.1.8 with Fy := I and Ry := I and from the just established property of the
maximal elements of &[ct, o). |

Remark 6.1.15. The proof of Theorem 6.1.14(i) provides a construction of minimal
equivalence classes in &[0, o) via the relation “being contained” in Definition 6.1.6. This
situation is analogous to the corresponding one in Remark 3.3.2 for minimal conjoined
bases of (H).

6.2 Equivalence classes with given rank

In this section we discuss the solvability of system (3.32)—(3.33) of algebraic matrix
equations. As we showed in Section 3.2 (Theorem 3.2.8), this system is closely related
with the construction of all conjoined bases of (H) with constant kernel on [o, o), which
contain a given conjoined basis of the same type, see also Remark 3.2.9. In particular, we
prove that system (3.32)—(3.33) is always solvable for a suitable choice of its coefficients
(Theorem 6.2.5). This result is then utilized to prove Theorem 3.2.10. Thus, throughout
this section we fix a conjoined basis (X:,Us) of (H) with constant kernel on [,0) and
denote by P, R.(t), and Py, .. the associated orthogonal projectors defined in (2.2), (2.1),
and (2.12) through the function X, (¢). Moreover, let Q,(¢) be the Riccati quotient in (2.5)
corresponding to (Xi,U,). We also fix a conjoined basis (X.q,Usq) of (H), for which
(1.16), (1.17), and (2.25) with B := «a hold. In order to simplify the notation we will drop
the index a and use only (X;,U). Thus, we have

X0~ U =1 =X.07 = X.U] on [a,%), X (@) %,(0t) =0.
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We note that by Theorem 2.2.5 such a conjoined basis (Xk, l_]*) always exists. Moreover,
the function X, () is unique on [¢¢,0) and the formulas

X' ()X T(a)=1-P., X(a)X(a)=1-R.(), (6.5)
Xe(0) = Xe(@)] ' = XF (@) =X (@), X(@) =—(1-P)U!(a) (6.6)

hold, by Theorem 2.2.11(iii)—(v). In addition, for a given orthogonal projector R, satisfying
(3.34) we let By, to be the orthogonal projector defined by

ImZ, :=Im[X, (o) — X[ ()] Rg. (6.7)

In the next two lemmas we derive some additional properties of the coefficients of system
(3.32)—(3.33).

Lemma 6.2.1. Let Py, Ry, and By be orthogonal projectors satisfying (3.34) and (6.7).
For G € B(Py, o, P.,1) define the matrix G, := G (I — P.), see (A.20) in Appendix A. Then

(i) ImP. C Im B, and rank Py, = rank Py,
(i) Py Xt (a)Ry = XS (o) Ry and Ry X () Py = X () By,
(i) [X(a)G )T =G X (),
(iv) ImX,(«) G\ =Im[I — R.()] and Im[X. () G,"]T =Im (I - R,).

Proof. (i) Using the properties ImX,/” (&) = Im[I — R, ()] and R, (o) = Ry R, () from
Theorem 2.2.11(iii) and (3.34), we get X.'(a) = X/ (o) — X ()] R (@) = [X (o) —
X7 (0)]RgR.(0). Thus, ImP, = ImX,/ () C Im Py, by the definition of B, in (6.7).
Since the matrix X, (o) — X." () is invertible by Theorem 2.2.11(iii), we have rank £, =
rank Ry, = rank Fy, by the last condition in (3.34).

(ii) The definition of P in (6.7) implies that By [X." (o) — X.T ()| Ry = X' (o) Ry, —
XTI (o)Ry. Since By X, (a) = X' (&) by the proof of part (i), we have By X," () Ry =
X, () Ry. On the other hand, (2.40) implies that ImR, = Im[X, (&) — X, ()] Py. Then
Ry [Xo () — X ()] By = X. (@) By — X. () By and using the identity Ry X (a) = X. (@) we
obtain Ry X, (&) By = X.(@0) By.

(iii) The statement follows from Remark 1.2.3(iii), in which M := X, (&) and N := G, .
Indeed, by the properties of X.(o) and G| in Theorem 2.2.11(iii) and Remark A.2.4 in
Appendix A, we have P, ;v = I — P. = Py, so that in this case (MN)" = N"M".

(iv) From Remark 1.2.3(i) with M := X, (o) G,T and part (iii) we know that the matrices

MM' =X (a)G" G X (o) =X (o) (1 - P) X (@) = X () X (@) =1 — R, (a),
MM=G6""X ()X ()G =G T(1-R)GT =G,""GT =1-P,

are the orthogonal projectors onto ImM and ImM7 , which completes the proof. [

In the following lemma we utilize the result from Theorem A.2.7 in Appendix A.
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Lemma 6.2.2. Let Py, and Ry be the orthogonal projectors satisfying (3.34) and let
(G,H) € B(Py, 00, P.,Py). Moreover, let G € B(Pg, o0, P, 1) be the matrix associated
with (G,H) through Theorem A.2.7 in Appendix A and set G := G (I — P.). If the matrices
Xo, Ug solve system (3.32)—(3.33), then

X(a) G| = —(Pu—P) Xy — (I—PBy) Uy . (6.8)

Proof. Let X4 and Uy solve system (3.32)—(3.33). By inserting the formulas G = P, G
and H = (I — Fy) G from (A 25) in Appendix A into the third equation in (3.33) and using
the identity Xo' Py = Xg!, we get Xg! G+ Uq [P. + (I — Py) G] = U.(o). Multiplying
the latter equation by I — P, from the right gives X4/ G (I —B.) + Uy (I —By)G(I —B.) =
U.(at) (I — P.). From the second formula in (6.6) we then get

XaT +Ug(I1—P)]| G = X' (a). (6.9)

Now the result of Lemma 6.2.1(iii), equality (6.9), and the properties of the matrix G, in
(A.22)in Appendix A together with the identities (I — P.) (I — Py) =1 — Py and (I — P.) Py =
Py — P, imply

S - - T o 6.9) =T ~
X.()G]" =G "X () GG [Xa +(I—Py)Uq |

U2 _(1—P) [PuXd + (I =) U | = —(Py—B)Xd — (I — Py) UJ

Therefore, formula (6.8) holds. |

In the next theorem we present an equivalent condition to the solvability of system
(3.32)—(3.33). This result then allows to find the solutions of this system.

Theorem 6.2.3. Let Py, and Ry, be the orthogonal projectors satisfying (3.34). For a pair
(G,H) € B(Pg, oo, P, Py) denote by G € B(Pg, oo, P, 1) the matrix, which is associated
with (G,H) through Theorem A.2.7 in Appendix A, and set G| := G (I — P.). Then system
(3.32)—(3.33) is solvable if and only if

X ()G Py =Ro X.(2) G (6.10)

Proof. Suppose that system (3.32)—(3.33) is solvable and let X, Uy be its solution.
It follows by (6.8) that Pa[_*( VG T = —(Py — B.) X4 and [X.(« )GL "Ry = —(Py —
P.) X, since X4 Ry = X4 and (I — Py)Ud R = (I — Py) U Xo X4 = 0, by (3.32) and
the symmetry of Ug Xo. Hence, Py [X.(a)G\T]" = [X.(«) G.T]TRy. We will show by
Lemma 6.2.1(iv) and the identities (I — P.) Py = P, (I — P.) and [[ — R.()]Rq = Ro [I —
R. ()] that (6.10) holds. We have
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Conversely, assume that condition (6.10) is satisfied and we put G, := GP, as in (A.20).
We will show that

Xa =X.(a) - X.(a) G TPy,

o = Q(@) Xa — X (0) G Py [X.(0) G T (1~ By G)} (11

is a solution of system (3.32)—(3.33). By using (3.34), (6.10), and the properties of X, ()
and G| in Theorem 2.2.11(iii) and Remark A.2.4 in Appendix A, it can be verified by
direct calculations that

Xg =X (a) =Py [X%(a) G, XouX4 =Ra, X Xo=PFy, (6.12)
i.e., (3.32) holds. Moreover, by the same arguments as above, we get
XoP. = [X.() = X(@) G Poy] P. = X (@) B. — X () G, P. = X, (a0), (6.13)
showing the first equation in (3.33). By using (6.11) the matrix X4 Uy becomes
Xa Ua = Xa Qu(00) X — P.G Fo+ Py [X:(@) G ]" [Xe(00) G T (I = P = G). (6.14)

By (A.20), we have P, G = GHT, while from Lemma 6.2.1(iv) and P, P. = P, we obtain
that Py, [X. (@ ) N7 X () GT|'T = Py (I—P.) = Py — P.. Hence, equation (6.14) becomes
XJIu, =xF Q*( )Xo —GT Pa + (Pa P.) (I — P, — G,) and consequently,

Xd Uy =Xq Q.(0)Xq — G Py — P, G, +P.G,. (6.15)

Since the matrix Qi () is symmetric by (2.5) and the matrix P. G, is symmetric by The-
orem A.2.3 in Appendix A, it follows from (6.15) that XJ U, is also symmetric, i.e., the
second equation in (3.33) holds. Finally, we note that by Theorem A.2.7 in Appendix A we
have the representation G = P, G = Py (G, +G,) and H = (I — Py) G = (I — Py) (G_ +G,).
Combining this with formulas (6.11), (6.12), (6.13) and with the equalities P, Fy, = P.,
P.G, =0and GTP. = P. G, (from Theorem A.2.3 in Appendix A), X,'" (o) P. = X,'T (),
and G P. = G, (from (A.20) in Appendix A) we obtain

Xd'G=XT(a)G,~ [X(a) G Py (G +G)),
U (P.+H) = 0,(ct &(a)—&”(a) G — [X(a) GG,

Moreover, from Lemma 6.2.1(iii) and identities (A.22) in Appendix A we know that
[X.(a) GITTG, = X (at). Consequently,

Xd' G+Uq (P +H) = Q.(a) X.(a) =X (@) = U(@) P+ [(I - R) U ()] = Ui (@),

where in the middle step we used the first equality in (2.6) and the second identity in (6.6).
Therefore, the third equation in (3.33) is also satisfied. |
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Remark 6.2.4. The representation of the matrix G| € % (P, 400, P, T) in the first equation
in (A.24) in Appendix A provides an equivalent expression of condition (6.10) in The-
orem 6.2.3. More precisely, if E € .#(P.) is a matrix such that G, = ET (I — P.), then
condition (6.10) is satisfied if and only if the formula

X (Q)ERy =Ry X. () E, (6.16)

holds. This immediately follows from the calculation X.(o)G," = X.(a) (I — P.)E =
X.(@) E, where we use the identity X, (o) (I — P.) = X.(a), by Theorem 2.2.11(iii). More-
over, by using the equality X," (&) X, (&) = I — P, and formula (6.16) we get

EPy=(I—PR)EPy+PEPy =X (a)X.(at) EPy + P.EPy

“19 %7 () R X. () E + P.EPy.

Combining last equality with Lemma 6.2.1(i)—(ii) we obtain that formula (6.16) implies
the inclusion ImEP, C ImB,. And since the matrix E is invertible and rank P, = rank Py,

we have the equality
ImEP, =ImP,. (6.17)

We stress that the above results, that is, formulas (6.16) and (6.17), hold for any matrix
E € .# (P.), whichrepresents the matrix G| in (A.24) whenever condition (6.10) is satisfied.

In the following main result of this section we establish the solvability of system
(3.32)—(3.33).

Theorem 6.2.5. Let By and Ry, be as in Theorem 6.2.3. Then there exists a pair (G,H) €
B(Pg, o0, P, Py) s0 that system (3.32)—(3.33) is solvable.

Proof. The proof is based on the result in Theorem 6.2.3 and representation (A.27) of
the set B(Py, 0, P, Py) in Remark A.2.8(ii) in Appendix A. Let £y be the orthogonal
projector defined in (6.7). Then the first condition in (3.34), Lemma 6.2.1(i) (which
yields (A.16) in Appendix A), and Theorem A.2.2 in Appendix A imply that there exists
a matrix Ey € ./ (P,) satisfying ImEgPy = Im Py, i.e., By Eg Py = EP,. In addition, by
Lemma 6.2.1(ii), we have the identity Ry X (@) By = X, () Py, so that

Ro X () Eg Py = Ro X (@) By Eg Py = X (@) By Eg Py = X (@) Eo Py (6.18)
We will show that the matrix E € R"*" defined by
E:=EyPy+ X () (I —Ry) X. () Eg (6.19)

belongs to the set .7 (P.) introduced in (1.9). Since PyP. = P., Eg P. = P., and X, (o) P. = 0,
it follows from (6.19) that

EP, = EgP.+ X (&) (I — Rg) X () Eg B. = P..
Moreover, if v € KerET, then by (6.19) we have

PyEIVHEIXT () (I—Ry) X T (a) v =0. (6.20)
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Multiplying the equality in (6.20) by F, from the left and using (6.18) we get

0=PElv+ PR EIXT (o) I —Ro) X () v
_ T TvT v T _ T
= Py ESv+ Py EFXT () Ry (I —Ro) X7 (o) v = Py EL .

Thus, v € Ker P, EOT = KerP, C KerP,, by Lemma 6.2.1(i), and in turn, identity (6.20)
becomes

0=EIXI(a)I—R)XT (a)v=El (I —RP)v—ELXT () Re X/ T () v,  (6.21)

where we used the first equality X,” (o) X,/ () = I — P, from (6.5). From Lemma 6.2.1(ii)
we know that Ry X7 (o) v = Ro X (@) Py v =0, so that EL (I — B.)v =0, by (6.21). But
we also have P.v = 0 and hence, EOT v = 0. The invertibility of Ey then yields v = 0.
Therefore, the matrix E7 and consequently, also the matrix E is nonsingular, which
completes the proof of E € .# (P,). In addition, using the identities X, (a) X, (o) =1 —
R.(a) and X, () (I — P.) = X. () from (6.5) together with equality [I — R.(a)] (I —Rg) =
I — Ry, and formulas (6.18) and (6.19) yields

() EPy 2" X (00) Eo Py + [ — R ()] (I — Ret) K. () Eo P
8

= () Eg Py + (I — Ro) X () Eo Py °2” X, (0t) Eo P,

RaX. () E “L” Ry X.(0t) Eg Py + R [ — Ru(0)] (I — Re) X () Eg

S 6.18) 5
= Ro X (00) Eg By 27 X. (o) Eq Py

Therefore, condition (6.16) holds. Define now the matrices G, H € R™*" by
G:=P,E"(I-P), H:=(—-P)E"(I-P). (6.22)

From Remark A.2.8(ii) with F := 0 € &/ (Py, ., F.) it then follows that the pair (G,H)
in (6.22) belongs to the set B(Py, o, P, Py). Moreover, by setting G := G+ H and
G =G (I —P,), as in Theorem A.2.7 and formula (A.20) in Appendix A, the condition in
(6.10) 1s satisfied, by Remark 6.2.4. According to Theorem 6.2.3 this means that system

(3.32)—(3.33) is solvable. |

Based on the result in Theorem 6.2.5 we are now ready to prove Theorem 3.2.10 in
Chapter 3.

Proof of Theorem 3.2.10. According to Theorem 6.2.5, for any orthogonal projectors Fy
and R satisfying (3.34) there exists a pair (G,H) belonging to #(Py, e, P, Py) such
that system (3.32)—(3.33) has a solution Xy, Uy. From Theorem 3.2.8 we then know that
the solution (X,U) of (H) given by the initial conditions X (&) = Xy and U () = Uy, is
a conjoined basis of (H) with constant kernel on [¢t,0) and the projectors P and R() in
(2.2) and (2.1) satisfy P = Py and R(a) = Ry. Moreover, the conjoined basis (X.,Us) is
contained in (X,U) on [o, ) with respect to P.. |
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6.3 Genus of conjoined bases

In this section we develop the tools for a classification of conjoined bases of (H) with
constant kernel for large ¢. In particular, we introduce a concept of a genus of conjoined
bases of (H), which allows to classify the conjoined bases (X,U) of (H) according to the
image of X (¢) for large ¢. The main results of this section concern a particular application
of this new concept to principal and antiprincipal solutions of (H) at infinity.

Definition 6.3.1 (Genus of conjoined bases). Let (X;,U;) and (X»,U,) be two conjoined
bases of (H). We say that (X;,U)) and (X,,U>) have the same genus (or they belong to the
same genus) if there exists @ € [a,oo) such that ImX; () = ImX,(¢) on [, ).

We note that the terminology in Definition 6.3.1 is motivated by the theory of binary
quadratic forms with integer-valued coefficients, where a similar concept is used for the
classification of these quadratic forms. More details in this direction can be found e.g.
in [7].

Remark 6.3.2. (1) From Definition 6.3.1 it follows that the relation “having (or belonging
to) the same genus” is an equivalence on the set of all conjoined bases of (H). Therefore,
there exists a partition of this set into disjoint classes of conjoined bases of (H) with the
same genus. This allows to interpret each such an equivalence class ¢ as a genus itself.
It is obvious that if a conjoined basis (X,U) of (H) belongs to some genus ¢, then every
conjoined basis (Xo,Up) of (H), such that (Xp,Up) ~ (X,U) on some subinterval [3,)
according to Section 3.1, also belongs to the same genus ¥.

(i1) When the Legendre condition (1.1) holds and system (H) is nonoscillatory, then
the relation “having (or belonging to) the same genus” coincides with the relation of
mutual representability of conjoined bases of (H) in Definition 2.3.6. More precisely,
according to Corollary 2.3.10 and Definition 6.3.1, two conjoined bases of (H) are mutually
representable if and only if they belong to the same genus. Therefore, in this case each
genus of conjoined bases of (H) contains all mutual representable conjoined bases of (H).

Remark 6.3.3. We note that there is only one genus of conjoined bases (denoted by ¥nin)
containing all conjoined bases of (H) with the minimal rank in (3.16), i.e., with rank
equal to n — d... The reason is that any two conjoined bases (X,U;) and (X»,U,) of (H)
with rank equal to n — d., satisfy Im X (¢) = ImX(¢) for large ¢. The proof of the latter
equality is based on the following arguments. If (X;,U,; ) and (X3, U,) have constant kernel
on [a,oo), then d[at,) = dw, by (3.15) and (3.2). Therefore, (X;,U;) and (X,U,) are
minimal conjoined bases on [, ) and, by Remark 3.3.5, they are mutually representable
on [@,oo). In turn, Definition 2.3.6 and Corollary 2.3.10 imply that ImX; (1) = ImX,(¢) on
[at,00). In particular, all minimal (anti)principal solutions of (H) at infinity belong to the
minimal genus “p;y.

Remark 6.3.4. Similarly to Remark 6.3.3, there is only one genus of conjoined bases
(denoted by %max) containing all conjoined bases (X,U) of (H) with the function X(r)
eventually invertible, since in this case ImX () = R” for large . The maximal genus %ax
then contains all maximal (anti)principal solutions of (H) at infinity.
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We recall the definition of the point &, in (5.5), which determines the maximal
interval (Ouyin,°0) on which the minimal principal solutions of (H) have constant kernel.
In our first result we prove that a conjoined basis from the minimal genus %,,;, can have
constant kernel only on a subinterval of (Gyin, ).

Theorem 6.3.5. Assume (1.1) and let (X,U) be a conjoined basis of (H) belonging to the
minimal genus Gin. If (X,U) has constant kernel on |[a,0), then & > Oy and (3.3)
holds.

Proof. Let (X,U) € %in be as in the theorem. Since the rank of (X,U) is n — dw., we have
n—d[a,) < n—dw, by (3.15). This implies that d[a,o) > dw. The definition of d.. in
(3.2) then implies that d[a, ) = d, i.e., condition (3.3) holds. In particular, (X,U) is
a minimal conjoined basis on the interval [¢t,o0). Let S¢(7) be the S-matrix corresponding
to (X,U) in (2.8) and let T, be given in Remark 2.1.6. Consider a solution (X,U) of (H)
defined by (X,U) := (X,U) — (Xg,Uq) Ty on [@, ), where (X, Uq ) is the conjoined basis
associated with (X, U) through Theorem 2.2.5. From Theorem 5.1.7 it follows that (X,U)
is the minimal principal solution of (H) with respect to the interval [o,%0). In particular,
(X,0) has constant kernel on [, o). Thus, the inequality & > @y, holds, by (5.5). W

Remark 6.3.6. It follows from Theorem 6.3.5 that (i, o) is the maximal open interval
for which there exists a conjoined basis (X,U) € %y, With constant kernel on this interval.
More precisely, the point &, in (5.5) has the equivalent expression

Olnin := inf{a € [a,), (X,U) € Ynin has constant kernel on [Oc,oo)}. (6.23)

In Remark 5.1.11 we showed that the orthogonal projector Py in (2.12), which is

associated with a principal solution (X,U) of (H) at infinity, is the same for all initial
points @& € (Gyin, ). Formula (6.23) now yields that the same property holds for any
conjoined basis (X,U) and an interval, where (X,U) has constant kernel. More precisely,
if (X,U) is a conjoined basis of (H) with constant kernel on [&,o0) C (pin,°), then the
associated orthogonal projector Py defined in (2.12) is the same for all initial points

B € |a,).

The following theorem can be viewed as a corollary to Theorem 4.2.1, in which the
minimal principal solution (Xmin, Umin) of (H) at infinity is considered. We also utilize the
observation that the orthogonal projector Py in (2.12) associated with (Xpin, Umin) is the
same for all initial points & € (Ouyin, o) With Oy, defined in (5.5).

Theorem 6.3.7. Assume that (1.1) holds and system (H) is nonoscillatory. Let (Xmina Umin)
be a minimal principal solution of (H) at infinity and let P ) oo be defined in (2.12) through
the function Xpmin(t) on (8min,). Then a solution (X,U) of (H) belongs to the minimal
genus Gyin if and only if for some & € (G, ) there exist matrices M,N € R™" such
that

X(a) = Xnin(@) M, U(a) = Opin(@) M +X1T () N, (6.24)
M is nonsingular, M'N :NTM, ImN C Iijaw, N~ >o. (6.25)
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Proof. First we note that according to Theorem 5.1.9, (Xmin, Umin) 1s a minimal principal
solution with respect to the interval [, ) for every o € (Omin,0). In particular, this means
that (Xmin, Umin) has constant kernel on (@i, o) and the function §a(t) defined in (2.8)
through Xpin(¢) satisfies fjx(t) — Ty = 0 as t — oo for every initial point & € (Bpin, ).
Assume that (X, U) belongs to %y, and has constant kernel on a given interval [, ). From
Theorem 6.3.5 we know that o > Gpin. Without loss of generality we assume ¢ > Gin-
By Theorem 4.2.1, with (X,U) := (X,U), (X,U) := (Xmin, Unin)> Pyeo := Py . and
Ty := Ty = 0, there exist matrices M, N € R™" such that (6.24) and (6.25) hold. The
opposite implication is a consequence of Theorem 4.2.1 with (X,U) := (Xmin, Umin)-
since for every o € (Oin,o°) a solution (X,U) of (H) satisfying (6.24) and (6.25) is
a conjoined basis, which belongs to the minimal genus %,,,;, and which has constant kernel
on [, ). |

The next result provides an additional information about the structure of the minimal
genus %yin, as we comment in Remark 6.3.9 below. We recall that for a fixed o € [a, )
the principal solution (Xa,f]a) at the point « is defined as the conjoined basis of (H)
satisfying the initial conditions X, (o) = 0 and Ug () = I.

Proposition 6.3.8. Assume that (1.1) holds and system (H) is nonoscillatory with Ouin
defined in (5.5). The for every o > Omin the principal solution (Xa, 005) at o belongs to
gmim

Proof. The result is a direct consequence of Proposition 5.2.9 and Remark 6.3.3. |

Remark 6.3.9. Proposition 6.3.8 shows that there is no universal interval [o,e0) in
(Otmin,°) such that all the conjoined bases (X,U) in the minimal genus %, would have
its kernel constant on this universal interval.

The next theorem describes the distribution of principal and antiprincipal solutions of
(H) at infinity into the genera of conjoined bases (see Definition 6.3.1). In particular, we
prove that every genus does contain some principal solution, as well as some antiprincipal
solution of (H), see Examples 7.1.4 and 7.1.5.

Theorem 6.3.10. Assume that (1.1) holds and system (H) is nonoscillatory. Let ¢ be
a genus of conjoined bases of (H). Then there exists a principal solution and an antiprin-
cipal solution of (H), which belong to 9.

Proof. First we focus on the case of principal solutions. From Theorem 5.1.5 we know
that there exists a minimal principal solution (Xyin, Unin) of (H). Let @i, be defined
in (5.5). Suppose that (X,U) is a conjoined basis of (H), which belongs to the genus
¢. Then there exists & > Oy such that (X,U) has constant kernel on [@,). By
Theorem 5.1.4 we may assume that the point & is such that ()A(min,(?min) is a minimal
principal solution with respect to [, o). In particular, (Xmin, Unmin) has constant kernel on
[@t,00) and d[@,0) = dw. Furthermore, by Theorem 3.2.11 (with (X;,U,) := (X,U)) there
exists a conjoined basis (X, Us) of (H) with constant kernel on [, o) and with rank X, (¢) =
n — d.. on e, ) such that (X,U) contains (X,,U,) on [, ). Therefore, (Xyin, Umin) and
(X.,U,) are minimal conjoined bases of (H) on [, ) and thus, Im X, () = Im X, (), by
Remark 3.3.5. Denote by Rpin (1), R« (1), and R(¢) the orthogonal projectors in (2.1) defined
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by Xmin(?), X, (2), and X (¢), respectively. Then Ry, (o) = R. (). In turn, Theorem 3.2.8
and the second condition in (3.34) (with Ry, := R(a)) imply that Im R i, (o) = ImR, (o) C
ImR(c). From Theorem 3.2.10 (with Ry := R(&) and P, arbitrary satisfying (3.34)) we
know that there exists a conjoined basis (X,U) of (H) with constant kernel on [a, ),
which contains (X, Unmin) on [, o0) and ImX (t) = ImR(«x). Consequently, according to
Theorem 5.1.3 the conjoined basis (X, U) is a principal solution of (H) with respect to [, =)
satisfying ImX (&) = ImR(a) = ImX (o). Therefore, the conjoined bases (X,U) and
(X,U) are mutually representable on [0, ), by Theorem 2.3.3. Moreover, Theorem 2.3.8
implies that ImX(¢) = ImX(¢) o [oc,oo). It now follows from Definition 6.3.1 that the
principal solution (X,U) belongs to the genus &. The case of antiprincipal solutions can
be carried out by exactly the same arguments, considering a minimal antiprincipal solution
(Xmin» Umin) instead of (Xyin, Unmin) in the above proof. [ |

In the remaining part of this section we will use notation (2.15) introduced in Re-
mark 2.1.7. The following theorem provides a classification of all antiprincipal solutions
in terms of their Wronskian with a given principal solution within one genus ¥.

Theorem 6.3.11. Assume that (1.1) holds and system (H) is nonoscillatory. Let ¢ be
a genus of conjoined bases of (H). Let (X,U) be a principal solution of (H) at infinity
belonging to Y and let (X ,U) be a conjoined basis from . Denote by P;_ and Py, their
associated projectors in (2.12) and Remark 6.3.6. Then (X,U) is an antiprincipal solution
of (H) at infinity if and only if the (constant) Wronskian N := XT (1)U (t) —UT ()X (t) of
(X,0) and (X,U) satisfies

rank P NPyo =n—d... (6.26)

Proof. Let (X,U) and (X,U) be as in the theorem. Then there exists & > @i, such
that (X,U) and (X,U) have constant kernel on [ct,). Let P and P be the orthogonal
projectors in (2.2) associated with (X,U) and (X,U). By (5.5) and Theorem 5.1.9 we have
d[a,0) = d... Since (X,U) and (X,U) belong to the same genus ¢, we may assume without
loss of generality that ImX (t) = ImX (¢) on [, ). Thus by Theorem 2.3.8, the conjoined
bases (X,U) and (X,U) are mutually representable on [&,o0). Furthermore, denote by
(X.,U,) and (X,,U,) the minimal conjoined bases of (H) on [, ), which are contained
in (X,0) and (X,U) on [, ), respectively. In particular, (X, U,) is a minimal principal
solution of (H) and hence, the matrix 7, = 0 in Remark 2.1.6. We apply the representations
of (X,U), (X,U) and of (X,,U.), (X,U.) in Theorems 2.3.8 and 3.3.8. More precisely,
with (X;,U1) := (X,0), (X2,U2) := (X,U), (Xe1,Us1) := (X3, U), (X2, Us2) := (X, Us),
P =P, =P, Pyoo:=Py, Pse = Pye, and Nj := N, the Wronskian N satisfies
PN = N and PNT = N7, and there exist matrices M, M,, N, such that M and M, are
invertible, M” N and M,T N, are symmetric, and

X.(a)=X.()M,, U(a)="0U.(a)M.+XT ()N, (6.27)
PMPyo =Py M., PM'Py =PyoM, ", va — P, NP, (6.28)

By using (6.28) and the equality NP = N we then obtain

Nt =P, NPM'P, =P,y NPy M. (6.29)



96 6.3. Genus of conjoined bases

Now let (X,U) be an antiprincipal solution of (H) at infinity. Then also (X.,U;) is
an antiprincipal solution, by Theorem 5.2.6. From (4.49) we have that the matrix 7, in
Remark 2.1.6 defined through (X, , U, ) satisfies rank T, = rank(ﬁ@]\l[1 + f;) = rank N, M, !

Since rank 7, = n — d.. by Definition 5.2.1, we get from (6.29) that rank P.;_ NPyo, M ! =
rank NoM, ! = n — d, 1.6., formula (6.26) holds. Conversely, if (6.26) is satisfied, then
from (6.29) we have rank oM, = n — d.. Therefore, rank 7, = n — d-, by (4.49), and so
(X, Us) is an antiprincipal solution of (H). Finally, Theorem 5.2.6 implies that (X,U) is
an antiprincipal solution as well. |

When system (H) is completely controllable, we obtain from Theorem 6.3.11 and
Proposition 5.2.9 an interesting characterization of its antiprincipal solutions at infinity.
This result is new even in this controllable case.

Corollary 6.3.12. Assume that (1.1) holds and system (H) is nonoscillatory and completely
controllable. Let (X U ) be the principal solution of (H) at infinity. Then a conjoined basis
(X,U) is an antiprincipal solution of (H) at infinity if and only if the (constant) Wronskian
N=XT()U@t)-U0T(t)X(¢t) of (X U) and (X,U) is invertible. In particular, for every
O > Gimin the principal solution (Xy,Uq) at the point o is antiprincipal at infinity. Or more
generally, for o € [a,) the principal solution (X4,Uy) at the point o is antiprincipal at
infinity if and only if X (o) is invertible.

Proof. If (H) is completely controllable, then d = 0 and for every conjoined basis (X,U)
of (H) the function X(¢) is eventually invertible. This means that there is only one
(minimal/maximal) genus of conjoined bases, see also Remark 6.3.4. The orthogonal
projectors Py, and P in (2.8) and Remark 6.3.6 associated with (X,U) and (X,U0) in
this case satisfy Py, =1 = P_. The first part of the statement now follows directly from
Theorem 6.3.11, while the second part follows from Proposition 5.2.9. Finally, if (X, Ug)
is the principal solution of (H) at some point & € [a, ), then Xy (&) = 0 and Uy (&) =1
and hence, N = X7 («). This means, by the first part, that (X, Uyg) is an antiprincipal
solution at infinity if and only if X () is invertible. |

From Definition 6.3.1 it follows that all conjoined bases (X,U) of (H), which belong
to a given genus ¢, have the same rank (of X (¢) for large 7). In particular, all principal
solutions in ¢ have the same rank. The following theorem then describes a complete
classification of all principal solutions within the genus ¢.

Theorem 6.3.13. Assume that (1.1) holds and system (H) is nonoscillatory with O,
defined in (5.5). Let (X,ﬁ) be a principal solution of (H) at infinity, which belongs to
a genus 9. Moreover, let P and P, be the orthogonal projectors defined through the
function X (t) on (Giin, ) in (2.2), (2.12), and Remark 5.1.11. Then a solution (X,U) of
(H) is a principal solution belonging to the genus ¢ if and only if for some (and hence for
every) 0 € (Oimin, o) there exist matrices M,N € R"™" such that

M, Ula)=U(a)M+X"T(a)N, (6.30)

o)
M is invertible, MTN =N'M, ImNCImP, P, NM'P,_ =0. (631



Chapter 6. Genera of conjoined bases and limit properties of principal solutions ___________ 97

Proof. Let (X,U) be a principal solution of (H) belonging to the genus . From Theo-
rem 5.1.10 we know that (X,U) and (X,U) have constant kernel on (@pin, ) and conse-
quently, according to Remark 6.3.2(ii) and Corollary 2.3.10 they satisfy ImX () = ImX (¢)

n (Gin,o0). Therefore, by Theorem 2.3.8 and its proof with (X,U;) := (X,U) and
(X2,U») := (X,U), for every & € (Omin,o0) there exist M,N € R™" such that (6.30)
and the first three conditions in (6.31) hold. We prove the last condition in (6.31).
Fix o € (@ipin, ). Denote by (Xmin,Umin) and (X,,U,) respectively the minimal prin-
cipal solutions of (H) from Theorem 5.1.10, which are contained in (X,U) and (X,U)
on [o,). By Theorem 5.1.6 we know that X, = XyinMmin and U, = Upin Minin on
[a,o0) for some constant and nonsingular matrix Myin. This means that the Wron-
skian Npin of (Xmin, Umin) and (Xi,U) is Npi, = 0. On the other hand, the conjoined
bases (Xmin,Umin) and (X,,U,) are minimal on [a, oo) and hence, (3. 66) holds with
(X*17U>k1) = (XminaUmin)’ (X*ZaU*Z) (Xk U*) x1 —Mmin’ and N* -_Nmm = 0. Con-
sequently, by Theorem 3.3.8(ii) with Py, := P, we obtain that P, NM~ leﬁoo =0
holds. Conversely, fix & € (Gumin,°°) and suppose that a solution (X,U) of (H) satisfies
(6.30) and (6.31). From Theorem 5.1.9 we have d[@, ) = d. The first three conditions in
(6.31), the fact that (X, U) is a conjoined basis of (H), and the identity X7 () X7 (at) = P
imply that (X,U) is a conjoined basis of (H). Let 8(¢) be the S-matrix in (2.8) correspond-
ing to (X,U) on [a,0) and let (Xo,Uq) be a conjoined basis of (H) satisfying (1.16) and
(2.25) with (X,U) := (X,U) and B := a. Then (2.37) holds, that is,

XeP=XS, UgP=0S+X"T+0(1—-P)XLX'" on[a,). (6.32)
Consequently, by using the identities PN = N, XT(at) X (a) = 0, and (6.32) at t = o, we
can rewrite (6.30) as X (o) = X (o) M + Xy () N and U () = U(at) M + Uqy () N. Hence,
X(t) =X(t)M+ Xy (t)N and U(t) = U(t) M + Uqx(t) N on [r,), by the uniqueness of
solutions of (H). In particular, by (6.32) and X (1) P = X(¢) on [o, ) we get

X()=X(OOM+X(1)S(t)N=X(t)[PM+S(t)N] on [o,0). (6.33)

We show that (X,U) has constant kernel on [o, ), namely that KerX (t) = Ker PM on
[a,00). First we note that the symmetry of M7 N implies the symmetry of NM~! and that
NM'P=M""'NTP=M""'NT = NM~" holds. Hence, by (6.33),

X()=X(t)[PM+S)NM M) =X (1) [PM +S(t) NM~1PM]  on [o,0).

Then KerPM C KerX(t) for all ¢ € [a o). Fix now t € [a,0), v € KerX(r), and put
w := PMv. Then X(1)[w+ S(t) NM~ w] = 0. Multiplying the latter equality by X7 ( )
from the left and using the identities PS(1)=8(r) and w = Pw we getw = —S(ONM'w.
Therefore, w € ImS(t) C ImP,_, by (2.13), and thus, w = —8(t) P, NM~'P_;_w =0, by
the last condition in (6.31). This shows that v € Ker PM, i.e., KerX (t) C KerISM . The fact
that (X,U) belongs to the genus ¢ follows from Definition 6.3.1 and Remark 2.3.9(iii),
since by (6.30) and the invertibility of M, we have ImX(a) = ImX (). In addition,
(X,U) and (X,U) are mutually representable on [¢, ) in the sense of Theorem 2.3.8. By
Theorem 3.2.11, there exists a minimal conjoined basis (X, Ui ) of (H), which is contained
in (X,U) on [a,0), i.e., (X.,U,) has constant kernel on [t,0) and rank X, (t) = n — dw on
[a,00). Furthermore, if we denote by (Xmin, Umin) the minimal principal solution of (H)
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from Theorem 5.1.10, which is contained in (X,U) on [o, ), then (Xmm,Umm) is also
a minimal conjoined basis of (H) on [, o). According to Remark 3.3.5, (Xmm, Upin) and
(X.,U,) are mutually representable on [o, o). This means that there exist My, Npin € R™"
such that the equahtles in (3.66) are satisfied with (X,1, U*l) (Ximin, Unmin)» (Xe2, U*z)

(X.,Us), My1 := Miyin, and N, := Ny, In particular, My, is invertible and Ny, is
the Wronskian of (Xyin, Umin) and (X,,U,), by Remark 2.3.9. Consequently, by the last
condition in (6.31) and Theorem 3.3.8(ii) with (Xl,Ul) (X,0), (X2,Un) := (X,U),
M, :=M, N, :=N, and Py =Py, We get NoinMiin! = 0. Hence, Ny, = 0, which
1mp11es by (3 66) that X, (a ) Xmm(oc) Myin and U, (&) = Upin( &) M. This gives that
X, = XminMmin and U, = Upin Min on [a,0), by the uniqueness of solutions of (H).
According to Theorem 5.1.6, (X;,U,) is a minimal principal solution of (H) with respect
to the interval [, o). Finally, Theorem 5.1.3 then yields that (X,U) is a principal solution
of (H) at infinity. |

Remark 6.3.14. (i) The result in Theorem 6.3.13 applied to the genus ¥, yields the
classification of the minimal principal solutions of (H) in Theorem 5.1.6. Indeed, in
this case we have P, = P in Theorem 6.3.13, which implies through the third and fourth
conditionin (6.31) that NM~! = 0. Therefore, N = 0 and (6.30) yields that X (&) = X (&) M
and U(a) = U(o) M with invertible M. By the uniqueness of solutions of (H) we then
obtain (X,U) = (XM,UM) on [a,), as we claim in Theorem 5.1.6. On the other hand,
we note that the uniqueness of the minimal principal solution in Theorem 5.1.6 together
with Theorem 6.3.10 also imply that all minimal principal solutions of (H) belong to the
same genus Y.

(i1) Similarly, all maximal principal solutions of (H) are simultaneously classified
through Theorem 6.3.13 with P = I, when it is applied to the genus %y, see Corol-
lary 6.3.15 below. This result then completes Reid’s concept of principal solutions at
infinity in [30].

Corollary 6.3.15. Assume that (1.1) holds and system (H) is nonoscillatory with G,
defined in (5.5). Let (X,U) be a maximal principal solution of (H) at infinity. Moreover, let
P, be the orthogonal projector defined through the invertible function X(t) on (Gmin, )
in (2.12) and Remark 5.1.11. Then a solution (X,U) of (H) is a maximal principal solution
if and only if for some (and hence for every) & € (Bmin, ) there exist matrices M, N € R™"
such that

X(a)=X()M, U(a)=0(a)M+X"" ()R,
M is nonsingular, MTN =NTM, ijNM_leﬁoo =0.

6.4 Limit characterization of principal solutions

In this section we derive a limit characterization of principal solutions of (H) at infinity in
the sense of (1.3), see Theorems 6.4.1 and 6.4.5. This can be regarded as a generalization of
the classical limit result for principal solutions at infinity of controllable linear Hamiltonian
systems in Proposition 1.4.5. Below we use the same notation as in Theorem 6.3.11 and
its proof.
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Theorem 6.4.1. Assume that (1.1) holds and system (H) is nonoscillatory with Oy, defined
in (5.5). Let (X,U) and (X,U) be two conjoined bases of (H) from a given genus 4 and
let o > Ouyin be such that (X,U) and (X,U) have constant kernel on [a,0). Denote by P,
P .., and Py, their associated orthogonal projectors in (2.2), (2.12), and Remark 6.3.6.
Moreover; let N := XT(1)U(t) — UT (t)X(t) be the (constant) Wronskian of (X,U) and
(X,U). Then (X,0) is a principal solution of (H) at infinity and rank P, NPyo =n—d.
if and only if

limX'(1)X(1)=L with ImL" =Im(P-P,_). (6.34)

f—>o0

In this case (X,U) is an antiprincipal solution of (H) at infinity.

Proof. With « as in the theorem, let $(¢) and S(z) be the S-matrices in (2.8) which are
associated with (X,U) and (X,U) on [, ). By Remark 2.3.9(ii), we have on [, ) the
representation

X()=X()M+S()N], X@)=X@)[M ' —s(t)NT], (6.35)

where M is invertible, see the proof of Theorem 6.3.11. By using (6.35) and the identities
XT(t)X(t) = P and PS(t) = S(t) on [o, ), we obtain

X' X(@t)=PM ' —S(t)NT  on [a, o). (6.36)

Let 7, and T, be the matrices in Remark 2.1.6 defined through the minimal conjoined bases
(X.,U.) and (X, U,) from the proof of Theorem 6.3.11. It follows by (3.64) that

T.=MTT.M +M'N,. (6.37)

Suppose now that (X,U) is a principal solution of (H) at infinity and (6.26) holds. Then
7. = 0 and (X,U) is an antiprincipal solution of (H) at infinity, by Theorem 6.3.11. This
means that Im 7, = Im P.., because Im 7, C Im P, and rank T, = n — d = rank P, by
Remark 2.1.6, Definition 5.2.1, and (3.14). Formula (6.37) then becomes 7T, = MIN, =
N,T M,. Multiplying this equality by 7;" from the left and by M,~! from the right and using
T.' T, = Py., yields

ProM ' =TNT. (6.38)

Furthermore, by Theorem 5.2.3 and (6.36) we know that

lim X7 (1) X (1) = lim[PM " —S()R" | =L:= PN~ —T7R". (6.39)
—oo oo
We show that InL” =Im (P —P_) =ImPNKerP,,_. By using (6.39) and the identities
PM'P=PM ' and NTP=NT,weget LP =L,i.c.,ImLT CImP. Moreover, the equality
T.'Py., = T, and the formulas (6.28), (6.29), and (6.38) imply that

1Py, = PPy~ TPy NPy = Pyl ~ TR 0. (6.40)
Thus, ImLT C KerP . Hence, we proved that ImL” CImPnN KerP, . Now we show
the opposite inclusion ImPNKerP 700 & IM LT, whichis equivalent with Ker L C Im P  Poo D
KerP. Let v € Ker L. Then v can be uniquely decomposed as v = v; +v, with v; € Im P and
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v, € Ker P. The identity LP = L then implies that (PM~! — T,’NT)v; = Lv; = 0 and hence,
PM 'y, = T,'NTv,. The vector w := PM v, therefore satisfies w € Im 7, = ImPy.. By
using the equalities PMPM~' =P, Pv, =v, Py.w = w, and the first formula in (6.28),
we getvy = PMPM~'vi = PMw = PMPyow =P, _M,wand hence, v € ImP,_. This
shows thatv =v; +v, € ImP_ & Ker P, which completes the proof in this direction.
Conversely, assume that (6.34) is satisfied. Denote by L := PM~!— L, where Lis given
in (6.34). Then by (6.36) we get S(t) N7 — Ly as t — oo. The equality S(¢) = S(t) Pyeo
now implies that Ker P, N7 C Ker Ly and similarly, the equality S(¢) = Py, S(t) implies
that ImLy C ImPy... In particular, we have rank Ly < rank P, NT. Moreover, by using
the identities PM *leAm =Py M, ! and LP,,,=0,weget LoP,, = Pye M,~!, which
implies that Im P&, C ImLy. Hence, we have Im Ly = Im P&, and rank Lo = rank P, =
n —d. In turn, the inequality n — de = rank Ly < rank P, NT holds. On the other hand,
we have rank P N7 < rank Pyo, = n — doo. Thus, we conclude that rank Pyoe N7 = 1 — d.o.
The definition of 7, in Remark 2.1.6 now yields
OT 1 OT 1 . T
Py NT = lim ST(t)S(r)NT = lim ST(r) x lim S(r) V" =T, L. (6.41)

A

We thus obtain from (6.41) the inequality n — dew = rank Py, NT = rank T, Ly < rank 7.
Using the third condition in (4.56) we obtain that rank 7, = n — d.. This shows that
(X,U) is an antiprincipal solution of (H) at infinity. Moreover, by using (6.29), (6.41), the
symmetry of N,M,~!, and the equalities LoPy,, = Py M, " and T,Py., = T,, we get

MM =M Py NP, =M TPy =M TPy M =

This implies that T, = M.TN,. From (6.37) we now obtain that MIT.M, =0,ie.,T.=0
as the matrix M, is invertible. Therefore, (X,U) is a principal solution of (H) at infinity.
Finally, Theorem 6.3.11 yields the equality rank P NPy, = n—d.. |

Remark 6.4.2. From the proof of Theorem 6.4.1 it follows that the equality in the second
condition in (6.34) can be equivalently replaced by the inclusion ImL? C Im (ﬁ —Py.).

The following result shows that the limit in (6.34) always exists for any conjoined basis
(X,U) from ¢ instead of the principal solution (X,U) at infinity, when (X,U) happens
to be an antiprincipal solution at infinity from ¢. In this case we have an additional
information about the structure of the space ImL” in (6.34).

Theorem 6.4.3. Assume that (1.1) holds and system (H) is nonoscillatory with Oy, defined
in (5.5). Let (X,U) and (X,U) be two conjoined bases from a given genus 4, such that
(X,U) is an antiprincipal solution of (H) at infinity and such that (X,U) and (X,U) have
constant kernel on [0, ) with some O > Ouin. Let P, Py, and T be the matrices in (2.2),
(2.12), and Remark 2.1.6 defined through the function X (t). Then the limit of X' (t) X (¢)
as t — oo exists and satisfies
lim X')X(t)=L with ImL" =ImT @Im(P—P; ). (6.42)
—ro0 .
) instead of (X, 0),

Proof. We proceed similarly as in the proof of Theorem 6.4.1 with (X
X,U) was the principal

U
since some of those arguments were independent of the fact that (X, U

b
b
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solution at infinity. Let N :=XT(t)U(t) — U” (t)X(t) be the (constant) Wronskian of
(X,U) and (X,U). Then as in (6.35) and (6.36) we have on [, )

Xt)=X@t)[PM+St)N], X(t)=X(1) [PM*1 —S(I)NT],
X' X@t)=PM ' —5()NT,

where M is invertible. Let T, and T, be the matrices in Remark 2.1.6 defined through the
minimal conjoined bases (X, U.) and (X;,U,), which are contained in (X,U) and (X,U)
on [, ), respectively, see the proof of Theorem 6.3.11. Then by (3.64) we have

Since (X, U) is an antiprincipal solution at infinity, Im 7, = Im P, and as in (6.39) we get
lim X' X(r) = lim PM' SN =L:=PM ' —T,'NT (6.44)
—» 00 —» 00

and LP = L. Moreover, KerL C ImP;_ & Ker P, which shows that every vector v € KerL
can be uniquely decomposed as v = vy +v2, where vi € ImP_, and v, € KerP. The
vector w := PM_lvl then satisfies w € ImP .., vi = ijM* w,and w = IJNTvl, see the
paragraph following formula (6.40). In particular, by combining the last two equalities
and by using the identities T, Pyo, = T.' and Pyoe NP5 = NI we obtain

w=T'N'Ps Mw=T'PyN"P; Mw=T'N"Mw. (6.45)

We shall derive some additional properties of the matrix L, which are needed for the
statement of this theorem. In particular, we prove the formula

KerL = (KerZ, N ImP_) & KerP. (6.46)

Letv € KerL and let vy, v, and w be its associated vectors defined above. Multiplying for-
mula (6.45) by T, from the left together with the identities T T.) = Pyo and Py, NT=NT
yields T, w = N, M, w = M," N, w. By using (6.43) in the last equality, we get M,” T, M, w =
0. The invertibility of M, and the equality 7, = 7, P> then imply that 7. P M,w = 0.
Therefore, the vector vi = P M, w satisfies vi € Ker7, N ImP_. Hence, the inclusion
C in (6.46) holds. Conversely, assume that v € (Kerf]F N ImPyzoo) @ Ker P. Then we can
write v = vy + v, with vi € KerZ, N ImP_ and v, € KerP. Since LP = L, it follows
from (6.44) that Lv = Lv; = (PM~! — T,'NT)v;. By using the identities v; = P.s_v1,
PM'P; =PyoM ", .'Pyoe =T.", Py NTP;_ =N, and T,' T = Py.., we then get

Lv=(PM ' ~T'N") Py vi = Py — LN ) v = LT (LM =N )vy. (6.47)

Moreover, equality (6.43), the invertibility of M,, and the symmetry of M,” N, imply
that .M, ' — N7 = M,I T,. Therefore, formula (6.47) yields that Ly = T.MTT, v =0,
because v; € KerZ,. This shows that v € KerL, i.e., the inclusion D in (6.46) is satisfied
as well. Therefore, (6.46) is proven. According to Theorem 3.2.4, we have S(1) = S,(¢)
on [, ) and hence, T = T.. This means that the matrix 7, in (6.46) can be replaced by T.
Finally, by using In7 NKerP;_ C ImP_NKerP = {0} and Im7 C ImP, we get

ImL" = (KerL)! = (ImT@Keerw) NImP =ImT & (KeerwﬂImf’),

which is the second condition in (6.42). The proof is complete. [
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Remark 6.4.4. If (H) is nonoscillatory, we introduce for every genus ¥ its rank and defect
as follows. The number rank% is defined as the rank of (X,U), where (X,U) is any
conjoined basis from ¢. This quantity is well defined, since any two conjoined bases from
¢ have eventually the same image of their first components. Then n — d. < rank¥ < n.
Also, we define def ¥ := n —rank ¥, for which 0 < def¥ < d... From Theorem 6.4.3 it
follows that

rank L = rank T + d., — def ¢4,

since by (6.42) we have rank L = rank T + rank P — rank P , while rank P = rank ¥ and
rank P, = n — dw. Therefore, the actual value of the rank of L depends primarily on the
rank of T. In particular, the rank of L is minimal if and only if the conjoined basis (X,U) is
a principal solution of (H) at infinity. This property is well known in the controllable case,
for which d.. = 0 = def ¢ and hence, rank L = rank 7, compare also with Proposition 1.4.5
in Section 1.4.

The statement of Theorem 6.4.1 is particularly simple for the minimal genus ¥;y.

Theorem 6.4.5. Assume that (1.1) holds and system (H) is nonoscillatory. Let (X , U ) and
(X,U) be two conjoined bases of (H) from the minimal genus %yin. Moreover, denote by
N:=XT(t)U(t) U (t)X (1) the (constant) Wronskian of (X,U) and (X,U). Then (X,U)
is a minimal principal solution of (H) at infinity and rank N = n — d.. if and only if

lim X' (1) X (r) = 0. (6.48)

f—>o0
In this case (X,U) is a minimal antiprincipal solution of (H) at infinity.

Proof. Let (X,U) and (X,U) be as in the corollary and let & > &, be such that (X,0)
and (X,U) have constant kernel on [c, ). Then (X,U) and (X,U) are minimal conjoined
bases on [, ). Moreover, let P, P, Py, and P, be the corresponding matrices in (2.2),
(2.12), and Remark 6.3.6. Then P = P;_, P = Py, and P, _NPy., = N. The statement
now follows from Theorem 6.4.1. |

The result in Theorem 6.4.5 gives the classical limit characterization of the principal
solutions at infinity of a completely controllable system (H), see [6, Proposition 4, pg 43],
[31, Theorem VIIL.3.2], [16, Theorem XI.10.5], and Proposition (1.4.5) in Section 1.4. In
this case d. = 0 and there is only one (that is, minimal) genus of conjoined bases of (H).
We recall from Theorem 5.1.6 that the (minimal) principal solution at infinity is in this
case unique up to a right nonsingular multiple.

Corollary 6.4.6. Assume that (1.1) holds and system (H) is nonoscillatory and completely
controllable. Let (X,U) and (X,U) be two conjoined bases of (H) with N being their
Wronskian. Then (X,U) is the principal solution of (H) at infinity and N is invertible if
and only if

limX ()X (r) = 0.

t—ro0

In this case (X,U) is an antiprincipal solution of (H) at infinity.
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6.5 Principal and antiprincipal solutions at minus infinity

In this section we complete the theory of principal and antiprincipal solutions by providing
the corresponding notions at minus infinity. Throughout this section we assume that system
(H) is defined on the interval (—oo, ¢| for some ¢ € R and that

B(t) >0, on (—oo,c]|. (6.49)
First, we remark that under condition (6.49) the system (H) is defined to be nonoscillatory
(at minus infinity) if every its conjoined basis (X,U) has constant kernel near —oo. More-

over, the order of abnormality d(—eo, 7] of (H) is nonincreasing in z on (—oo,¢] and hence,
there exists the maximal order of abnormality d_.. (at minus infinity) defined by

d_o:= lim d(—oo,t] = max d(—oo,t]. (6.50)

t—r—o0 te(foo./c]

These observations then allow to define a principal and antiprincipal solution of (H) at
minus infinity in a similar way as in Definitions 5.1.1 and 5.2.1.

Definition 6.5.1 (Principal and antiprincipal solution at minus infinity). A conjoined basis
(X,0) of (H) is said to be a principal solution at minus infinity if there exists y € (—oo, c|
such that (X,U) has constant kernel on (—oco, y] and

~. ~ t~ ~
Jim $(1) =0, where §,(1):= / X1(s)B(s) X7 (s)ds.
—— Y
Further, a conjoined basis (X,U) of (H) is called an antiprincipal solution at minus infinity
if there exists ¥ € (—eo,c] with d(—oe,y] = d_o such that (X,U) has constant kernel on
(_007 ’}/] and

t i
Jim (/}/XT (s)B(s) X' (s) ds) =T, with rank 7y = n — d .
Remark 6.5.2. We note that all the results about principal and antiprincipal solutions at
infinity, which were derived in the previous sections, remain (in appropriate interpretation)
true also for principal and antiprincipal solutions at minus infinity introduced in Defini-
tion 6.5.1. More precisely, similarly as in Theorems 5.1.5 and 5.2.7, the nonoscillation
of system (H) is equivalent with the existence of (anti)principal solutions of (H) at minus
infinity with any rank of their first component between n — d_.. and n. Here the number
d_o 1s defined in (6.50). In particular, the minimal principal solution at minus infinity
(with the rank n — d_..) is uniquely determined up to a right nonsingular multiple, compare
with the result in Theorem 5.1.6. Furthermore, principal and antiprincipal solutions at
minus infinity are distributed into genera of conjoined bases, that is, they can be classified
according to the image of their first component near —co. The corresponding results are
analogous to those ones, which are presented in Section 6.3 for (anti)principal solutions at
infinity. Finally, a limit characterization of the principal solutions of (H) at minus infinity
can be derived in a sense of the criteria in Theorems 6.4.1 and 6.4.5.






Chapter 7

Examples

In this chapter we present several examples, which illustrate the theory of principal and
antiprincipal solutions at infinity.

7.1 Principal and antiprincipal solutions

In agreement with the notation in Remarks 5.1.2 and 5.2.2, the principal solutions at infinity
will be denoted by (X, U), in the special case of minimal and maximal principal solutions at
infinity by (Xpin, Umin) and (Xmax, Umax ). Similarly, the antiprincipal solutions at infinity
will be denoted by (X,U), in the special case of minimal and maximal antiprincipal
solutions at infinity by (Xmin, Unin) and (Xmax, Umax )-

Example 7.1.1. In the first example we discuss a controllable linear Hamiltonian system.
Letn=1,a=0,A(t)=0,B(t) = 1+, and C(t) = —2/(1+?)?, which implies that this
system corresponds to the second order Sturm-Liouville equation [y’ /(1 +£2)) +2y/(1 +
t?)2 = 0. Since B(t) > 0 on [0,), system (H) is completely controllable on [0,c) and
d[0,) = dw = 0. Therefore, there is only one (minimal/maximal) genus ¢ of conjoined
bases with the rank r = n = 1, i.e., the minimal and maximal (anti)principal solutions at
infinity coincide. The principal solutions at infinity are nonzero multiples of

(X(®),0()) = (¢, 1/(1+1%)), (7.1)

with Gpin = 0, by (5.5). On the other hand, by Corollary 6.3.12, nonzero multiples of the
principal solutions at the points & > 0 are antiprincipal solutions at infinity. For example,

(X(0),U(t)) = (2 —1,2t/(1+1%)), (7.2)

is an antiprincipal solution at infinity, being at the same time the principal solution at
the point @ = 1 (see Corollary 6.3.12). Moreover, the solutions in (7.1) and (7.2) satisfy
X)X (¢t)=t/(t> —1) — 0 ast — oo, as we claim in formula (1.25) of Proposition 1.4.5.

Example 7.1.2. We consider the so-called zero system (H) with n x n coefficient matrices
A(t) = B(t) = C(t) =0 on [a,0). This system is extremely abnormal, because d[a,oo) =
d- = n. In this case every conjoined basis of (H) is constant on [a,e) and all conjoined
bases are simultaneously both principal and antiprincipal solutions at infinity with respect

—-105-
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to the interval [a, o), so that &y, = a. Moreover, for any genus ¢ there exists a unique
orthogonal projector P € R"*" such that the conjoined basis (X,U) = (X,U) = (P,I —P) is
a principal and antiprincipal solution at infinity belonging to ¢. In particular, if P = 0, then
(Xmin; Unin) = (XminaUmin) = (0,1), while if P =1, then (Xmax,Umax) = (Xmax, Umax) =
(1,0). In addition, X (¢)X(t) = PP — L := P as t — co. This is in full agreement with
Theorem 6.4.1, because in this case P = P and Py, = 0. Note that for any a > a the
principal solution at the point ¢ is equal to (0,7), which is at the same time a minimal
antiprincipal solution at infinity, as we claim in Proposition 5.2.9.

In the following we extend Example 7.1.2 to a system with variable A(r).

Example 7.1.3. Let B(t) = C(r) =0 € R"™" on [a,). Then (H) has the form X’ = A(¢) X
and U’ = —AT (t)U and, as in Example 7.1.2, we have d|a,>) = d.. = n. Therefore, the
principal and antiprincipal solutions at infinity coincide and they can be constructed from
the fundamental matrix ¥(z,a) of system U’ = —AT (t)U on [a, ) satisfying ¥(a,a) = I.
More precisely, if P € R"*" is an orthogonal projector, then

A

(%(1),0)) = (X(0),U0) = (¥7 " (1,0) P, W(t,a) (1~ P)) (13)

is an (anti)principal solution at infinity with the rank equal to rank P. In particular, we have

A A

(Xmin (1), Umin (1)) = (Xmin (), Umin(t)) = (0, ¥(z,a)), (7.4)
(Xmax () Umax (1)) = (Xmax (1), Umax(£)) = (¥ 1 (t,a), 0).

Note that in this case the solutions in (7.3) satisfy X'(t)X(t) — L := P as t — oo, which
we also guarantee in Theorem 6.4.1 with P = P and P, = 0. The equalities in (7.4) then
illustrate the statement of Proposition 5.2.9.

In the last two examples we utilize the construction of principal and antiprincipal
solutions at infinity through Theorem 5.3.3. We also demonstrate the variability of the
genera of conjoined bases with different ranks.

Example 7.1.4. Let n =2 and A(¢) = diag{0,1}, B(t) = diag{1 +¢2,0}, and C(t) =
diag{—2/(1+41%)2,0} on [0,c0). One can see that system (H) has the form of system (H..)
in Section 5.3 with the block structure coming from the scalar systems in Example 7.1.1 and
in Example 7.1.3 with ¥(7,0) = e~". In this case we have d[0,) = d., = 1 and @, = 0.
Therefore, there exist only two genera of conjoined bases, i.e., the minimal genus %yin
with the rank r = n — d. = 1 and the maximal genus %yax With the rank r =n =2. By
Theorem 5.3.3, the solutions

(Xmin (1), Umin(1)) = (((f) 8)7 (1/(1O+z2) eﬂ)),
it (%51 ), (177 8)
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are minimal (anti)principal solutions at infinity while

(Xmam,amax(t)):(((t) 0) (1/<1O+tz> 8))
(xmaxa),umax(r)):((tza 1 3) <2t/(1<>+t2) 8))

are maximal (anti)principal solutions. Note that the functions in the left upper corner and
the functions in the right lower corner of the above four solutions constitute (anti)principal
solutions of the systems from Examples 7.1.1 and 7.1.3, respectively, as Theorem 5.3.3
guarantees. When we multiply ()?min, Umin) by the invertible matrix M given below, then
the resulting solution (Xy,Up) := (XminM, UminM) is also a minimal principal solution of
(H) at infinity by Theorem 5.1.6, where

u=(00) @oam=((5 o) (& V).

However, as we comment in Remark 5.3.4, the above minimal principal solution (X, Uj)
does not have the form displayed in equation (5.14).

Example 7.1.5. Let n = 3 and a = 0. We consider system (H) with A(z) = diag{0,0, 1},
B(t) = diag{1+12,0,0}, and C(t) = diag{—2/(1 +1%),0,0} on [0,c0). It is easy to see
that system (H) comes from the scalar systems in Examples 7.1.1, 7.1.2, and 7.1.3 with
Y(7,0) = e". In this case we have d. = 2 and Oy, = 0. First we examine the minimal
genus Yin, whose rank is r = n —d. = 1. By Theorem 5.3.3, we have

t 00 1/(14+3) 0 0
(Xmin (1), Umin(1)) = 00 O0], 0 1 0 ,
000 0 0 e
>—1 00 2t/(14+t2) 0 0
(Ximin (1), Umin()) = 0 0 0], 0 1 0
0 00 0 0 e’

Moreover, Xhin () Xmin (1) = diag{t/(t> —1),0,0} — 0 as t — oo, as we claim in formula
(6.48) of Theorem 6.4.5.

Now we discuss the maximal genus ¥pax, Whose rank is r = n = 3. From Theorem 5.3.3
we obtain

t 00 1/ 1+z2 00

(Xmax (1), Umax(®)) = {0 1 0], 0 0)
0 0 ¢ 00

0

0

0

>—1 0 0 2t/(1+1%) 0 0
(Xmax (1), Umax (1)) = 0o 1 0], 0 0
0 0 ¢ 0 0
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In this case Xhax (1) Xmax (1) = diag{z/(t> —1),1,1} — L = diag{0,1,1} as t — oo, and
P=TIand P, _ = diag{1,0,0} in formula (6.34) of Theorem 6.4.1.

In the remaining part of this example we analyze three different genera with rank
equal to r = 2. Observe that only two of them arise from the diagonal construction in
Theorem 5.3.3. Consider the genus %] with rank » = 2, which is given by the principal

and antiprincipal solutions at infinity
0 1/ +r2 0 0
0], 10
e 00
0
1
0

—
fa
—~
-~
N—
S
—~
-~
N—
SN—
I
oo~

coco

-10 0 2t/(1+12) 0
(Xl(l),Ul(l))Z 0 0 0], 0 0
0 0 ¢ 0 0

Therefore, in Theorem 6.4.1 we now have Xf(t)fﬁ (t) = diag{t/(t> —1),0,1} — L =
diag{0,0,1}, and P = diag{1,0,1} and P = diag{1,0,0}. In the genus % with rank
r = 2 defined by the principal and antiprincipal solutions at infinity

t 00 1/(1+22) 0 0
(X0),0,(0) =[]0 1 0], 0 0 0 :
000 0 0 e’
>—1 0 0 2t/(1+£%) 0 0
(X2(1),Ua(2)) = 0o 10}, 0 0 0
0 00 0 0 e’

wehavethatX1 ()X, (¢) = diag{t/(t>*—1),1,0} — L =diag{0,1,0}, and P = diag{1,1,0}
and P, = dlag{l 0,0}. Note that in all the above genera %nin, Ymax> 41, % the matrix
L satisfies LT = P — P .., which will not be the case of the following nondiagonal genus.
Let ¢4; be the genus with rank r = 2 defined by the principal and antiprincipal solutions at
infinity

t 0 0 1/(14+3) 0 0
(XG@),05(0) =0 1/2 1/2], 0 12 —1/2| |,
0 e'/2 /2 0 —e /2 e7')2
=1 0 0 2t/(1+12) 0 0
(X3(),Us(1)) = 0 1/4 —1/4], 0 1/4 1/4
0 e'/4 —€'/4 0 —e /4 —e'/4

In this case we have in Theorem 6.4.1

/2—1) 0 0 0 0 0
X (1) Xs(1) = 0 1 1] —>L=|0 1 1] ast—oo
0 -1 -1 0 -1 —1
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The matrices P and P, in (6.34) now have the form
1 0 0 1 00
P=|(0 1/2 1/2|, Py,,=|0 0 O],
0 1/2 1/2 0 0O

and we can see that InL” = Im (P — P..), although LT +£P— Py,






Chapter 8

Conclusions and open problems

In this work we defined concepts of principal and antiprincipal solutions at infinity for
nonoscillatory and possibly abnormal linear Hamiltonian systems (H). This new notions
generalize the traditional principal (or recessive) and antiprincipal (or dominant) solutions,
which were originally defined in the works by Reid, Hartman, Coppel, and Ahlbrandt
for completely controllable linear Hamiltonian systems, see [1,6, 16,29,31]. We proved
the equivalence of the nonoscillation of system (H) with the existence of (anti)principal
solutions with any rank of their first component between n — d. and n. Here d. is the
maximal order of abnormality of (H). The minimal rank n — d.. corresponds to the minimal
principal solution, which is uniquely determined (up to a right nonsingular multiple). For
the maximal rank » we have the maximal principal solution, which corresponds to the
earlier Reid’s principal solution for abnormal systems (H) in [30]. Moreover, we also
classified the principal and antiprincipal solutions at infinity, as well as all conjoined bases
of a nonoscillatory system (H), according to their image. This gave rise to a new concept,
called a genus of conjoined bases, which has no analogy in the theory of controllable
systems (H). The classification of all (anti)principal solutions within one genus allowed
us to derive the proper limit characterization of principal solutions of (H) at infinity. At
the same time, we completed the work by Reid on the invertible principal solutions.

All the results mentioned above are based on a detailed analysis of conjoined bases
of (H) with constant kernel, the abnormality of (H), and asymptotic properties of the
S-matrices. Altogether, this work opens a completely new direction in the study of linear
Hamiltonian systems and their solutions.

Some of our results are new even in the controllable case. For example, in Corol-
lary 6.3.12 we describe a rich class of antiprincipal solutions at infinity of a controllable
system (H). Moreover, in Theorem 4.3.2 we show that the conjoined bases (X,U) of (H)
lead to matrices 7 in (1.4) with rank 7 between 0 and n. The antiprincipal solutions of (H)
at infinity then correspond to the maximal value of rank 7 (i.e., rank T = n), while the prin-
cipal solutions of (H) at infinity correspond to the minimal value of rank 7" (i.e., rank 7" = 0).
The values of the rank of T strictly between 0 and n then lead to a class of “nonstandard”
solutions of (H), i.e., to solutions which are neither principal nor antiprincipal at infinity,
see also item (ii) below.

There are several topics and open problems, which are closely related to the results of
this work or to the subsequent research in this area.
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(i) In Theorem 6.3.7 we studied the structure of the minimal genus %,;,. We believe
that similar properties can be derived for an arbitrary genus ¢.

(i) By Theorems 5.1.5 and 5.2.7, the nonoscillation of system (H) is equivalent with the
existence of principal solutions at infinity (corresponding to the minimal rank of 7') or
antiprincipal solutions at infinity (corresponding to the maximal rank of 7"), and these
solutions have any rank between n — d.. and n. We believe that this property holds
also for the conjoined bases of (H), whose matrix 7 satisfies 0 < rank7 < n — dw.
Such intermediate or “nonstandard” solutions are present even in the controllable
case (d. = 0) when n > 2, but were never considered in the literature.

(ii1) The limit characterization of principal solutions of (H) at infinity in Theorems 6.4.1
and 6.4.3 uses the conjoined bases from the same genus ¢. We expect that it is
possible to derive a limit property in the spirit of (6.34) or (6.42) for conjoined bases
belonging to two different genera ¢ and %,.

(iv) We are also working on the corresponding theory of minimal (distinguished) so-
lutions of the associated Riccati matrix differential equation for possibly abnormal
linear Hamiltonian systems.

(iv) We expect that this theory can be implemented also to discrete symplectic systems.
In this direction we refer to our initial paper [38].

(v) The unified theory of continuous and discrete linear Hamiltonian and symplectic
systems on time scales can be used as a platform for extending the concepts of
principal and antiprincipal solutions infinity to more general systems, see [18, 19].

We find these research directions to be very interesting for the theory of differential
equations, because they bring not only new results, but also reveal new methods for their
analysis. We believe that the present work is successful in both of these two issues.



Appendix A

Auxiliary results from matrix analysis

The following appendix contains several results from matrix analysis needed in this work.
In particular, we present results about limit behavior of sequences of Moore—Penrose
pseudoinverses of matrices and results about orthogonal projectors.

A.1 Results about matrix functions

In this section we present some auxiliary results mainly about sequences of matrices
or matrix-valued functions. We recall the notation (G); for the k-th leading principal
submatrix of the matrix G, see Section 1.2. The following lemma relates the inverse of
(G)) with the corresponding leading principal submatrix of the inverse of G. Its proof
follows from [3, Propositions 8.2.3(v) and 8.2.4].

Lemma A.1.1. Let G € R"*" be a symmetric and positive definite matrix and 1 < k < n.
Then the inequalities (G™'), > (G); ' > 0 hold.

The next lemma is equivalent with [25, Lemma 3.1.9(ii)].

Lemma A.1.2. Let G,H € R™" be symmetric matrices such that H is invertible and the
relations H > G > 0 are satisfied. Denote by R the orthogonal projector onto ImG. Then
the inequalities G"'>RH 'R >0 hold.

Proof. Let G and H be as in the lemma. From [25, Lemma 3.1.9(ii)] it follows that
G > GH 'G > 0. The matrix R is symmetric and the equalities GG'=R=G'G and
G" = G'GG" hold, by Remarks 1.2.1(ii) and 1.2.3(i)—(ii). Therefore, we have that GT =
G'GG">G'GH 'GG" = RH~'R > 0 and the proof is complete. u

In the next result we generalize the statement that every symmetric matrix G is a limit
of a sequence of invertible symmetric matrices Gy, compare with [6, pg. 40]. In the present
context the matrices Gy are no longer invertible, but their image is equal to the image of
some fixed orthogonal projector.

Lemma A.1.3. Let G € R™" be a symmetric matrix and let R be an orthogonal projector
with Im G C ImR. Then there exists a sequence {Gy }5_, of symmetric matrices such that
ImGy =ImR forallv € N, and Gy — G as V — oo,
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Proof. Let g :=rankG and r :=rankR, so that g <r. If g =r, then InG = ImR and we
may take the constant sequence Gy := G for all v € N. Suppose now that g < r. Then there
exists an orthogonal matrix V € R"*" such that its first g columns form an orthonormal
basis of Im G and at the same time, its first » columns form an orthonormal basis of ImR.
This means that VI GV = diag{T, 0, } and VI RV = diag{®,, 0,_, }, where I’y € R8>8
and ®, € R™" are symmetric and nonsingular. Since R is an orthogonal projector, R = R
according to Remark 1.2.1(i1). It follows that the matrix ®, satisfies (93 = 0®,, which
gives ®, = I,. Therefore, we have G =V diag{Ty, 0,—,}V' and R = V diag{I,, 0, } V7.
Consider the sequence {Gy },_, of matrices, where

I, 0 0
Gy:=V|0 I, 0 |V forallveN. (A.])
0 0 0y

It is obvious that for each v € N the matrix Gy is symmetric and RGy = Gy. Since
rank G, = r, we have ImG, = ImR. Moreover, from (A.l) it follows that limy_,.. G, =
G. [ |

As a main result of this section we present a criterion for uniform convergence of a se-
quence of pseudoinverses of matrix-valued functions. This generalizes the corresponding
statement for invertible matrices used in [6, pp. 40—41]. The proof of Theorem A.1.4
below is presented at the end of this section.

Theorem A.1.4. Let .9 be a compact real interval and {Gy (t)}5_, be a sequence of m x n
matrix-valued functions defined on .%. Assume that

(i) Gy(t) — G(t) for v — oo uniformly on .Z,
(ii) G'(t) is continuous on .7,
(iii) there exists Vo € N such that for all v > vo and for allt € .¥

ImGy () CImG(r), ImGL(r) CImGT (r). (A.2)

Then G}, (1) — G*(t) for v — oo uniformly on .7.

We note that when G(7) is continuous on .#, then assumption (ii) in Theorem A.1.4
is equivalent with rank G(¢) constant on .#, by [5, Theorem 10.5.1]. The following two
results are key tools for the proof of Theorem A.1.4.

Lemma A.1.5. Let .% be a compact real interval and {Gy(t)}_, be a sequence of m x n
matrix-valued functions defined on % satisfying conditions (i)—(ii) in Theorem A.1.4. Then
there exists W) € N such that

ImGy(t) CImG(t) forallv>pu andt € S (A.3)
if and only if there exists Uy € N such that

ImGy(t) =ImG(t) forallv> p, andt € 5. (A4)
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Proof. First observe that (A.4) implies (A.3) trivially by taking u; := pp. Conversely,
assume that (A.3) holds for some u; € N, but (A.4) does not hold, i.e., there exist sequences
{vi}?>; € Nand {t;}* | C .# such that, by assumption (A.3),

ImGy,(t;) S ImG(r;) forallicN.

This means that KerG” (1;) G KerGY (;) for all i € N. Fix i € N. Then there exists
a nonzero vector vy, € R™ such that G‘T,i (ti) vy, = 0 and GT (ti) vy, # 0. Without loss of
generality we may assume that vy, € ImG(#;) and ||vy,|| = 1. Here || - || is the Euclidean
norm for vectors and at the same time, it denotes the corresponding induced norm for
matrices. We show that

IGT (@) 17" < IG" (1) vy - (A.5)

Estimate (A.5) follows from the fact that the matrix G(¢;) G' (t;) is the orthogonal projector
onto Im G(#;) and from the inequality

L= v, = 1G@&) G™ (1) v, || = 1G™" (2) G" (1) v, || < IGT ()| x IGT (52) v, |-
On the other hand, since vy, € Ker G\T,i(t,-), we have
IG" (&) vwill = (|G, () vv, = G" (8) il < [IGy, (8) = GT (8)[| x [|vw, |
=||Gy.(t) — G" (1)]].
From (A.5) we then get
IG™ @) < 116y, (1) = GT (w)l. (A.0)

Since the function G'7 (¢) is continuous on the compact interval .#, its norm |G'7 (¢)]| is
bounded on .#. Therefore, there exists & > 0 such that |G (¢)|| < (1/h) forall € .7,
Consequently,

(A.6)
h< |G @)~ < 1Gy,(6) — G (w)]]. (A7)

Thus, we proved that inequality (A.7) holds for every i € N. But this contradicts assump-
tion (i), which implies that GT () — G (¢) uniformly on .. |

The result of the following lemma can be obtained from [5, Theorem 10.4.4].

Lemma A.1.6. Let E,G € R™*" with R and P being the orthogonal projector onto ImG
and Im G”, respectively. Define the matrices E; jfori,je{1,2} by

Ey :=REP, Ej,:=RE(I—P), E»:=(I—R)EP, Ep:=(I—RE(—-P).

Moreover; suppose that ||G'|| x |E|| < 1 and that rank (G +E) = rank G. Then

5 N\ 1/2
||<G+E>*—G*||sucw|(ﬁuw 3 1”2) 7 (A8)
i LB

-1
where y:= (1= ||G"|| x [En]l) " and Bij := v||G"|| x |[E;.
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Based on the above two lemmas, we are now ready to establish Theorem A.1.4.

Proof of Theorem A.1.4. Assumptions (i1)—(i1) in the theorem and the first condition in
(A.2) imply, by Lemma A.1.5, that the equality in (A.4) holds for some t; € N. The same
conclusion is valid also for the transposed matrices G (¢) and G” (¢) with the aid of the
second part of (A.2), i.e., there exists yuz € N such that

ImG.(t) =ImG”(t) forallv>pzandrec .7, (A.9)

Let 4 := max{ Uy, u3}. Then for all v > 4 the equalities in (A.4) and (A.9) are satisfied.
Denote by Ey(t) := Gy(t) — G(t) on .#. According to Lemma A.1.6 in which G := G(t)
and E := E,, we have E|| = Ey(t) and E1, = Ep; = Ey» = Opx,. Moreover, from (A.8)
we then obtain the estimate

- ol | JEOL G
|G} (1)~ G o)) < G ||\/ T (A10)

for every ¢ € .# satisfying ||G'(¢)|| x ||[Ey(¢)|| < 1. Since the function G' () is continuous
on the compact interval ., its norm ||G'(¢)|| is bounded on .#. Hence, there exists
h. > 0 such that ||G'(¢)|| < h. for all t € .. Furthermore, for sufficiently large v we have
|Ev(?)|| < 3/(4hy) G ()| x ||Ev(t)|| <3/4 < 1forallt € 7.
Using this in formula (A.10) we get for large v the estimate

IG5 (1) = G (0)|| < 202 \/|EV(1)]] forallte 7. (A.11)

But since ||Ey(¢)|| — 0 for v — co uniformly on .#, we get from (A.11) that ||G}(z) —
G'(t)|| = 0 for v — oo uniformly on .. The proof of Theorem A.1.4 is complete. [

When each of the functions G (¢) = Gy is constant on the interval .#, we obtain from
Theorem A.1.4 the following statement. Note that the same conclusion regarding the
convergence of Gf, to G’ can be obtained also from [35, Theorem 10.4.1] via the result in
Lemma A.1.5, which yields that rank Gy, = rank G for large v.

Corollary A.1.7. Let {Gy};_, be a sequence of matrices. Assume that
(i) Gy = G for v — oo,

(ii) there exists an index vy € N such that InG, C ImG and ImG‘T, C ImGT for all
vV > V.

Then Gi — G for v — oo

A.2 Results about orthogonal projectors

In this section we state some needed results about orthogonal projectors. We also derive
a representation of the set B(P., P, P) introduced in (1.11).
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Lemma A.2.1. Let P. € R™" be an orthogonal projector and p, := rank P.. Furthermore,
let V, € R"™" be the corresponding orthogonal matrix from (1.8), i.e.

P. = V.diag{I,,, 0, } V.. (A.12)
Let p € N satisfy p. < p < n. Then a matrix P € R"*" is an orthogonal projector with
ImP. CImP and rankP=p (A.13)
if and only if P has the form
P =V,diag{l,,, R} V.T, (A.14)

where R, € RU=P)X("=p+) js an orthogonal projector with rank equal to p — p..

Proof. Itis easy to see that every matrix P of the form (A.14) is symmetric and idempotent
(i.e., it is an orthogonal projector) and (A.13) holds. Conversely, suppose that P € R"*" is
an orthogonal projector satisfying (A.13). Then we may write

P—v, <fT é) VT (A.15)

*

where K, € RP+*P+ is symmetric, L, € RP+*(1=pPs) and R, € R(1=p:)x(n=ps) ig symmetric.
The first condition in (A.13) is equivalent with PP, = P,, from which we get by using
the representations in (A.12) and (A.15) that K, = I, and L, =0, (,—p,)- Thus, P =
V. diag{1,,, R.}V.T, where rankR, = rank P — p, = p — p, according to (A.13). Finally,
the idempotence of P now implies the idempotence of R,, showing that R, is an orthogonal
projector. |

In the following theorem we use the set .# (P,) defined in (1.9).
Theorem A.2.2. Let P.,P,P € R™" be orthogonal projectors satisfying
ImP. CImP, ImP. CImP, rankP =rankP. (A.16)
Then there exists a matrix E € .# (P.) such that InEP = ImP.

Proof. Let p, :=rankP, and p := rankP = rankP. Then obviously p > p,. Let V, €
R™" be the orthogonal matrix in (1.8) associated with projector P, that is, (A.12) holds.
According to Lemma A.2.1 there exist orthogonal projectors R,., K, € R(*=P«)*(n=p+) guch
that

P =V.diag{l,,R.}V.", P=V.diag{l, ,R.}V., (A.17)

and rankR, = rankR, = p — p,. Let Z,,Z, R(T=P)x(n=p+) pe orthogonal matrices in
(1.8) associated with the projectors R, and R, that is, R, = Z,diag{l,_p., 0n—p} ZI and
R, =Z.diag{l,_p.,0,—p} Z". It follows that

Z.ZI'R. = Z,diag{I,_,.,0,_,} 2 =R.Z.7T. (A.18)

We set E := V., diag{l,,, Z.Z } V. € R"™". Then E is nonsingular and from (A.12) it
follows that EP, = P.. Thus, E € . (P.). Finally, by (A.17) and (A.18) we obtain

EP =V.diag{l,,, Z.Z' Ry V." = V.diag{l,,,R.Z.Z }V." = PE,
which shows that InEP = Im PE = Im P. The proof is complete. [
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In the following (see Theorems A.2.5 and A.2.7) we provide a certain representation of
the set Z(P.., P.,P) defined in (1.11), where P.., P., and P are n x n orthogonal projectors
such that

ImP., CImP,. CImP. (A.19)

First we consider the special case with P = I. In this case the elements of A (P..,P.,I) are
characterized by (1.12). For G € R"*" we consider the matrices G, and G, defined by

G :=G(I—-P) and G :=GP. (A.20)

Then G = G| + G, holds. The next theorem provides a characterization of the elements
G € #B(P.,P.,I) via the matrices G, and G, associated with G through (A.20). For
convenience we will use the notation

G =), Gl=(G)", G&"=(G), &T:=(G)™.

Theorem A.2.3. Let P.. and P. be orthogonal projectors with ImP., C ImP.. Then
G € B(Px,P.,1) if and only if its corresponding matrices G| and G, in (A.20) satisfy

ImG, =Im(I-PR), P.G=0, PG=G'P. (A21)

Proof. Let G € B(P..,P.,I). First we show that InG, = Im (I — P.) = KerP.. Since
by (1.12) the matrix P, G is symmetric, we have .G, = B,G(I—P.) =G'B.(I-PR.) =
0. This shows that InG, C KerP.. Moreover, rank (G, P.) = rank (I — B.)G", R) =
rank (G, P.) = n, by the last condition in (1.12). But the definition of G|, in (A.20)
yields that P, G, =0, sothatImG,” C KerP.. It follows that rank G, = rankG,” = defP.
and thus, ImG, = Im (I — B.). Furthermore, from (1.12) we get P..G, = P..GP. = 0.
The last condition in (A.21) follows again from (1.12) and from the idempotence of P,
because P.G, = P.GP., = P.P.GP. = P.G"B.P. = G P.. Conversely, let G € R™" be
such that the corresponding matrices G, and G, defined in (A.20) satisfy (A.21). We
shall prove that (1.12) holds. The first equality in (1.12) follows from (A.21) and from
the identity P.. = PP, since P.G = P**(Gl + G_u) =P.P.G, =0. The symmetry of
P. G follows from P.G = P. (G, +G,) = P.G, and from the symmetry of P.G,. Finally,
P.G,T = 0 by (A.20) and rank G, = rank G, = defP, by the first condition in (A.21).
Hence, rank (G7, B,) = rank ((I — P.) G, P.) = rank (G,”, P.) = n, which completes the
proof. |

Remark A.2.4. If G € B(P..,P.,I), then the first conditions in (A.20) and (A.21) imply
that
G G'=I1-P =G G,. (A.22)

In the next theorem we derive the form of the matrices G € %(P.., P.,I). Here we use
the notation .# (P.) and </ (P.s, B.) from (1.9) and (1.10).

Theorem A.2.5. Let P, and P. be orthogonal projectors satisfying Im P, C ImP.. Then
G € B(P.s,P.,1) if and only if for some matrices E € # (P.) and F € o/ (P.«,P.) we have

G=ET(I-P)—FEP. (A.23)
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Proof. Let G € %’(P**,P*,I) and define the matrices E,F € R”" by E := G,” + P, and
F:=GT'P.—G,— G, where G, and G, are defined in (A.20). We will show that
E € #(P.),F € o/ (P.,P.), and equality (A.23) holds. The first conditionin (A.21) implies
that G'P. =0=PR.G,"T. By (A.22) we then obtain E (G, +R) =G G,T +P. =
I, which shows that the matrix E is nonsingular with E~! = G, + P.. In addition,
EP. = (G + P)P. = P, so that E € . (P.) according to (1.9). The last equality in
(A.21) implies that F' is symmetric, while from the second equality in (A.21) we get
P..FP,=P.,.G'P. - P.GP.— P..GTP. = 0. Hence, F € @/ (P.,,P,.) according to (1.10).
Moreover, from (A.20) we obtain

E'"(I-R)-FR.=(G +R)(I-R)—(G'P.—G —G")P.=G(I-R)+GP. =G,

as we claimin (A.23). Conversely, let E € .# (P.) and F € <7 (P.., P.) be given and consider
the matrices G := ET (I—P.) — FP. and G|, G, from (A.20). It follows that G, = ET (I - P.)
and G, = —FP.. The nonsingularity of E implies that rank G, =n—rank P, = def P., while
P.G, = P.ET(I-P.) = 0 because P.ET = (EP.)T = P.. Therefore, the first equality in
(A.21) holds. The symmetry of F implies the symmetry of P.G, = —P,FP, and finally,
P..G,= —P..FP. = 0. Therefore, the second and third conditions in (A.21) are satisfied as
well. We conclude from Theorem A.2.3 that G € %B(Pey, P.,I). u

Remark A.2.6. The representation of G € %’(P**,P*,I ) in (A.23) and the proof of The-
orem A.2.5 allow to express the matrices G|, G,", G, in terms of E € .# (P.) and
F € o/ (P,P) as

G =ET(I-PR), G'=E""'1-PR), G =-FR. (A.24)

In the last result of this section we provide a representation of the set A(P..,P.,P) in
(1.11) in terms of the elements G € A (P.s, P, ).

Theorem A.2.7. Let P.., P., and P be orthogonal projectors satisfying (A.19). Then
(G,H) € B(P.., P, P) if and only if for some G € B(Pex,P.,1) we have

G=PG and H=(I-P)G. (A.25)
In this case, the matrix G is uniquely determined by (G,H) with G = G+ H.

Proof. Let (G,H) € B(P.x,P.,P) and set G := G+ H. Then clearly G = PG and H =
(I — P)G, by the third and fifth properties in (1.11). We show that the matrix G satisfies
(1.12). Using the second and fifth equalities in (1.11) together with the identity P, = P..P
we get P.,G = P.,G+P..H = P,,PH = 0. Moreover, the identities P, = P.P and PH = 0 and
the symmetry of P. G, i.e. the fourth equality in (1.11), imply the symmetry of P. G, because
P.G=P.G+P.H = P,G+P.PH = P, G. For the last equality in (1.12) it suffices to prove
that KerGNKerP. = {0}. Let v € R" be such that Gv = 0 and P.v = 0. Then also Gv =
PGv=0and Hv = (I — P)Gv = 0. Thus, v € KerGNKerH NKerP. and consequently,
v = 0 by the first equality in (1.11). Therefore, the matrix G belongs to the set B(P.y, P, 1).
Conversely, for any G € B(P.., P.,I) the pair (G,H) := (PG, (I — P) G) satisfies conditions
(1.11), as can be directly verified by (1.12). Hence, (G,H) € A(P..,P.,P). Finally, we
have G + H = G and so the matrix G is unique. The proof is complete. |
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Remark A.2.8. (i) The characterization of the set #(P.., P., P) displayed in Theorem A.2.7
reveals some additional properties of its elements. Namely, forevery (G,H) € Z(P..,P.,P)

the formulas '
HG'=1—-P, and ImH=Im(I-P) (A.26)

hold, where the matrix G," = (I — B.) G with G = G+ H from Theorem A.2.7. Indeed,
the representation of the matrix H in (A.25) and the first equality in (A.21) imply that
HG'=(—-P)GG, = (I-P)G(I—P)G," = (I-P)G, G,". Consequently, by using
(A.22) and the identity PP, = P, we obtain HG," = (I — P) (I — P.) = I — P, showing the first
equality in (A.26). In turn, we have the inclusion Im (/ — P) C ImH, which immediately
yields the second equality in (A.26), since the opposite inclusion Im H C Im (I — P) follows
from (A.25).

(ii) Combining the results of Theorems A.2.5 and A.2.7 we may conclude that (G,H) €
PB(P.,P.,P) if and only if for some E € .# (P.) and F € </ (P, P.)

G=PE"(I-P)—PFP., H=(—-P)E"(I-R)—(I—P)FP. (A.27)

We note that for a given pair (G,H) € #(P.«, P., P) the matrices E and F in representation
(A.27) are not uniquely determined.
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